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ABSTRACT

Microplastic pollution has been reported from coral reef systems all over the

tropics. Exposure to microplastics has several negative impacts on coral

health, such as bleaching, tissue necrosis, or an impairment of the coral’s

immune system. Despite this potential risk for reef systems, the controlling

processes for microplastics dispersion and accumulation in reef sediments

are still largely under-studied. Presented here is a study of microplastics

(125 µm to 5 mm) distribution in two tropic atoll reef platforms in Kepu-

lauan Seribu, Indonesia. Sediment samples were collected in different facies

zones within the reef platform. Microplastics were concentrated using den-

sity floatation and characterized by light and scanning electron microscopy.

Some particles were identified as polypropylene using micro-Fourier trans-

form infrared spectroscopy. All recovered microplastics were classified as

secondary microplastics, likely derived from marine and local sources, with

fibres as the most abundant type. Microplastics are showing similar transport

and accumulation behaviour as fine siliciclastic grains. The abundance of

microplastic is controlled by the proximity to the source area of larger plas-

tic debris and hydrodynamic processes. Microplastics are not only present

in low energy environments but also high energy settings such as the reef

crest. Processes that contribute to accumulation in reef sediments are bio-

fouling, interlocking and the creation of compound grains. Microplastics are

present in sediment close to the seafloor (0 to 3.5 cm) but also at depths

between 3.5 cm and 7.0 cm. Microplastic particles from below 3.5 cm are

unlikely to be remobilized under modal weather conditions in the studied

equatorial reefs. Subtidal reef sediment therefore can be regarded as a perma-

nent sink for microplastics. The study shows that microplastics in coral reef

environments deserve careful consideration since microplastics pose an

additional threat to corals and their ability as framework builders in reef sys-

tems.
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INTRODUCTION

The worldwide accumulation of plastic litter in
the marine environment has raised international
awareness. Since the mass production of plastics
in the 1950s, 6.3 billion tonnes of plastic is pre-
dicted to be waste (Geyer et al., 2017) and a
large amount has entered the global environ-
ment. Once introduced to the environment, plas-
tic litter eventually accumulates in the oceans
(van Sebille et al., 2015). In 2010, between 4.8
to 12.7 million tonnes of plastic waste entered
the ocean and by 2025 this number is predicted
to rise by one order of magnitude (Jambeck
et al., 2015). Ubiquitous litter in the marine
environment consists of microplastics (Van
Cauwenberghe et al., 2015); plastic particles and
fibres smaller than 5 mm (Arthur et al., 2009)
that were either directly manufactured or formed
through breakdown of larger plastic waste
(Andrady, 2011).
The marine ecosystem and its ecological func-

tion are threatened by microplastics (de
Carvalho-Souza et al., 2018). Coral reef ecosys-
tems receive increased attention since the dis-
covery that corals might capture and ingest
microplastics due to their similarity in size to
plankton (Hall et al., 2015; Reichert et al., 2018).
Laboratory experiments document that ingestion
of microplastics by corals can inhibit food intake
(Hall et al., 2015) and reduce their growth rate
(Lartaud et al., 2020). Long-term exposure and
adhesion to microplastics may have negative
effects on corals such as bleaching and necrosis
(Reichert et al., 2018). Furthermore, microplas-
tics may promote the transmission of pathogens,
which further increases the susceptibility of
reef-building corals to diseases (Zettler et al.,
2013; Lamb et al., 2018). In the long run
microplastics pose a threat to reef corals and
their ability to act as framework builders in
coral reef systems. The United Nations Environ-
mental Program (UNEP) identified the under-
standing of the patterns of plastic pollution in
and around coral reef environments as one of
the most important knowledge gaps associated
with reef ecosystems (Sweet et al., 2019).
Only recently, microplastic pollution has been

reported from coral reef systems all over the
tropics: the South China Sea (Cheang et al.,
2018; Ding et al., 2019; Zhang et al., 2019; Tan
et al., 2020), the Great Barrier Reef (Hall et al.,
2015), Maldives atolls (Imhof et al., 2017; Saliu
et al., 2018, 2019), the Belize Barrier Reef
(Oldenburg et al., 2021) and the coast of India

(Vidyasakar et al., 2018). From popular tourist
destinations to remote islands, reefs are affected
by microplastic pollution (Imhof et al., 2017;
Tan et al., 2020).
Indonesia is part of the Indo-Pacific Coral Tri-

angle, which represents one of the most diverse
marine ecoregions. The country is ranked as the
second-largest contributor of mismanaged plastic
waste to the ocean (Jambeck et al., 2015). In
Indonesia, microplastics have been found in fish
guts (Rochman et al., 2015), coastal waters
(Syakti et al., 2017, 2018), river sediment (Alam
et al., 2019), estuaries (Firdaus et al., 2020) and
coral reef sediments (Cordova et al., 2018). The
Kepulauan Seribu patch reef system close to
Jakarta Bay is at risk of microplastic pollution.
Urban pressures and pollutants from rivers
entering Jakarta Bay have been reported to cause
environmental degradation of ecological condi-
tions in Kepulauan Seribu (Farhan & Lim, 2012).
Approximately 8 tonnes of plastic litter domi-
nated by styrofoam from the Greater Jakarta Area
are entering Jakarta Bay daily (Cordova & Nur-
hati, 2019). Beach litter in Kepulauan Seribu is
also generated from local island tourism, resi-
dents and passing ships. Altogether this has
resulted in the spread of severe pollution to
even more distant parts of the archipelago (Wil-
loughby et al., 1997).
Despite the global presence of microplastics,

its distribution on the seafloor is poorly under-
stood (Martin et al., 2017; Kane & Clare, 2019).
Half of all plastics have a density greater than
seawater (Mor�et-Ferguson et al., 2010) and even-
tually sink to the seafloor, which is considered
to be a major sink for global plastic (Van
Cauwenberghe et al., 2013; Woodall et al., 2014;
Kowalski et al., 2016). Integration of process-
based sedimentological knowledge with insights
from modern sedimentary systems can provide
crucial constraints on the transfer and distribu-
tion of microplastics to marine environments
(Kane & Clare, 2019). However, the sedimento-
logical processes that govern microplastic trans-
port and distribution are still under-explored
(Horton & Dixon, 2018; Kane & Clare, 2019).
None of the aforementioned studies of
microplastic distribution in reefal environments
take the role of sedimentary processes or facies
into account. This study wants to close this
knowledge gap through the analyses of the dis-
tribution of microplastics in different environ-
mental and sedimentary facies of a patch reef
from Kepulauan Seribu. The sedimentary and
environmental facies of this reef platform was
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previously investigated using a combination of
grain-size, mineralogical and compositional
analysis in combination with ground-truthed
satellite image analysis (Utami et al., 2018,
2021). New samples from the same reef system
were taken to integrate microplastics analysis
with sedimentological information.

STUDY AREA AND ENVIRONMENTAL
SETTING

Situated in the Java Sea, Kepulauan Seribu
(Thousand Islands) consists of more than 300
coral reef platforms. About a quarter of them
possess islands ranging in size from a few
metres across to lengths greater than 7 km. From
about 10 km off the north-west Java coastline,
the island chain extends for about 40 km into
the Java Sea. The patch reef system of Kepu-
lauan Seribu is located on the shallow Sunda
Shelf where it rises from a water depth of 30 to
50 m to the sea surface. A deep and several kilo-
metres wide, east–west oriented channel sepa-
rates Pari Island to the south from most other
islands to its north (Fig. 1). It appears that this
channel forms an important hydrological barrier,
channelling the sediment-laden coastal waters
off Java and Kalimantan away from the reef
(Tomascik et al., 1997; Jordan, 1998).
Kepulauan Seribu is located in a relatively

sheltered position protected from severe storms
and ocean swell because it is surrounded by
major land masses such as Sumatra, Java and
Kalimantan (Fig. 1). The controlling influence
on modern reef growth and morphology in
Kepulauan Seribu is believed to be the seasonal
change in the wind and current directions
which are controlled by the monsoonal climate
(Scrutton, 1976). The Java Sea is characterized
by the monsoonal wind with a seasonal reversal
between the north-west monsoon (December to
February) and south-east monsoon (April to
October). The seasonal south-east monsoon
phase lasts longer but is characterized by lower
maximum wind speeds compared to the north-
west monsoon. On the interannual timescale of
more than five to seven years this relationship
reverses with higher wind magnitudes during
the south-east monsoon (Poerbandono, 2016).
The longer-lasting winds of the south-east mon-
soon (eight months) are thought to be more
important for beach erosion, despite the some-
what lower wind magnitudes on seasonal time-
scales (Poerbandono, 2016). The tidal range in

Kepulauan Seribu is micro-tidal, averaging about
52 cm with a range from 15 to 82 cm and a typi-
cal diurnal tidal cycle with one high stand and
one low stand per day (Wyrtki, 1962).
The focus of this study is the patch reef sys-

tems of Panggang and Semak Daun which are sit-
uated in the middle part of the Kepulauan Seribu
chain (Fig. 1). Panggang Island has the highest
population density in Kepulauan Seribu, with
1000 people per m2. It is situated on the north-
eastern part of the sand apron, sheltering parts of
the reef system from direct wave exposure from
the Java Sea. (Fig. 1). Most of the inhabitants of
Panggang Island work as fishermen and also
practice aquaculture within the lagoon.
The Panggang reef platform has an atoll mor-

phology with an approximate area of 3.2 km2

and a central lagoon surrounded by reef and
sand apron facies. From the reef flat, the water
depth increases from about 1 m to about 20 m
in the deepest part of the lagoon. Parts of the
reef crest will be exposed during low tide, show-
ing a coral assemblage dominated by platy Acro-
pora and foliated corals. The sand apron on the
eastern and western side of the lagoon is
roughly two times wider compared to the sand
apron on the northern and southern side. Only
one small inlet traverses the sand aprons allow-
ing only a very limited connection between the
lagoon and the open sea.
Semak Daun Island is a small, uninhabited

island (Fig. 1) popular for local, unorganized
tourism on a camping ground. The reef platform
Semak Daun is characterized by an extensive
reef flat surrounding a partially filled shallow
lagoon with active coral growth in its centre.
Similar to Panggang, the reef flat in Semak Daun
is expanded broadly on the eastern and western
sides, leaving a narrow reef flat on the northern
and southern side. Water exchange between the
lagoon and the Java Sea is restricted to a few
inlets on its western sides, while the eastern
side of Semak Daun is directly exposed to the
Java Sea. Semak Down is separated from Pang-
gang towards the south by a shallow inter-reef
channel (Fig. 1).
Surface sediments in the study area can be

subdivided into four sedimentary facies: coral
grainstone, coral packstone/grainstone, coral–
mollusc packstone and mollusc wackestone
(Utami et al., 2018). The occurrence of mollusc
wackestone in the lagoon is controlled by water
depth, while the sand apron and reef front do
not show significant facies separation with water
depth. Environmental facies distribution is
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mainly controlled by water depth, the density of
seagrass cover and coral abundance (Table 1;
Utami et al., 2018). The satellite-derived envi-
ronmental facies correlated only in the lagoon
directly with sedimentary facies. No direct cor-
relation of environmental facies to sedimentary
facies exists in the sand apron due to the hetero-
geneity and complexity of the environment
(Utami et al., 2018).
Aragonite is the dominant mineral phase,

while low-magnesium calcite and high-
magnesium calcite occur in fairly similar
amounts in all sedimentary facies. Small

amounts of siliciclastic minerals (quartz and
smectite) are preferentially deposited in deeper
waters below the wave base (Utami et al., 2021).

METHODOLOGY

Sampling

Sediments were collected in July 2018 from dif-
ferent subtidal and intertidal environments asso-
ciated with the Panggang and Semak Daun reef
platforms (Utami et al., 2018). These

A
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C

B

C

D

D

Fig. 1. (A) Map of Indonesia, surrounding countries and study area in the Java Sea (red box). (B) Satellite image
from the Java Sea showing turbid coastal waters caused by sediment-laden river runoff from northern Java and
south-eastern Sumatra (image credit: Allen Coral Atlas. The Satellite Coral Reef Mosaic © 2019 Planet Labs and
licensed CC BY_SA_NC 4.0). (C) Bathymetry in the vicinity of the Seribu Platform. The study area is indicated in
the red box (base map from National Bathymetry, Indonesia Geospatial Information Agency. Available on http://
tides.big.go.id/DEMNAS/). (D) Location of Semak Daun and Panggang reef platform. Sampling locations are indi-
cated by the red dots. Satellite image from Google Earth©.
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environments include beach, sand apron with
dense seagrass and without seagrass, subtidal
reef margin and the deeper part of the lagoon
(Table 1). For each site, three replicate samples
were taken within a radius of ca 5 m. All of the
sampling sites were documented photographi-
cally by using an underwater camera and geo-
graphically using GPS. Water depth was
measured using a folding rule or markers on the
hand line of the grab sampler. At the beach
and in shallow water, the sediment for
microplastic extraction was taken by directly
‘coring’ the sediment with a cut-off syringe
(Romed Holland, Wilnis, The Netherlands). The
modified syringe is placed on the sediment sur-
face, while the tube (3.5 cm diameter) is
pushed into the sediment to a depth of 7 cm.
While the tube is pushed down into the sedi-
ment, the piston stays in place thereby main-
taining a vacuum. This way, sediment
disturbance is minimized and loss of sediment
can be prevented. Subsequently, the tube is
excavated and its bottom sealed before the
modified syringe is retrieved, resulting in acqui-
sition of 70 ml of sediment. The tube was
immediately wrapped with aluminum foil and
fastened with a rubber band to avoid contami-
nation. Below a water depth of 10 m, the sedi-
ments were taken with a vessel-deployed grab
sampler. Once on the boat, it was checked that
the grab sampler jaws were tightly closed, pre-
venting wash-out of fines. All samples retrieved
with the grab sampler were relatively soft,
cohesive fine-grained sediments (silt and very

fine sand), allowing the ‘coring’ of the relatively
undisturbed central portion of each grab sample
before opening the jaws. ‘Coring’ within the
grab sampler followed the same procedure as
for the beach and shallow water sites. On land,
each sample was split into two subsamples of
35 ml each; and the lower and upper 3.5 cm of
the sediment column were transferred to sepa-
rate foil trays. The environmental facies for
each sampling site is derived from the facies
map in Utami et al. (2018) and was ground-
truthed with field observations.

Grain-size analysis and sedimentary facies

All samples of 35 ml each were dried using an
oven (Memmert, Schwabach, Germany) set to
70°C for 7 h. Dried samples were sieved through
125 µm, 250 lm, 500 lm, 1 mm and 2 mm
sieves (Retsch GmbH, Haan, Germany). All indi-
vidual grain-size fractions were weighed. Mean
grain size and sorting were calculated using the
software Gradistat (Blott & Pye, 2001). The sort-
ing of samples was quantified as graphic stan-
dard deviation using the equation of Folk &
Ward (1957). Values below 2 indicate moderate
sorting, while values <4 and >4 indicate poor
and very poor sorting, respectively. Point count-
ing analysis was done on a minimum of 100
grains from the bulk fraction and compared with
results from Utami et al. (2018) to derive the
sedimentary facies for each sample. Microplas-
tics in the size range from 125 µm to 5 mm were
analyzed from bulk samples.

Table 1. Sediment texture, sedimentary facies and water depth for each environmental facies at Panggang, Pra-
muk and the Semak Daun platform reef (Utami et al., 2018).

Environmental
facies

Mean grain size
(µm)

Sorting
(µm)

Water depth
(m)

Dunham Sedimentary facies

GST PST WST CG
CP/
G

C-M
P MW

DSPL/PM 84 5.5 9.6 – 38% 63% – – – 100%
SSPL/PM 175 7.5 6.6 – 60% 40% – – 40% 60%
SRM/SC 441 4.6 14.3 33% 67% – 17% 33% 50% –
SAWDSG 514 3.8 0.7 57% 43% – 22% 65% 13% –
SAWSSG 585 3.6 0.6 71% 29% – 18% 71% 11% –
SAWSG 614 3.6 0.7 64% 36% – 55% 45% – –

Dunham texture: GST, grainstone; PST, packstone; WST, wackestone. Environmental facies: DSPL/PM, deeper
subtidal part of lagoon/platform margin; SSPL/PM, shallower subtidal part of lagoon/platform margin; SRM/SC,
subtidal reef margin/sparse coral; SAWDSG, sand apron with dense seagrass; SAWSSG, sand apron with sparse
seagrass; SAWSG, sand apron without seagrass. Sedimentary facies: CG, coral grainstone; CP/G, coral pack-
stone/grainstone; C-M P, coral mollusc packstone; MW, mollusc wackestone.
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Distribution analysis

All statistical analyses were performed using
PAST (version 3.15) (Hammer et al., 2001). The
Levene’s test was used to check if homogeneity
of variances was met. The non-parametric
Mann-Whitney U test was used for pairwise
comparisons between depth and concentration
of microplastic. The non-parametric Kruskal
Wallis test for independent samples was used to
examine the medians of microplastic distribu-
tion in different environmental facies. The sig-
nificance level for all analyses was set at 95%.
All samples used for microplastics analysis have
an equal volume of 35 ml, but each sample has
a slightly different weight due to differences in
porosity and composition. Microplastic concen-
trations for all samples were normalized to a
constant weight of one kilogram dry weight. To
allow a better comparison to literature data the
concentration was additionally normalized to
volume (one litre) and area (one square metre).

Procedural contamination protocol

A strict protocol for each procedure was fol-
lowed to prevent potential post-sampling con-
tamination. Standard non-plastic laboratory
equipment was used as much as possible. Clean
cotton white lab. coats and nitrile gloves were
worn all the time during sample handling. All
laboratory procedures were done inside a lami-
nar fume hood. The laminar fume hood was
cleaned thoroughly using filtered distilled water
and a non-shedding laboratory paper before and
after every microplastics extraction. All surfaces
and laboratory equipment were cleaned three
times with tap water and filtered distilled water,
then covered with clean aluminum foil. Only
new, filtered NaCl-solution was used for the
density separation procedure. Airborne fibres
were monitored by placing a dampened filter
paper pad inside the laminar fume hood for a
72 h period before and during each extraction
(Martin et al., 2017). Additionally, procedural
blanks were analyzed to monitor background
contamination, using the density separation pro-
tocol with NaCl-solution but without sediments.
Blanks were analyzed before the first extraction
and after every third sample (Coppock et al.,
2017). Fibres observed during monitoring were
identified as cotton using scanning electron
microscopy (SEM) and were excluded from the
data analysis. The minimum size of plastic

examined in this study was limited to 125 µm
since particles below this size are difficult to
identify by ATR-µFT-IR. The investigated size
spectrum is overlapping with the size of zoo-
plankton (200 to 1000 µm), which is ingested by
reef corals as food (Houlbr�eque & Ferrier-Pag�es,
2009; Hall et al., 2015) and microplastics used
in feeding experiments of corals (Reichert et al.,
2018). Some of these feeding experiments indi-
cate that ingestion of microplastics is size-
limited and restricted to particles >250 µm in
some species of tropical reef corals (Hankins
et al., 2018), further justifying the minimum-size
limit.

Microplastics extraction

The Sediment Microplastic Isolation (SMI) unit
was constructed as an extraction tool that
allows rapid, simple and efficient microplastics
separation from sediment (Coppock et al.,
2017). The SMI unit was chosen due to its
practicality in single-step decanting and clean-
ing to avoid cross-contamination. It also allows
rapid processing of numerous replicates of
small samples. Two SMI units were used for
extraction to minimize the wear of the SMI
units. The ball valves of both SMIs were
checked regularly to rule out PVC contamina-
tion (Nel et al., 2019). The procedure for
microplastics extraction from sediment follows
Coppock et al. (2017) with one exception: fil-
tered, saturated sodium chloride (NaCl) solution
with a density of 1.2 g/cm3, instead of ZnCl2
solution, was used for density separation. NaCl-
solution has the advantage of being non-acidic,
non-toxic and cheap. Other commonly used
solutions, such as ZnCl2-solution, have low pH,
leading to reaction with the carbonate sediment
and hampering effective microplastics extrac-
tion. To evaluate the recovery rate of microplas-
tics for this study, microplastics in the size
range from 125 µm to 1 mm were produced by
cutting a polypropylene rope and sieving the
resulting fragments. These fragments were dis-
tinctive in both colour and shape to ensure that
they are distinguishable from non-spiked plas-
tic. Fifty of these fragments, covering the com-
plete size range, were added to every third
sample prior to microplastics extraction. The
mean recovery rate for the spiked microplastics
was 89%, slightly lower compared to the >95%
reported by Coppock et al. (2017) for the SMI
unit using ZnCl2 solution as a flotation media.

© 2021 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of

International Association of Sedimentologists, Sedimentology, 68, 2270–2292

Microplastics in reef systems, Java Sea 2275



Microplastics identification

Visual identification based on morphological
and physical characteristics is most widely uti-
lized for microplastics identification in combina-
tion with other methods. Optical analysis of the
particles in the size range from 125 µm to 5 mm
recovered on the filters after density separation
was performed using a stereomicroscope (Wild
M3Z, Heerbrugg, Switzerland). Microplastic par-
ticles were identified and counted following
protocols developed by Lusher et al. (2017).
Unnatural colours and/or shininess and unnatu-
ral forms/structures were used as indicators of
potential microplastics (Fries et al., 2013; Martin
et al., 2017). Particles with potentially cellular
or organic structures and translucent fibres were
rejected as microplastics (Martin et al., 2017).
Translucent fibres and fibres that were not char-
acterized by three-dimensional bending and uni-
form thickness were also rejected (Nuelle et al.,
2014; Martin et al., 2017). Subsequently, all
identified, potential microplastic particles were
counted according to shape and colour and pho-
tographed.
The application of micro-Fourier transform

infrared spectroscopy (µ-FT-IR) methods is tech-
nically limited by the diameter of the infrared
(IR) beam to the identification of particles larger
than ca 20 µm (Galgani et al., 2013). However,
obtaining good quality spectra by attenuated
total reflectance micro-Fourier transform infra-
red spectroscopy (ATR-µ-FT-IR) requires close
contact between the sample and the crystal sur-
face, which is often difficult to obtain (Konech-
naya et al., 2021). In this study, several
potential microplastic fragments were selected
for ATR-µ-FT-IR spectroscopy analysis based on
their size and morphology so that close contact
between the sample and the germanium crystal
could be obtained. All selected particles were
>500 µm, and had at least one even surface to
ensure close contact between the particle and
the ATR-µ-FT-IR germanium crystal to obtain
high-quality spectra. ATR-µ-FT-IR analysis was
carried out with a SpotlightTM 400 Series imag-
ing system (Perkin Elmer, Waltham, MA, USA).
The imaging system is equipped with a mercury
cadmium telluride detector, operating in the
4000 to 650 cm�1 wavenumber range, and was
run in reflectance mode. SpectrumTM 10.4.2 soft-
ware was used to analyzed spectroscopy images.
A library of the most commonly used polymers
was self-generated to serve for comparison and
identification of the polymer type according to

their IR spectra. The plastics were provided
from daily goods, the IR spectra were measured
using the same FT-IR tool and verified with the
resin identification code symbols on their sur-
face. In addition, all spectra were also compared
with published libraries. The spectrum analysis
followed the method of Woodall et al. (2014).
Matches with a quality index ≥0.7 were
accepted. Matches with a quality index <0.7 but
≥0.6 were individually inspected and inter-
preted based on the proximity of their absorp-
tion frequencies to those of chemical bonds in
the known polymers. Matches with a quality
index <0.6 were rejected.
Microplastic particles and fibres which were

too small for ATR-µ-FT-IR analysis were ana-
lyzed using scanning electron microscopy with
an energy dispersive X-ray spectrometer (SEM-
EDX) (n = 17, 13%) to characterize their surface
morphology and elemental chemistry. The
remaining microplastic particles and fibres were
accepted solely through visual identification
(visual matches on colour and physical form)
to ATR-µ-FT-IR and SEM-EDX confirmed
microplastics from the same subsample or corre-
sponding replicate. SEM is known to produce
high-resolution images and has been used in
several studies for the identification of
microplastics (Corcoran et al., 2009; Fries et al.,
2013; Van Cauwenberghe et al., 2013; Vianello
et al., 2013; Lusher et al., 2017). Microplastic
identification based on surface morphology and
elemental chemistry was carried out using a
SEM-EDX mounted on a FEG-SEM Zeiss SUPRA
55-VP (Carl Zeiss, Oberkochen, Germany). All
particles were gold-coated before analysis to pre-
vent sample charging (Corcoran et al., 2009). To
obtain the best image resolution, the SEM was
operated at 3kV in secondary electron (SE)
mode. To obtain information on average atomic
numbers and chemical composition of the sam-
ple the SEM was operated at 12 kV in back-
scattered electron (BSE) mode combined with
EDX (Vianello et al., 2013).

RESULTS

Microplastics characterization

Four individual microplastic particles were ana-
lyzed by ATR-µ-FT-IR. Three microplastic parti-
cles were confirmed to be polypropylene
(Fig. 2). For one additional microplastic particle
the polymer type could not be identified
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unequivocally but the ATR-µ-FT-IR analysis
revealed a clear dibutyl phthalate signal. A
detailed interpretation and comparison with ref-
erence spectra allowed the differentiation from
chemically similar polymers, in particular poly-
ethylene terephthalate (PET). Phthalates are
known as plasticizers and as ingredients of
microplastics in proportions up to 60% of the
total plastic product weight (Teuten et al.,
2009). Saliu et al. (2019) found appreciable
levels of phthalates in the tissue of corals from
an atoll reef in the Maldives Archipelago. The
sample containing dibutyl phthalate was found
on the intertidal beach of Panggang and was
assumed to be a fragment of chipped boat paint.
Secondary microplastics were identified in

samples from all facies and occur predominantly
as fibres (98%), while fragments (2%) and film
(<1%) are subordinate (Fig. 3). Most microplas-
tic fibres and particles are either blue (44%) or
black (36%). Less common colours are red
(15%), white (4%) and transparent (1%).

Microplastics distribution

Most sediment samples in the study area are
grain supported (83%) and can be categorized as
grainstone (0 to 10% matrix) or packstone (10 to
50% matrix). Wackestone (50 to 90% matrix) is
the only matrix-supported texture (17%). Sorting
is generally poor (68%) or very poor (20%), but
‘moderately sorted’ (7%) and ‘moderately well-
sorted’ samples (3%) are also present. The grain
size of the samples varies between 0.03 mm and
1.3 mm, with a mean grain size of 0.5 mm. The
fine fraction (<125 µm) is most abundant in the
lagoon, while coarser sediments are mostly
found at the reef front of Panggang and Semak
Daun (Fig. 4). The sediment composition is
nearly identical to previous facies descriptions

(Utami et al., 2018, 2021) with corals and mol-
luscs as the dominant skeletal components.
Based on their grain size and composition all
samples can be attributed to the sedimentary
facies defined by Utami et al. (2018). Samples
from the two sites within the lagoons of Pang-
gang and Semak Daun belong to the mollusc
wackestone facies. The two sites from the reef
crest yielded coral packstone/grainstone sam-
ples, while sediments from all other sites
belonged to the coral grainstone facies (Fig. 4).
A total of 132 microplastic fragments and

fibres were recovered from 43 subsamples
(including replicates), while 11 subsamples were
devoid of microplastic. Fibres are the majority of
contaminants in the study area (98%) followed
by boat paints (1%) (Fig. 3). Microplastic abun-
dance varied from zero to eight particles/
subsample (Fig. 4). High microplastic concentra-
tions were found on the beach of Semak Daun
and in the lagoon of Panggang (Fig. 4). The con-
centration of microplastic shows a statistical sig-
nificance difference for the two depth intervals
in subtidal facies of both reef platforms (inde-
pendent samples Mann-Whitney U test,
P < 0.05) (Fig. 5). The beach environment is
characterized by relatively constant concentra-
tions with depth on both islands (Fig. 5). Over-
all, there is no significant difference in
microplastic abundance between the uninhab-
ited island of Semak Daun and the densely pop-
ulated island of Panggang (independent samples
Mann-Whitney U test, P = 0.26). The mean con-
centration is higher at Semak Daun, while the
highest absolute number is found in a sample
from Panggang (Fig. 6). At Semak Daun, the
microplastic concentration is significantly higher
at the beach compared to all subtidal facies (in-
dependent samples Kruskal Wallis test,
P < 0.05) (Fig. 6). All subtidal facies at Panggang

Fig. 2. Detected microplastic
particle from the beach at Panggang,
identified as polypropylene based
on its infrared spectrum.
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Fig. 3. Local sources of contamination and microplastic particles found in the study area. (A) Fish farm in the
Panggang lagoon. The approximate height of the building is 4 m. (B) Microplastic fragment from the Panggang
lagoon (sample M07, 3.5 to 7.0 cm). (C) Plastic litter from unregulated tourism found on the beach of Semak
Daun. The field of view is 5 m. (D) Microplastic fibres of various lengths and colours from the beach at Semak
Daun (sample M19, 3.5 to 7.0 cm). (E) Boats on the beach at Panggang used for fishing and tourism. The length of
the boat is approximately 4 m. (F) Microplastic fragment from the beach at Panggang (sample M29, 3.5 to 7.0 cm).
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show higher concentrations compared to the
beach, although the difference is not statistically
significant (independent samples Kruskal Wallis
test, P = 0.36) (Fig. 6). Generally, high

microplastic concentrations are restricted to
samples with mean sediment grain sizes
<100 µm and >50% fine sediment fraction
(<125 µm) content (Fig. 7).

Fig. 4. Locations of sample sites (blue symbols) and amount of microplastic in bulk sediment samples (35 ml)
overlain with interpolated mean grain-size distribution [grain-size data acquired from this study and Utami et al.
(2018)]. Microplastic counts are shown within the boxes. Yellow boxes represent a contaminated sediment sub-
sample, grey boxes represent samples devoid of microplastics. Sample sites chosen to represent environmental
and sedimentary facies in the study area based on the results of Utami et al. (2018).
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Fig. 5. Depth profile of cumulative
microplastic abundance in all
samples from subtidal facies
(n = 42) and the beach (n = 12) of
the two reef platforms.

Fig. 6. (A) Box plots and arithmetic mean (x) for microplastics in bulk sediment (35 ml) of Panggang and Semak
Daun reef platforms. (B) Comparison of microplastic concentrations between environmental facies.
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DISCUSSION

Comparison with other reef environments

Information on the concentration of microplastic
in reef environments is very limited. Saliu et al.
(2018) studied microplastic abundance at the
beaches of a populated but remote atoll from the
Maldives Archipelago. Cheang et al. (2018), Cor-
dova et al. (2018) and Zhang et al. (2019) stud-
ied the sediments from subtidal reef
environments (Table 2). Saliu et al. (2018) used
different procedures for the sampling of non-
visible <1 mm and visible (1 to 5 mm)
microplastics. Saliu et al. (2018) sampled the
larger microplastics fraction (1 to 5 mm) by
visual inspection of the beach surface within a
1 m by 1 m grid at the high tide drift line. In
contrast, in this study, a size range from 125 µm
to 5 mm was analyzed to a depth of 7 cm. Turra
et al. (2015) noted that plastic items may occur
to a depth of 2 m in beach environments and
emphasized that depth of sampling is crucial for
a comparison between sites when the abundance
of particles is normalized to an area. This is sup-
ported by the current study, which shows a sim-
ilar concentration of microplastics in the upper
and lower 3.5 cm of the beach samples (Fig. 5).
A direct comparison between the concentration
of the 1 to 5 mm fraction reported in Saliu et al.
(2018) and data in this study, therefore, is not
meaningful. In contrast, a comparison is

possible for the non-visible fraction <1 mm,
which is normalized to kilograms of sediment.
Saliu et al. (2018) reported mean plastic
(150 µm to 1 mm) abundances of 156 particles/
kg in beach sediments from the Maldives, with
only one of six stations showing concentrations
of less than 100 particles/kg. These values are
higher compared to the present study area, espe-
cially if the smaller plastic size range (150 µm to
1 mm) in the study of Saliu et al. (2018) is con-
sidered.
For subtidal environments, the microplastic

concentration is comparable to other reef sys-
tems. Semak Daun shows slightly lower values
and Panggang shows slightly higher values
when compared to Lombok or several reef sys-
tems in the South China Sea. Microplastic con-
centrations between 40 to 90 particles per kg
seem to be the rule for subtidal reef environ-
ments. Much higher values from Sanya Lu Hui
Tou and the Xisha Island (both in the South
China Sea) seem to be exceptional for relatively
isolated reef islands and are more similar to
reefs in metropolitan areas like Hong Kong
(Cheang et al., 2018).

Microplastics source and accumulation at the
seafloor

The morphology of recovered microplastics indi-
cates that the breakdown of larger plastic items
into secondary microplastics is the primary

Fig. 7. (A) Plot of microplastic concentrations (MP particles per kg) with mean sediment grain size (µm) of bulk
samples. The highest microplastic concentrations occur in sediments with the finest mean grain size (<100 µm).
(B) Plot of microplastic concentrations (MP particles/kg) with the fine sediment fraction content (<125 µm) in bulk
samples. The highest microplastic concentrations occur in samples containing >50% fine sediment fraction.
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source of microplastics in the study area. Styro-
foam, plastic cups and thin plastic wrap were
reported as the most abundant land-derived
marine debris from the Greater Jakarta Area
(Cordova & Nurhati, 2019). This is in contrast
with the composition of the microplastic assem-
blage in Kepulauan Seribu. Fibres and flakes of
boat paint are the majority of microplastics and
indicate a local source of contamination from
the islands or of marine origin, i.e. by fishing
activity (Fig. 3), instead of a direct impact from
the Greater Jakarta Area. A deep submarine
channel to the north of Pari (Fig. 1) appears to
act as an important hydrological barrier chan-
nelling the sediment-laden coastal waters off
Java and Kalimantan away from the reefs of
Kepulauan Seribu (Tomascik et al., 1997; Jordan,
1998). This seems to be in line with observa-
tions of other environmental stressors. Polluted
water masses from the Greater Jakarta Area are
considered to affect reefs in nearshore areas
close to river mouths around Jakarta Bay, while
localized effects of anthropogenic stressors are
more important for reefs in the northern Kepu-
lauan Seribu (Farhan & Lim, 2012; Baum et al.,
2015). The lack of a statistically significant dif-
ference between samples from the densely popu-
lated (Panggang) and the unpopulated island
(Semak Daun) is likely due to mismanaged plas-
tic waste from tourism, as indicated by the
abundance of microplastic found on the

intertidal beach at Semak Daun which is known
as a popular unregulated tourist campsite
(Fig. 6). Plastic cups and wraps are the domi-
nant macroplastic litter found along the beach of
Semak Daun (Fig. 3), but plastic ropes used to
secure tents and hammocks are also common
and likely disintegrate to mesoplastics and
microplastics.
The difference in abundance of microplastic

between the environmental facies shows diverg-
ing patterns between the two reef platforms. At
Panggang, the highest concentrations are
observed in the lagoon, which is used for aqua-
farming. At Semak Daun, the highest concentra-
tions are coupled to human activity on the
beach of the island impacted by tourism.
Microplastic abundance seems to be controlled
to some extent by the proximity to the source
area of larger plastic debris. However, the ques-
tion remains why the microplastics are depos-
ited and incorporated in the carbonate sediment
at all. The microplastic fragments identified
using µ-FT-IR analysis proved to be polypropy-
lene (Fig. 2), which should be buoyant in seawa-
ter (Hidalgo-Ruz et al., 2012). Biofouling is
known to increase the density of microplastics
to an extent that allows even buoyant polymers
to sink to the seafloor (Kaiser et al., 2017). Bio-
fouling is the process of the buildup of organic
matter and successive colonialization of plastic
by organisms from bacteria to invertebrates.

Table 2. Comparison of microplastic (MP) concentration between different reef platforms.

Location Habitat
MP size fraction
investigated

Average MP
concentration

References/kg /m2

Beach
Semak Daun, Indonesia Atoll island 125 µm to 5 mm 99 – This study
Panggang, Indonesia Atoll island 125 µm to 5 mm 20 – This study
Faavu Atoll, Maldives Atoll island 1 to 5 mm – 4 to 36 Saliu et al. (2018)
Faavu Atoll, Maldives Atoll island 150 µm to 1 mm* 156 – Saliu et al. (2018)

Subtidal environments
Semak Daun, Indonesia Atoll 125 µm to 5 mm 40 – This study
Panggang, Indonesia Atoll 125 µm to 5 mm 85 – This study
Lombok, Indonesia Fringing reef <5 mm 48 – Cordova et al. (2018)
Nansha Island, South China Sea Atoll <5 mm 73 – Zhang et al. (2019)
Weizhou Island, South China Sea Fringing reef <5 mm 75 – Zhang et al. (2019)
Sanya LHT, South China Sea Fringing reef <5 mm 168 – Zhang et al. (2019)
Xisha Island, South China Sea Atoll <5 mm 260 – Zhang et al. (2019)
Hong Kong, South China Sea Fringing reef 0.3 to 5.0 mm 189 – Cheang et al. (2018)

*Saliu et al. (2018) also analyzed the abundance of microplastics <150 µm. Only the abundance of the 150 µm to
1 mm size fraction reported by Saliu et al. (2018) is considered here for a better comparison.
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Fragments of diatoms were observed on
microplastic fibres from the sand apron of
Semak Daun (Fig. 8). Biofouling experiments
from the Baltic Sea show that diatom fragments
were abundant on microplastics after an incuba-
tion period of only six weeks (Kaiser et al.,
2017) and diatoms are also known to be among
the first colonizers of seagrass blades (Corlett &
Jones, 2007). Colonization by diatoms and gen-
eral biofouling seems to be a relatively rapid
process that allows even buoyant microplastics
to settle to the seafloor.
Another process that is specific to reef envi-

ronments is the trapping of floating and sus-
pended sediment grains by coral mucus (Wild

et al., 2004). Mucus is a gel-like substance
released by corals. It is used as a defence mecha-
nism under stressed conditions, for example to
prevent desiccation during air exposure (Wild
et al., 2004), but also to facilitate heterotrophic
feeding (Lewis & Price, 1976). Mucus is known
to accumulate into floats that drift from the reef
towards the lagoon before they sink to the sea-
floor. This process effectively traps suspended
sediments, which could include even the buoy-
ant microplastic fraction.
Other polymers, that are slightly less dense

compared to seawater, are thought to be trans-
ported similarly to clay minerals (Zalasiewicz
et al., 2016) and could be easily winnowed

Fig. 8. Scanning electron microscopy (SEM) images of synthetic fibres. (A) Fibre from the sand apron of Semak
Daun (Sample M16). (B) Fibre from the intertidal beach of Semak Daun (Sample M19). (C) Biofouling of fibre from
the sand apron of Panggang (Sample M01). (D) Biofouling of fibre from the sand apron of Semak Daun (Sample
M18). A SEM energy dispersive X-ray spectrometer (SEM-EDX) confirms that the organic fragments in (C) and (D)
are composed of silica. The fragments are interpreted to be derived from diatom tests, based on morphology and
elemental composition.

© 2021 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of

International Association of Sedimentologists, Sedimentology, 68, 2270–2292

Microplastics in reef systems, Java Sea 2283



from higher energy depositional environments.
Plots of microplastic abundance versus grain
size of bulk sediment (Fig. 7) show a high vari-
ability but generally indicate that the highest
microplastic concentrations are limited to sedi-
ments with a mean grain size of <100 µm and
a fine fraction content of >50%. These fine-
grained sediments occur exclusively in the
lagoon, indicating that the lagoon acts as a sink
for microplastics once it has accumulated in a
low-energy environment. The assumption that
microplastics are subject to similar transport
and accumulation processes as fine-grained sili-
ciclastics is supported by the fact that
increased values of siliciclastics and microplas-
tics only occur in samples with >50% fine frac-
tion (Fig. 9). There is no local source for
siliciclastic phases on the reef platforms in the
study area. Clay minerals (smectite) and fine-
grained quartz are thought to be derived from
neighbouring larger islands, such as Sumatra.
Subsequently, they are transported into the
study area by oceanic currents (Utami et al.,
2021). In the reef platforms they are concen-
trated below the local wave base, indicated by
bulk fine fraction contents of >50% (Utami
et al., 2021). A similar hydrodynamic control
has been shown before for microplastic distri-
bution in siliciclastic sediments in the lagoon
of Venice (Vianello et al., 2013). Besides prox-
imity to sources of plastic input, hydrodynam-
ics seems to be an important control for
microplastic accumulation.

It is surprising that high concentrations of
low-density microplastics have been observed in
the high energy environments of the reef crest
and sand apron (Fig. 4) where carbonate sedi-
ments are characterized by coarse grain sizes
and are lacking clay minerals (Fig. 7). It is well-
known that seagrass baffles currents (Corlett &
Jones, 2007). Utami et al. (2018) demonstrated
that the mean grain size of sediments on the
sand apron of Panggang is reduced within dense
seagrass meadows. Huang et al. (2020) showed
that intertidal seagrass beds act as a trap for
microplastics, with a two-fold to three-fold
enrichment in sediments from seagrass beds
compared to barren areas. The comparison of
microplastic concentrations on the sand apron
of Semak Daun shows no significant difference
between the areas within and outside seagrass
meadows (independent samples Mann-Whitney
U test, P = 0.55). However, this point should be
studied with a larger dataset to evaluate the
effect of subtidal seagrass beds on microplastics
trapping conclusively.
The entrainment and resuspension of the

microplastic particles might be hindered by
armouring and interlocking effects (sensu Kench
& McLean, 1996). Bed armouring shields finer
particles below coarse particles, limiting the
capacity of currents for entrainment and trans-
port (Reed et al., 1999). This effect might be
amplified by the shape of microplastic fibres. The
entanglement of fibres with carbonate grains
might contribute to an interlocking effect by

Fig. 9. A plot of microplastics and siliciclastic mineral concentrations with fine fraction (<125 lm) content in the
bulk sample. The highest concentrations of microplastic and siliciclastic minerals are found in sediment with
>50% fine fraction content, indicating similar transport behaviour. Mineralogy and associated bulk grain sizes are
from Utami et al. (2021).
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which particles are tightly held by their neigh-
bours. This process might even create compound
grains (Fig. 10), consisting of mixed microplas-
tic/carbonate particles with a density close to car-
bonate and a very irregular shape. The irregular
shape and porous nature of reef sands might facil-
itate these entanglements, compared to more
rounded and smoother siliciclastic grains.
Another type of microplastic/carbonate com-
pound grains was observed in beach sediments of
Panggang (Fig. 10). Blue microplastic seems to
partially cover carbonate grains. The colour of the
microplastics closely resembles the blue colour
of local fishing boats (Fig. 3), which are regularly
painted at the beach. The grains are therefore
interpreted to result from the contact of carbonate
sand grains with fresh boat paint. Biofouling,

armouring, interlocking and the creation of com-
pound grains will all contribute to the sinking
and accumulation of microplastics in relatively
high energy environments such as the beach,
sand apron and reef crest. An alternative pathway
for the incorporation of microplastics into car-
bonate grains in reefs would be the in vivo trap-
ping within intraskeletal pores of the coral
skeleton or the inclusion within the coral skele-
ton itself. Both processes have been described for
suspended siliciclastic sediments (Barnard et al.,
1974; Risk & Edinger, 2011) and seem to be com-
mon for corals living in turbid water (Cort�es &
Risk, 1985). The same might apply to microplas-
tics that are overgrown by coral tissue or ingested
and retained by coral polyps. Microplastics
within corals (tissue and/or skeleton) have been

Fig. 10. Entanglement of fibres and adhesion of paint creates compound grains. The higher density of these grains
compared to pure microplastics facilitates their accumulation on the seafloor. (A) Entanglement of fibre with car-
bonate sand grains (sample M20, intertidal beach, Semak Daun). (B) Entanglement of fibre with carbonate sand
grains (sample M29, intertidal beach, Panggang). (C) Microplastics, interpreted as remnants of paint droplets,
wrapped around a sand grain (sample M29, intertidal beach, Panggang). (D) Microplastics, interpreted as remnants
of paint droplets, attached to the surface of sand grains (sample M28, intertidal beach, Panggang).
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observed from the South China Sea (Ding et al.,
2019) and the Belize Barrier Reef (Oldenburg
et al., 2021) but not in the study area.

Reef sediments as a permanent sink for
microplastics

Due to their widespread occurrence, microplas-
tics are regarded as a good practical indicator of
Anthropocene strata (Zalasiewicz et al., 2016).
However, the authors cautioned that shelf sedi-
ments might be depleted in microplastics due to
the effect of currents transporting plastic off-
shore into deeper water. There is a shortage of
studies investigating the depth distribution of
microplastics in shallow subtidal sediments and
a complete lack of data for reef systems. This
study indicates that microplastics are not only
common in sediments close to the seafloor (0 to
3.5 cm) but also in sediments between 3.5 cm
and 7.0 cm depth.
The mixing depth is defined as the vertical

thickness of a layer of active sediment exchange,
below which lies an immobile bed (Sherman
et al., 1993). Besides hydrodynamic mecha-
nisms, sediment mixing depth is influenced by
bioturbation. Jackson et al. (2005) found that
bioturbation is responsible for an increased mix-
ing depth in estuarine beaches. An experimental
study by N€akki et al. (2017) revealed that biotur-
bation can distribute microplastics within the
uppermost 5 cm of the sediment column in just
three weeks. Martin et al. (2017) found that
microplastics are ubiquitous in superficial

sediment of the Irish continental shelf but lim-
ited to a depth of less than 4 cm, inferring sig-
nificant exposure of filter and deposit feeders.
Bioturbation is pervasive on the sand apron of
reef platforms in Kepulauan Seribu (Fig. 11)
which could explain the presence of microplas-
tics in a depth >3.5 cm.
Hydrodynamic transport of sediment grains on

the sand apron of reef systems is an under-
studied topic. However, measurements on the
sand apron of the high-energy reef of One Tree
Island (Great Barrier Reef), indicate a mixing
depth of <2.5 cm under modal conditions (Vila-
Concejo et al., 2014). Microplastics in the inter-
val below 3.5 cm, therefore, are unlikely to be
remobilized under modal weather conditions.
However, it is typically assumed that erosion
and deposition on reef platforms are strongly
influenced by high-energy events such as
storms. This is especially true for reefs between
7° and 25° north and south of the equator, that
are affected by tropical cyclones (Scoffin, 1993).
In contrast, the reef platforms of Kepulauan Ser-
ibu belong to the equatorial carbonate system
(Park et al., 2010; Utami et al., 2021) and are
mainly influenced by the monsoonal wind sys-
tem (Umbgrove, 1947). Beach sediments of sand
keys in Kepulauan Seribu are subject to erosion
by the seasonally reversing monsoonal winds
(Poerbandono, 2016). Microplastics in beach
sediments might be resuspended, likely result-
ing in a lower preservation potential of
microplastic accumulations. However, analysis
of wind strength over a 30 year interval for

Fig. 11. Bioturbation observed in the reef environment. (A) Subtidal sand apron, Panggang platform. (B) Intertidal
sand apron, Pari platform. The diameter of the bioturbation burrow is approximately 2 cm in both cases.
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Kepulauan Seribu indicated maximum offshore
significant wave heights of <0.4 m (Poerban-
dono, 2016), which is much less compared to
the average offshore significant wave height of
1.15 m at One Tree Island (Hopley et al., 2007).
High energy events are not likely to cause resus-
pension of microplastics from subtidal environ-
ments, which are considered to be a permanent
sink. Martin et al. (2019) observed that the con-
centration of floating microplastics in the Red
Sea is unusually low. Those authors attributed
this to the adhesion of microplastics to corals in
the abundant reefs of the Red Sea. This study
suggests that burial of microplastics in reef sedi-
ments might be an alternative or additional
mechanism to explain the relatively low concen-
trations in the Red Sea.

Microplastics and reef health

The bioavailability of microplastics in sediment
allows biological interactions with deposit and
detritus feeding organisms with uncertain conse-
quences for the health of the organisms (Wright
et al., 2013). Sea cucumbers (Holothuroidea) are
major bioturbators of sediments in tropical reef
environments (Uthicke, 1999). Sea cucumbers
have been documented to ingest microplastics in
feeding experiments (Graham & Thompson, 2009)
and on reef islands just south of the present study
area, close to Jakarta Bay (Sayogo et al., 2020).
Grazing organisms common to reef systems like
sea urchins (Tripneustes gratilla) and gastropods
(Cyprea tigris) are also known to accumulate
microplastic from the environment (Tahir et al.,
2020). Filter-feeders such as the giant clam Tri-
dacna maxima were shown experimentally to
actively take up microplastics from seawater
(Arossa et al., 2019). These examples demonstrate
that the complete reef ecosystem is affected by
microplastic pollution, but the health effect of
microplastic ingestion by reef organisms is still
under-studied (Sweet et al., 2019). However, sev-
eral studies were dedicated to the impact of
microplastic exposure on reef corals.
Scleractinian corals are known to ingest

microplastics that they confuse with natural prey
(Hall et al., 2015; Allen et al., 2017; Reichert
et al., 2019) and microplastics adhere passively
on the surface of reef corals (Ding et al., 2019;
Martin et al., 2019). Only a relatively small frac-
tion of the ingested microplastics are retained by
the corals, which use similar rejection mecha-
nisms for microplastics as for other sedimentary
grains (Stafford-Smith & Ormond, 1992; Reichert

et al., 2018). However, egestion of microplastics
and other rejection mechanisms are thought to
be energetically costly (Reichert et al., 2019).
Most laboratory experiments show that exposure
to microplastics has several negative impacts on
coral health, such as bleaching, tissue necrosis,
or impairment of the immune system (Reichert
et al., 2018; Tang et al., 2018; Syakti et al., 2019).
Plastic debris can also be the carrier of pathogens
or chemical contaminants (Saliu et al., 2019;
Feng et al., 2020), increasing the probability of
coral disease by 4 to 89% (Lamb et al., 2018). No
effect on calcification rates was observed for
28 days under laboratory conditions (Lanctôt
et al., 2020), but a species-specific reduction of
growth rates was shown for chronic exposure to
microplastics over a period of six months (Reich-
ert et al., 2019). However, most laboratory stud-
ies use a very high concentration of
microplastics that may not be ecologically rele-
vant (Lenz et al., 2016). Microplastic concentra-
tions of <100 particles/kg observed for the
current study area indicate that concentrations
used in laboratory experiments likely are artifi-
cially high. Hence results from high exposure
studies must be interpreted with caution and
ideally should be compared to field studies.
Phthalic acid esters or phthalates, a common

group of plastic additives, were found in the tis-
sue of 95% coral samples from an atoll in the
Maldivian archipelago (Saliu et al., 2019; Mon-
tano et al., 2020). This was the first indication
that microplastics might transfer plastic addi-
tives into reef corals within their natural envi-
ronment (Saliu et al., 2019; Montano et al.,
2020). It is noteworthy that, in the present
study, phthalates were detected on the surface
of two microplastic particles, making the con-
taminants bioavailable to corals after ingestion.
The widespread presence of microplastics in all
facies zones and water depths is in line with the
finding of Montano et al. (2020), who noticed no
significant differences in phthalate concentra-
tions in coral tissue from different water depths.
In Kepulauan Seribu, parts of the reef are
exposed subaerially during low tide. This would
allow direct exposure to microplastics floating
on the sea surface. Moreover, the data of this
study show that appreciable amounts of
microplastics are sinking to the seafloor in all
facies zones, including the reef crest (Fig. 4).
Here microplastic particles could adhere to the
coral tissue or be resuspended, increasing the
potential exposure time that corals are subjected
to. The effect of long-time exposure of corals to
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microplastics is still poorly understood since
most experiments used relatively short times of
exposure. It is therefore highly recommended
that future experimental studies should be eco-
logically relevant, especially with respect to
microplastic concentrations and exposure time
(Lartaud et al., 2020). Microplastics concentra-
tion at the reef crest of Panggang is even signifi-
cantly higher compared to the beach. This could
indicate that the risk to microplastics exposure
for coral reefs is hitherto underestimated, since
most sediment studies are limited to the beach
environment (Imhof et al., 2017; Saliu et al.,
2018). Globally coral reefs are suffering from
anthropogenic stressors. Microplastics in the
coral reef environment deserve careful consider-
ation, since microplastics pose an additional
threat to corals and their ability as framework
builders in reef systems.

CONCLUSIONS

Microplastics are present as a sedimentary com-
ponent in two reef platforms from the island
chain of Kepulauan Seribu, about 30 km north
of the Greater Jakarta Area. One of the reef plat-
forms, Panggang, hosts a densely populated
island. A small unpopulated island on the reef
platform of Semak Daun is intensively used for
unregulated tourist camping. The microplastic
contamination in both reef systems is related to
marine and local, coastal anthropogenic factors.
The abundance of microplastics in sediment is
controlled to some extent by the proximity to
the source area of larger plastic debris.
Processes of microplastics transport and accu-

mulation are thought to be comparable to fine
siliciclastic grains in the reef system. Microplas-
tics are partly winnowed from high-energy envi-
ronments of the reef system and accumulate in
low-energy environments, such as the lagoons.
This emphasizes that hydrodynamic controls are
important for microplastics distribution.
However, microplastic contamination was also

found in high-energy environments, such as the
beach, the sand apron and the reef crest. One of
the mechanisms that allows buoyant microplas-
tics to sink to the seafloor is density modifica-
tion through biofouling. In the sand apron, bed
armouring and interlocking effects could entrain
and resuspended microplastics by shielding
finer particles below coarse particles. This effect
might be amplified by the shape of microplastic
fibres. The entanglement of fibres with carbonate

grains also contributes to an interlocking effect
by which particles are tightly held by their
neighbours. Furthermore, entanglement might
create compound grains, consisting of mixed
microplastic/carbonate particles with a density
close to carbonate and a very irregular shape.
These processes principally can operate in dif-
ferent sedimentary environments but might be
promoted by the irregular shape and porous nat-
ure of bioclastic carbonate grains. A process,
which is specific to reef environments, is the
trapping of sedimentary grains and potentially
microplastics by the mucus produced by corals.
Microplastics are not only present in the sur-

face layer (0 to 3.5 cm), but also at a depth
between 3.5 cm and 7.0 cm. Transport of
microplastics to deeper sediment layers likely is
controlled by bioturbation, which is pervasive
on the reef platforms of Kepulauan Seribu.
Microplastics below a depth of 3.5 cm are unli-
kely to be remobilized from subtidal sediments
under modal weather conditions. Subtidal envi-
ronments are therefore considered to be a per-
manent sink for microplastics in equatorial reef
systems that are not affected by high energy
events, such as tropical cyclones. For this rea-
son, microplastics in subtidal reef environments
from the equatorial zone can be a good practical
indicator of Anthropocene strata. The influence
of storm events on the accumulation of
microplastics needs further investigation.
The reef crest in the study area is partially

exposed subaerially during low tide, allowing
direct contact to microplastics floating on the
sea surface. Microplastics are also abundant in
surface sediments of all reef environments,
including the reef crest. Resuspension can lead
to the repeated exposure to microplastic, which
is energetically costly for corals. Phthalates, a
common plastic additive, was detected on the
surface of microplastic particles in the study
area. This demonstrates that contaminants asso-
ciated with microplastics could become
bioavailable to corals after ingestion. Microplas-
tics in coral reef environments therefore deserve
careful consideration, since microplastics pose
an additional threat to corals and their ability as
framework builders in reef systems.

ACKNOWLEDGEMENTS

The authors are grateful to Lembaga Pengelola
Dana Pendidikan (LPDP) who awarded a schol-
arship and dissertation fund to Dwi Amanda

© 2021 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of

International Association of Sedimentologists, Sedimentology, 68, 2270–2292

2288 D. A. Utami et al.



Utami Nasution. Karina Sujatmiko and Endang
Lili are thanked for their aid during field work.
Philipp Binger is thanked for assisting labora-
tory sampling. Larissa Dsikowitzky is thanked
for supporting µ-FT-IR measurement. Uwe Wol-
lenberg is thanked for helping with SEM-EDX
measurements. Google Earth software (http://
www.google.com/earth) and QGIS 3.14.1-Pi was
used extensively. We declare that we have no
commercial or associative aim that might repre-
sent a conflict of interest in connection with the
work submitted.

DATA AVAILABILITY STATEMENT

The data that support the findings of this study
are available in the Tables S1 and S2.

REFERENCES

Alam, F.C., Sembiring, E., Muntalif, B.S. and Suendo, V.
(2019) Microplastic distribution in surface water and

sediment river around slum and industrial area (case

study: Ciwalengke River, Majalaya district, Indonesia).

Chemosphere, 224, 637–645.
Allen, A.S., Seymour, A.C. and Rittschof, D. (2017)

Chemoreception drives plastic consumption in a hard

coral. Mar. Pollut. Bull., 124, 198–205.
Andrady, A.L. (2011) Microplastics in the marine

environment. Mar. Pollut. Bull., 62, 1596–1605.
Arossa, S., Martin, C., Rossbach, S. and Duarte, C.M. (2019)

Microplastic removal by Red Sea giant clam (Tridacna

maxima). Environ. Pollut., 252, 1257–1266.
Arthur, C., Baker, J. and Bamford, H. (2009) Proceedings of

the International Research Workshop on the Occurrence,

Effects, and Fate of Microplastic Marine Debris. Sept 9-

11, 2008. In: NOAA Technical Memorandum NOS-OR&R-

30,

Barnard, L.A., Macintyre, I.G. and Pierce, J.W. (1974)

Possible environmental index in tropical reef corals.

Nature, 252, 219–220.
Baum, G., Januar, H.I., Ferse, S.C.A. and Kunzmann, A.

(2015) Local and Regional Impacts of Pollution on Coral

Reefs along the Thousand Islands North of the Megacity

Jakarta. Indonesia. PLoS One, 10, e0138271.
Blott, S.J. and Pye, K. (2001) Gradistat: A grain size

distribution and statistics package for the analysis of

unconsolidated sediments. Earth Surf. Process. Landforms,

26, 1237–1248.
de Carvalho-Souza, G.F., Llope, M., Tinôco, M.S., Medeiros,

D.V., Maia-Nogueira, R. and Sampaio, C.L. (2018) Marine

litter disrupts ecological processes in reef systems. Mar.

Pollut. Bull., 133, 464–471.
Cheang, C., Ma, Y. and Fok, L. (2018) Occurrence and

Composition of Microplastics in the Seabed Sediments of

the Coral Communities in Proximity of a Metropolitan

Area. Int. J. Environ. Res. Public Health, 15, 2270.
Coppock, R.L., Cole, M., Lindeque, P.K., Queir�os, A.M. and

Galloway, T.S. (2017) A small-scale, portable method for

extracting microplastics from marine sediments. Environ.

Pollut., 230, 829–837.
Corcoran, P.L., Biesinger, M.C. and Grifi, M. (2009) Plastics

and beaches: A degrading relationship. Mar. Pollut. Bull.,

58, 80–84.
Cordova, M.R., Hadi, T.A. and Prayudha, B. (2018)

Occurrence and abundance of microplastics in coral reef

sediment: a case study in Sekotong, Lombok-Indonesia.

AES Bioflux, 10, 23–29.
Cordova, M.R. and Nurhati, I.S. (2019) Major sources and

monthly variations in the release of land-derived marine

debris from the Greater Jakarta area, Indonesia. Sci. Rep.,

9, 18730.
Corlett, H. and Jones, B. (2007) Epiphyte communities on

Thalassia testudinum from Grand Cayman, British West

Indies: Their composition, structure, and contribution to

lagoonal sediments. Sediment. Geol., 194, 245–262.
Cort�es, J.N. and Risk, M.J. (1985) A reef under siltation

stress: Cahuita, Costa Rica: Ingenta Connect. Bull. Mar.

Sci., 36, 339–356.
Ding, J., Jiang, F., Li, J., Wang, Z., Sun, C., Wang, Z., Fu, L.,

Ding, N.X. and He, C. (2019) Microplastics in the Coral

Reef Systems from Xisha Islands of South China Sea.

Environ. Sci. Technol., 53, 8036–8046.
Farhan, A.R. and Lim, S. (2012) Vulnerability assessment of

ecological conditions in Seribu Islands. Indonesia. Ocean

Coast. Manag., 65, 1–14.
Feng, L., He, L., Jiang, S., Chen, J., Zhou, C., Qian, Z.-J.,

Hong, P., Sun, S. and Li, C. (2020) Investigating the

composition and distribution of microplastics surface

biofilms in coral areas. Chemosphere, 252, 126565.
Firdaus, M., Trihadiningrum, Y. and Lestari, P. (2020)

Microplastic pollution in the sediment of Jagir Estuary,

Surabaya City, Indonesia. Mar. Pollut. Bull., 150, 110790.
Folk, R.L. and Ward, W.C. (1957) Brazos River bar (Texas):

A study in the significance of grain size parameters. J.
Sediment. Res., 27, 3–26.

Fries, E., Dekiff, J.H., Willmeyer, J., Nuelle, M.-T., Ebert, M.
and Remy, D. (2013) Identification of polymer types and

additives in marine microplastic particles using pyrolysis-

GC/MS and scanning electron microscopy. Environ. Sci.

Process. Impacts, 15, 1949.
Galgani, F., Hanke, G., Werner, S. and De Vrees, L. (2013)

Marine litter within the European Marine Strategy

Framework Directive. ICES J. Mar. Sci., 70, 1055–1064.
Geyer, R., Jambeck, J.R. and Law, K.L. (2017) Production, use,

and fate of all plastics ever made. Sci. Adv., 3, e1700782.
Graham, E.R. and Thompson, J.T. (2009) Deposit- and

suspension-feeding sea cucumbers (Echinodermata) ingest

plastic fragments. J. Exp. Mar. Bio. Ecol., 368, 22–29.
Hall, N.M., Berry, K.L.E., Rintoul, L. and Hoogenboom, M.O.

(2015) Microplastic ingestion by scleractinian corals. Mar.

Biol., 162, 725–732.
Hammer, Ø., Harper, D.A.T. and Ryan, P.D. (2001) Past:

Paleontological Statistics Software Package for Education

and Data Analysis. Palaeontol. Electron., 4, 178.
Hankins, C., Duffy, A. and Drisco, K. (2018) Scleractinian

coral microplastic ingestion: Potential calcification effects,

size limits, and retention. Mar. Pollut. Bull., 135, 587–593.
Hidalgo-Ruz, V., Gutow, L., Thompson, R.C. and Thiel, M.

(2012) Microplastics in the marine environment: A review

of the methods used for identification and quantification.

Environ. Sci. Technol., 46, 3060–3075.
Hopley, D., Smithers, S.G. and Parnell, K. (2007) The

Geomorphology of the Great Barrier Reef: Development,

© 2021 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of

International Association of Sedimentologists, Sedimentology, 68, 2270–2292

Microplastics in reef systems, Java Sea 2289

http://www.google.com/earth
http://www.google.com/earth


Diversity and Change. Cambridge University Press,

Cambridge.

Horton, A.A. and Dixon, S.J. (2018) Microplastics: An

introduction to environmental transport processes. Wiley

Interdiscip. Rev. Water, 5, e1268.
Houlbr�eque, F. and Ferrier-Pag�es, C. (2009) Heterotrophy in

Tropical Scleractinian Corals. Biol. Rev., 84, 1–17.
Huang, Y., Xiao, X., Xu, C., Perianen, Y.D., Hu, J. and

Holmer, M. (2020) Seagrass beds acting as a trap of

microplastics - Emerging hotspot in the coastal region?

Environ. Pollut., 257, 113450.
Imhof, H.K., Sigl, R., Brauer, E., Feyl, S., Giesemann, P.,

Klink, S., Leupolz, K., L€oder, M.G.J., L€oschel, L.A.,
Missun, J., Muszynski, S., Ramsperger, A.F.R.M.,
Schrank, I., Speck, S., Steibl, S., Trotter, B., Winter, I.
and Laforsch, C. (2017) Spatial and temporal variation of

macro-, meso- and microplastic abundance on a remote

coral island of the Maldives, Indian Ocean. Mar. Pollut.
Bull., 116, 340–347.

Jackson, N.L., Nordstrom, K.F. and Smith, D.R. (2005)

Influence of waves and horseshoe crab spawning on beach

morphology and sediment grain-size characteristics on a

sandy estuarine beach. Sedimentology, 52, 1097–1108.
Jambeck, J.R., Geyer, R., Wilcox, C., Siegler, T.R.,

Perryman, M., Andrady, A., Narayan, R. and Law, K.L.
(2015) Plastic waste inputs from land into the ocean.

Science, 80, 768–771.
Jordan, C.F. (1998) The Sedimentology of Kepulauan Seribu:

A Modern Patch Reef Complex in the West Java Sea,

Indonesia. Indones. Pet. Assoc., 1–81.
Kaiser, D., Kowalski, N. and Waniek, J.J. (2017) Effects of

biofouling on the sinking behavior of microplastics.

Environ. Res. Lett., 12, 124003.
Kane, I.A. and Clare, M.A. (2019) Dispersion, Accumulation,

and the Ultimate Fate of Microplastics in Deep-Marine

Environments: A Review and Future Directions. Front.
Earth Sci., 7, 80.

Kench, P. and McLean, R. (1996) Hydraulic characteristics of

bioclastic deposits: new possibilities for environmental

interpretation using settling velocity fractions.

Sedimentology, 43, 561–570.
Konechnaya, O., Schwanen, C. and Schwarzbauer, J. (2021)

Application of multi-step approach for comprehensive

identification of microplastic particles in diverse sediment

samples. Water Sci. Technol., 83, 532–542.
Kowalski, N., Reichardt, A.M. and Waniek, J.J. (2016)

Sinking rates of microplastics and potential implications

of their alteration by physical, biological, and chemical

factors. Mar. Pollut. Bull., 109, 310–319.
Lamb, J.B., Willis, B.L., Fiorenza, E.A., Couch, C.S.,

Howard, R., Rader, D.N., True, J.D., Kelly, L.A., Ahmad,
A., Jompa, J. and Harvell, C.D. (2018) Plastic waste

associated with disease on coral reefs. Science, 359, 460–
462.

Lanctôt, C.M., Bednarz, V.N., Melvin, S., Jacob, H.,
Oberhaensli, F., Swarzenski, P.W., Ferrier-Pag�es, C.,
Carroll, A.R. and Metian, M. (2020) Physiological stress

response of the scleractinian coral Stylophora pistillata

exposed to polyethylene microplastics. Environ. Pollut.,

263, 114559.
Lartaud, F., Meistertzheim, A.L., Reichert, J., Ziegler, M.,

Peru, E. and Ghiglione, J.F. (2020) Plastics: An additional

threat for coral ecosystems. In: Perspectives on the Marine

Animal Forests of the World (Eds Rossi, S. and Bramanti,

L.), pp. 469–485. Springer International Publishing, Cham.

Lenz, R., Enders, K. and Nielsen, T.G. (2016) Microplastic

exposure studies should be environmentally realistic.

Proc. Natl. Acad. Sci., 113, E4121–E4122.
Lewis, J.B. and Price, W.S. (1976) Patterns of ciliary currents

in Atlantic reef corals and their functional significance. J.

Zool., 178, 77–89.
Lusher, A.L., Welden, N.A., Sobral, P. and Cole, M. (2017)

Sampling, isolating and identifying microplastics ingested

by fish and invertebrates. Anal. Methods, 9, 1346–1360.
Martin, C., Corona, E., Mahadik, G.A. and Duarte, C.M.

(2019) Adhesion to coral surface as a potential sink for

marine microplastics. Environ. Pollut., 255, 113281.
Martin, J., Lusher, A., Thompson, R.C. and Morley, A.

(2017) The deposition and accumulation of Microplastics

in marine sediments and bottom water from the Irish

continental shelf. Sci. Rep., 7, 10772.
Montano, S., Seveso, D., Maggioni, D., Galli, P., Corsarini,

S. and Saliu, F. (2020) Spatial variability of phthalates

contamination in the reef-building corals Porites lutea,

Pocillopora verrucosa and Pavona varians. Mar. Pollut.

Bull., 155, 111117.
Mor�et-Ferguson, S., Law, K.L., Proskurowski, G., Murphy,

E.K., Peacock, E.E. and Reddy, C.M. (2010) The size,

mass, and composition of plastic debris in the western

North Atlantic Ocean. Mar. Pollut. Bull., 60, 1873–1878.
N€akki, P., Set€al€a, O. and Lehtiniemi, M. (2017) Bioturbation

transports secondary microplastics to deeper layers in soft

marine sediments of the northern Baltic Sea. Mar. Pollut.

Bull., 119, 255–261.
Nel, H., Krause, S., Sambrook Smith, G.H. and Lynch, I.

(2019) Simple yet effective modifications to the operation

of the Sediment Isolation Microplastic unit to avoid

polyvinyl chloride (PVC) contamination. MethodsX, 6,
2656–2661.

Nuelle, M.-T., Dekiff, J.H., Remy, D. and Fries, E. (2014) A

new analytical approach for monitoring microplastics in

marine sediments. Environ. Pollut., 184, 161–169.
Oldenburg, K.S., Urban-Rich, J., Castillo, K.D. and

Baumann, J.H. (2021) Microfiber abundance associated

with coral tissue varies geographically on the Belize

Mesoamerican Barrier Reef System. Mar. Pollut. Bull., 163,
111938.

Park, R.K., Crevello, P.D. and Hantoro, W. (2010) Equatorial
carbonate depositional systems of Indonesia. In: Cenozoic

carbonate systems of Australasia (Eds Morgan, W.A.,

George, A.D., Harris, P.M., Kupecz, J.A. and Sarg, J.K.), pp.

41–77.SEPM Special Publication 95, Tulsa.

Poerbandono (2016) Wind characteristics and the associated

risk of erosion in Seribu Islands patch reef complexes,

Java Sea, Indonesia. In: The 5th International Symposium

on Earthhazard and Disaster Mitigation. AIP Conf. Proc.,
1730, 080001.

Reed, C.W., Niedoroda, A.W. and Swift, D.J.P. (1999)

Modeling sediment entrainment and transport processes

limited by bed armoring. Mar. Geol., 154, 143–154.
Reichert, J., Arnold, A.L., Hoogenboom, M.O., Schubert, P.

and Wilke, T. (2019) Impacts of microplastics on growth

and health of hermatypic corals are species-specific.

Environ. Pollut., 254, 113074.
Reichert, J., Schellenberg, J., Schubert, P. and Wilke, T.

(2018) Responses of reef building corals to microplastic

exposure. Environ. Pollut., 237, 955–960.
Risk, M.J. and Edinger, E. (2011) Impacts of Sediment on

Coral Reefs. In: Encyclopedia of Modern Coral Reef (Ed.

Hopley, D.), pp. 575–586. Springer, Dordrecht.

© 2021 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of

International Association of Sedimentologists, Sedimentology, 68, 2270–2292

2290 D. A. Utami et al.



Rochman, C.M., Tahir, A., Williams, S.L., Baxa, D.V., Lam,
R., Miller, J.T., Teh, F.-C., Werorilangi, S. and Teh, S.J.
(2015) Anthropogenic debris in seafood: Plastic debris and

fibers from textiles in fish and bivalves sold for human

consumption. Sci. Rep., 5, 14340.
Saliu, F., Montano, S., Garavaglia, M.G., Lasagni, M.,

Seveso, D. and Galli, P. (2018) Microplastic and charred

microplastic in the Faafu Atoll, Maldives. Mar. Pollut.

Bull., 136, 464–471.
Saliu, F., Montano, S., Leoni, B., Lasagni, M. and Galli, P.

(2019) Microplastics as a threat to coral reef environments:

Detection of phthalate esters in neuston and scleractinian

corals from the Faafu Atoll, Maldives. Mar. Pollut. Bull.,

142, 234–241.
Sayogo, B.H., Patria, M.P. and Takarina, N.D. (2020) The

density of microplastic in sea cucumber (Holothuria sp.)

and sediment at Tidung Besar and Bira Besar island,

Jakarta. J. Phys. Conf. Ser., 1524, 12064.
Scoffin, T.P. (1993) The geological effects of hurricanes on

coral reefs and the interpretation of storm deposits. Coral

Reefs, 12, 203–221.
Scrutton, M. (1976) Aspects Carbonate Sedimentation in

Indonesia. In: Indonesian Petroleum Association,

Proceeding 5th Annual Convention, 179–193.
van Sebille, E., Wilcox, C., Lebreton, L., Maximenko, N.,

Hardesty, B.D., van Franeker, J.A., Eriksen, M., Siegel, D.,
Galgani, F. and Law, K.L. (2015) A global inventory of

small floating plastic debris. Environ. Res. Lett., 10,
124006.

Sherman, D.J., Short, A.D. and Takeda, I. (1993) Sediment

Mixing-Depth and Bedform Migration in RIP Channels. J.

Coast. Res. Spec. Issue. Beach Surf Zo. Morphodynamics.,
15, 39–48.

Stafford-Smith, M. and Ormond, R. (1992) Sediment-

rejection mechanisms of 42 species of Australian

scleractinian corals. Mar. Freshw. Res., 43, 683.
Sweet, M., Stelfox, M. and Lamb, J. (2019) Plastics and

Shallow Water Coral Reefs. Synthesis of the Science for

Policy-Makers. United Nations Environment Program, 54

pp.

Syakti, A.D., Bouhroum, R., Hidayati, N.V., Koenawan, C.J.,
Boulkamh, A., Sulistyo, I., Lebarillier, S., Akhlus, S.,
Doumenq, P. and Wong-Wah-Chung, P. (2017) Beach

macro-litter monitoring and floating microplastic in a

coastal area of Indonesia. Mar. Pollut. Bull., 122, 217–225.
Syakti, A.D., Hidayati, N.V., Jaya, Y.V., Siregar, S.H., Yude,

R., Suhendy, A.L., Wong-Wah-Chung, P. and Doumenq, P.
(2018) Simultaneous grading of microplastic size sampling

in the Small Islands of Bintan water, Indonesia. Mar.

Pollut. Bull., 137, 593–600.
Syakti, A.D., Jaya, J.V., Rahman, A., Hidayati, N.V., Raza’i,

T.S., Idris, F., Trenggono, M., Doumenq, P. and Chou,
L.M. (2019) Bleaching and necrosis of staghorn coral

(Acropora formosa) in laboratory assays: Immediate

impact of LDPE microplastics. Chemosphere, 228, 528–
535.

Tahir, A., Soeprapto, D.A., Sari, K., Wicaksono, E.A. and

Werorilangi, S. (2020) Microplastic assessment in Seagrass

ecosystem at Kodingareng Lompo Island of Makassar City.

IOP Conf. Ser. Earth Environ. Sci., 564, 12032.
Tan, F., Yang, H., Xu, X., Fang, Z., Xu, H., Shi, Q., Zhang,

X., Wang, G., Lin, L., Zhou, S., Huang, L. and Li, H.
(2020) Microplastic pollution around remote uninhabited

coral reefs of Nansha Islands, South China Sea. Sci. Total

Environ., 725, 138383.

Tang, J., Ni, X., Zhou, Z., Wang, L. and Lin, S. (2018) Acute

microplastic exposure raises stress response and

suppresses detoxification and immune capacities in the

scleractinian coral Pocillopora damicornis. Environ.

Pollut., 243, 66–74.
Teuten, E.L., Saquing, J.M., Knappe, D.R.U., Barlaz, M.A.,

Jonsson, S., Bj€orn, A., Rowland, S.J., Thompson, R.C.,
Galloway, T.S., Yamashita, R., Ochi, D., Watanuki, Y.,
Moore, C., Viet, P.H., Tana, T.S., Prudente, M.,
Boonyatumanond, R., Zakaria, M.P., Akkhavong, K., Ogata,
Y., Hirai, H., Iwasa, S., Mizukawa, K., Hagino, Y., Imamura,
A., Saha, M. and Takada, H. (2009) Transport and release of

chemicals from plastics to the environment and to wildlife.

Philos. Trans. R. Soc. B Biol. Sci., 364, 2027–2045.
Tomascik, T., Mah, A.J., Nontji, A. and Moosa, M.K. (1997)

The Ecology of the Indonesia Seas Volume VIII Part II.

Oxford University, Oxford, 1231–1239 pp.

Turra, A., Manzano, A.B., Dias, R.J.S., Mahiques, M.M.,
Barbosa, L., Balthazar-Silva, D. and Moreira, F.T. (2015)
Three-dimensional distribution of plastic pellets in sandy

beaches: shifting paradigms. Sci. Rep., 4, 4435.
Umbgrove, J.H.F. (1947) Coral Reefs of the East Indies. Bull.

Geogr. Sociaty Am., 58, 729–778.
Utami, D.A., Reuning, L. and Cahyarini, S.Y. (2018)

Satellite- and field-based facies mapping of isolated

carbonate platforms from the Kepulauan Seribu Complex,

Indonesia. Depos. Rec., 4, 255–273.
Utami, D.A., Reuning, L., Hallenberger, M. and Cahyarini,

S.Y. (2021) The mineralogic and isotopic fingerprint of

equatorial carbonates: Kepulauan Seribu, Indonesia. Int. J.

Earth Sci., 1–22.
Uthicke, S. (1999) Sediment bioturbation and impact of

feeding activity of Holothuria (Halodeima) atra and

Stichopus chloronotus, two sediment feeding

holothurians, at Lizard Island, Great Barrier Reef. Bull.

Mar. Sci., 64, 129–141.
Van Cauwenberghe, L., Devriese, L., Galgani, F., Robbens, J.

and Janssen, C.R. (2015) Microplastics in sediments: A

review of techniques, occurrence and effects. Mar.

Environ. Res., 111, 5–17.
Van Cauwenberghe, L., Vanreusel, A., Mees, J. and Janssen,

C.R. (2013) Microplastic pollution in deep-sea sediments.

Environ. Pollut., 182, 495–499.
Vianello, A., Boldrin, A., Guerriero, P., Moschino, V., Rella,

R., Sturaro, A. and Da Ros, L. (2013) Microplastic

particles in sediments of Lagoon of Venice, Italy: First

observations on occurrence, spatial patterns and

identification. Estuar. Coast. Shelf Sci., 130, 54–61.
Vidyasakar, A., Neelavannan, K., Krishnakumar, S.,

Prabaharan, G., Sathiyabama Alias Priyanka, T., Magesh,
N.S., Godson, P.S. and Srinivasalu, S. (2018) Macrodebris

and microplastic distribution in the beaches of

Rameswaram Coral Island, Gulf of Mannar, Southeast coast

of India: A first report.Mar. Pollut. Bull., 137, 610–616.
Vila-Concejo, A., Harris, D.L., Power, H.E., Shannon, A.M.

and Webster, J.M. (2014) Sediment transport and mixing

depth on a coral reef sand apron. Geomorphology, 222,
143–150.

Wild, C., Huettel, M., Klueter, A., Kremb, S.G., Rasheed,
M.Y.M. and Jørgensen, B.B. (2004) Coral mucus functions

as an energy carrier and particle trap in the reef

ecosystem. Nature, 428, 66–70.
Willoughby, N.G., Sangkoyo, H. and Lakaseru, B.O. (1997)

Beach litter: an increasing and changing problem for

Indonesia. Mar. Pollut. Bull., 34, 469–478.

© 2021 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of

International Association of Sedimentologists, Sedimentology, 68, 2270–2292

Microplastics in reef systems, Java Sea 2291



Woodall, L.C., Sanchez-Vidal, A., Canals, M., Paterson,
G.L.J., Coppock, R., Sleight, V., Calafat, A., Rogers, A.D.,
Narayanaswamy, B.E. and Thompson, R.C. (2014) The

deep sea is a major sink for microplastic debris. R. Soc.

Open Sci., 1, 140317.
Wright, S.L., Thompson, R.C. and Galloway, T.S. (2013) The

physical impacts of microplastics on marine organisms: A

review. Environ. Pollut., 178, 483–492.
Wyrtki, K. (1962) Physical Oceanography of the Southeast

Asian Waters By Klaus Wyrtki NAGA Report Volume 2.

Scientific Results of Marine Investigations of the South

China Sea and the Gulf of Thailand, 1959–1961. S.I.O., La

Jolla, Calif., 1961. J. Mar. Biol. Assoc. United Kingdom, 42,
707.

Zalasiewicz, J., Waters, C.N., Ivar do Sul, J.A., Corcoran,
P.L., Barnosky, A.D., Cearreta, A., Edgeworth, M.,
Gałuszka, A., Jeandel, C., Leinfelder, R., McNeill, J.R.,
Steffen, W., Summerhayes, C., Wagreich, M., Williams,
M., Wolfe, A.P. and Yonan, Y. (2016) The geological cycle

of plastics and their use as a stratigraphic indicator of the

Anthropocene. Anthropocene, 13, 4–17.

Zettler, E.R., Mincer, T.J. and Amaral-Zettler, L.A. (2013)

Life in the “Plastisphere”: Microbial communities on

plastic marine debris. Environ. Sci. Technol., 47, 7137–
7146.

Zhang, L., Zhang, S., Wang, Y., Yu, K. and Li, R. (2019) The
spatial distribution of microplastic in the sands of a coral

reef island in the South China Sea: Comparisons of the

fringing reef and atoll. Sci. Total Environ., 688, 780–786.

Manuscript received 23 October 2020; revision
accepted 28 March 2021

Supporting Information

Additional information may be found in the online
version of this article:

Table S1. Microplastic counts.
Table S2. Sediment grain size.

© 2021 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of

International Association of Sedimentologists, Sedimentology, 68, 2270–2292

2292 D. A. Utami et al.


