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Lead (Pb) contamination in marine ecosystems poses a significant ecological threat. Not
much is known about its effects on coral reefs, which serve as vital biodiversity hotspots
and climate refuges. This study revealed bioaccumulation of Pb in the organism of two
stony coral species, Stylophora pistillata and Pocillopora verrucosa, widely studied in the
Gulf of Agaba. Microfocus X-ray fluorescence (XRF) imaging revealed widespread
accumulation of Pb within the coral tissues but not in the skeletons. The finding that Pb
predominantly accumulates in the soft tissues with no evidence of Pb in the mineral
suggests that exposure was short or of low concentration. Both highlight the great
sensitivity of coral organisms to Pb uptake, with likely negative impacts on the
organism. We suggest that anthropogenic Pb contamination, intensified by factors such
as urban runoff or industrial discharges, still poses a serious risk to coral health and
resilience despite years of efforts to curb exposure. Future research should focus on the
kinetics of Pb bioaccumulation, effects of short-term versus long-term exposure and
the combined effects of heavy metals and temperature on coral physiology.

Introduction

Scleractinian corals are crucial to marine ecosystems, serving as the foundation of
shallow-water tropical reefs that support immense diversity and productivity.*
Beyond their ecological importance, these corals provide structural, social, and
economic roles. However, they are increasingly threatened by anthropogenic
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impact,” such as increased temperatures due to the evolving climate crisis and
ocean acidification.>*

Already more than six decades ago, the harmful effects of Pb on marine
organisms were identified,” which led to a global movement to eliminate the use
of leaded fuel.® Japan took the initiative in 1970 by limiting tetraethyl Pb in
gasoline,” followed by similar measures in the United States and the introduction
of catalytic converters,® which required unleaded gasoline to function properly.
These efforts expanded globally through the United Nations Environment Pro-
gramme (UNEP) which successfully ended the use of leaded gasoline worldwide in
2021, with Algeria being the last country to comply.®

As a result, the major issue of Pb poisoning seemed to be resolved, and focus
has shifted to other threats such as ocean acidification, ocean warming and
microplastic pollution.

Pb is a non-biodegradable heavy metal that persists in soil, air, and aquatic
environments, and remains a significant component of the oceanic Pb cycle.'>"*
Once introduced into the marine environment, Pb occurs in ionic or organically
complexed manifestations within seawater.’>** Predominant forms include salts
(PbCO3, Pb(NO3),, Pb(SO4)), hydroxylated (Pb(OH),), or ionized (Pb*") forms. The
bioavailable Pb*" ion readily forms complexes with both organic and inorganic
ligands. Organic Pb complexation often involves Ca>*, Mg®" and zZn**,**** while
inorganic complexation is dominated by chloride and carbonate.*® Although only
a small portion of Pb remains dissolved and bioavailable in seawater, this fraction
can enter the marine food web and affect organisms such as corals.””

The persistence of oceanic Pb has been demonstrated in the Gulf of Aqaba
(GoA) by measurements of dissolved Pb concentrations and isotopic composi-
tions. In October 2018, dissolved Pb concentrations ranged from 19 to 85 pmol
kg~" (0.004 to 0.02 pg L"), with isotopic ratios of *°°Pb/**’Pb and *°*Pb/**°Pb
reported between 1.163-1.190 and 2.062-2.093.*® Note that these levels are below
the critical threshold level of 2 pg L ™" established by the Australian Water Quality
Guidelines for marine environments.*®

Pb accumulation in marine organisms can result in concentration levels that
are several orders of magnitude higher than those found in the surrounding
water.”® Aquatic invertebrates are known to take up and accumulate trace metals,
whether essential or toxic.”* Indeed, previous studies have demonstrated that Pb
can accumulate in both coral tissue and skeleton.

To date, different analytical approaches for determining Pb accumulation in
coral skeletons have provided controversial results, indicating limitations and
inconsistencies associated with extraction methods and analytical techniques.*
Methods such as laser ablation inductively coupled plasma mass spectrometry
(LA-ICPMS) have been used to trace Pb contamination,* however, this technique
often averages Pb concentrations across entire samples, which limits its resolu-
tion and the ability to localize Pb accumulation with high detail. Similarly, bulk
analysis techniques such as optical emission spectrometry (OES) and flame
atomic absorption spectrophotometry (FAAS) have been employed to detect Pb
contamination in both modern and fossil coral skeletons.?* While these methods
can quantify Pb concentrations, they offer low resolution, making it difficult to
resolve specific regions where Pb accumulates. These constraints highlight the
need for high-resolution techniques to better understand the spatial distributions
of Pb within coral skeletons and tissues.
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In this study, we present observations of corals cultured in the open aquaria
of the Gulf of Aqaba, and we report on observations of distributions of Pb in
relation to the coral tissues and the skeletons. To do so, we make use of
microfocus X-ray mapping combined with X-ray fluorescence (XRF) to provide
detailed insights into the distribution and presence of environmental Pb within
marine ecosystems.

Experimental
Coral nubbin collection and preparation

Nubbins from two genotypes of the stony corals Stylophora pistillata® (n = 3) and
Pocillopora verrucosa® (n = 5) were collected under a permit granted by the Israel
Nature and Parks Authority (permit number 2019/4210). The ~1 cm nubbins of
coral branches (ESI Fig. 1a and bt}) were harvested from a depth of 5 m near the
Interuniversity Institute for Marine Science (IUI) at the Gulf of Eilat, northern Red
Sea (29° 30’ N, 34° 56’ E). Each nubbin was attached using superglue to the inner
surface of polymethyl methacrylate (PMMA) cylinders (1.5 cm diameter, ESI
Fig. 1ct).

The nubbins were cultivated for approximately one month in an open
aquarium connected with the flow-through seawater system at the IUIL The system
operated under ambient water temperature and a natural light condition.
Seawater was continuously supplied via a pump positioned at a depth of 30
meters in the Red Sea, with delivery ensured through PVC pipelines. During this
time, the corals adapted and formed new tissue and skeleton at the base of the
cylinders (ESI Fig. 1d,} marked by black arrows), indicative of thriving and healthy
growth. Once the nubbins exhibited significant amounts of new skeleton
formation while starting to cover the entire bottom of the cylinder, they were fixed
in a solution containing 2% paraformaldehyde and 0.05 M sodium cacodylate
buffer in 22 g per L Na,COj; for 1 h in order to preserve the soft tissue for further
analysis.

Following fixation, the samples were washed twice with 0.05 M sodium caco-
dylate buffer in 22 g per L Na,CO; for 5 min each and subsequently dehydrated in
graded ethanol solutions (50%, 60%, 70%, 80%, and 90% anhydrous ethanol with
1 g per L Na,CO3). The dehydration process concluded with two washes in 100%
anhydrous ethanol. The samples were then embedded in EpoFix resin (agar
scientific # AGB8790) and sectioned into 300 pm thick slices.

Scanning electron microscopy (SEM)

Uncoated 300 um thick sections from coral nubbins of Stylophora pistillata (n = 8)
and Pocillopora verrucosa (n = 11) were imaged using a scanning electron
microscope (SEM, PhenomXL, ThermoFisher, Eindhoven, Netherlands). Imaging
was performed in backscatter electron mode (SEM-BEI) at an acceleration voltage
of 15 kV, with a working distance of ~20 mm, to image embedded mineralized
regions visible on the cross sections.

Synchrotron based X-ray fluorescence (XRF)

Synchrotron based XRF measurements were performed at the mySpot beamline of
the BESSY II synchrotron light source (HZB - Helmholtz-Zentrum, Berlin,
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Germany?’). Elemental distributions within thin sections of P. verrucosa (n = 11)
and S. pistillata (n = 8) were obtained by lateral raster scanning of each sample
using an oval shaped X-ray beam sized 25 x 32 um that created an X-ray fluo-
rescence excitation source inside the sample. XRF spectra were collected using
a 40 mm” silicon drift detector (Rayspec, SiriusSD, SGX Sensortech). The fluo-
rescence detector was positioned at a 45° angle relative to the incident beam.
Regions of interest were pre-identified in each sample using microscopy, and
scans were performed at an excitation energy of 17 keV to generate elemental
maps by moving the sample plane across the pym diameter beam. Peaks in the XRF
spectra were integrated and visualized using Fiji.*®

The generation of characteristic XRF signals depends on the excitation of
atomic elements within the X-ray beam path.” The absorption cross-section,
which reflects the probability that incident photons are absorbed, exhibits
a sharp increase at the energy threshold beyond which inner-shell electrons
become excited. Fluorescence occurs when the excited electrons with higher
energy level fill the lower-energy vacancy, emitting characteristic X-ray photons
with an energy corresponding to the difference between these levels. For Pb, such
fluorescence occurs with an energy of ~10.55 keV (corresponding to the Lo
transition®’). In the present study an incident beam energy of 17 keV was used,
exceeding the Pb L-edge in the absorption spectrum (corresponding to 15.861
kev?).

Results
Pb accumulation is observed in healing and re-growing adult coral colonies

In situ X-ray fluorescence (XRF) imaging of slices from both the original and the
newly growing tissues of the coral species Stylophora pistillata (Fig. 1a) and
Pocillopora verrucosa (Fig. 2a) reveals significant Pb incorporation in the soft
tissue regions of the coral organism. The Pb was localized in the coral tissue
surrounding the skeleton and inside the polyp chambers. Two representative
examples are shown: one for a mature S. pistillata nubbin (Fig. 1) and another
for a newly formed growth region located on the outer margins of the P. ver-
rucosa (Fig. 2). Both examples demonstrate that Pb accumulated in regions
adjacent to the mineralized skeletons (Fig. 1b and 2b marked by white arrow-
heads). Thus, in all regions of newly formed material, the encasing soft tissue
fluoresces with an intense signal of Pb. SEM imaging of all cross-sections
confirmed that the Pb signal always arises from regions external to the
mineralized mass (Fig. 1c and 2c, corresponding to perpendicular views of
Fig. 1b and 2b, respectively). Elemental mapping was collected point by point
yielding thousands of spectra covering 3955 x 2182 um? (Fig. 1d-f) and 956 x
589 um? (Fig. 2d-f) regions for the mature and newly grown edges, respectively.
Calcium (Ca) (Fig. 1d and 2d) and strontium (Sr) (Fig. 1e and 2e) identify the
coral skeleton in both regions, with a stronger calcium signal obtained on the
surface side near the detector due to strong self-absorption in the sample bulk.
Pb was always localized outside the skeletal framework, surrounding it or
appearing in voids/polyps within the mineralized tissue. Pb distribution is
shown in magenta (Fig. 1f and 2f), highlighting its localization in close prox-
imity to the skeletal structure that the tissue creates.
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Fig.1 Stylophora pistillata elemental mapping. (a) Underwater photograph of a S. pistillata
colony in its natural habitat within the Gulf of Agaba. (b) Light microscopy image of
a S. pistillata nubbin after one month, showing the cylindrical coral fragment (yellow arrow)
with the newly formed tissue and skeleton covering the base, indicated by white arrow-
heads. (c) Scanning electron microscopy (SEM) backscattered image of a thin section of
the nubbin. (d—f) X-ray fluorescence (XRF) elemental maps of the boxed region in (c)
showing (d) calcium (Ca) and (e) strontium (Sr) co-localized within the coral skeleton, while
(f) Pb is predominantly concentrated external to the Sr layer, encasing the skeleton. Pb,
even in PPM quantities, is never identified in the mineralized skeleton.

Discussion
Pb distribution in coral tissues

This study uses the high sensitivity of the X-ray fluorescence (XRF) to detect and
map the distribution of Pb in stony corals cultivated in open aquaria at the IUI
research station in the Gulf of Aqaba in 2020. Our observations reveal extensive Pb
contamination in the coral tissues surrounding the skeleton, raising concerns
about the health of these and other marine creatures in the ecosystem. XRF
indicates that Pb predominantly accumulates in the soft tissues of corals and
without integration into their skeletal structures. The absence of Pb traces in the
skeleton suggests either a recent transient exposure, or low-grade long-term
exposure. The former scenario could possibly be a result from a dust storm, or
a temporary anthropogenic source.'®** Prolonged, low-level exposure to Pb might
also load the coral with Pb, but possibly was insufficient to replace calcium in the

302 | Faraday Discuss., 2025, 261, 298-311 This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5fd00024f

Open Access Article. Published on 19 2025. Downloaded on 10-01-26 19.48.00.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online
Faraday Discussions

Coral
fragment

Fig. 2 Pocillopora verrucosa elemental maps. (a) Underwater photograph of a P. verru-
cosa colony thriving in its natural environment in the Gulf of Agaba. (b) Light microscopy
image of a P. verrucosa nubbin, showing the cylindrical coral fragment (marked with
yellow arrow). The newly formed growth fronts covering the base and encircling the
cylinder (indicated by white arrowheads) represent newly formed material. (c) SEM back
scattered image of a thin section from the nubbin (top) and the inset highlighted a newly
developed polyp (framed in white at the bottom). (d—f) XRF elemental maps of the polyp
region outlined in the box in (c), revealing (d) Ca, and (e) Sr co-localized to the coral
skeleton, whereas (f) Pb is concentrated in the non-mineralized regions, in contact with
the strontium layer but exterior of the skeleton. Pb is never identified in any of the
mineralized regions.

growing skeleton. The widespread contamination found in all soft tissue regions
was an unexpected finding. This may indicate that the corals tolerate some degree
of Pb exposure while continuing to form normal calcium carbonate structures,
both amorphous and crystalline.*®

Our findings challenge the prevailing assumption that Pb readily incorporates
into coral skeletons.>*** Although prior studies report high concentration of heavy
metals in sediments and powdered coral skeletons, our study showed no evidence
of Pb integration into the new skeleton that the corals were growing. Pb removal
from aqueous environments typically occurs through adsorption, surface
precipitation, and incorporation into solid phases, such as calcium carbonate
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surfaces. Previous reports indicate that Pb>* ions are rapidly adsorbed within
minutes followed by the formation of Pb carbonate minerals such as cerussite and
hydro-cerussite demonstrating the capacity of calcium carbonates to act as sinks
for Pb.*

While Pb can theoretically substitute for calcium in crystalline structures such
as calcite or aragonite,*® due to similarities in their ionic radii and competition for
calcium-binding sites,*”*®* we did not observe such integration in our coral
samples. This absence might reflect a short exposure period, possibly occurring
not long before sample extraction, limiting the time for incorporation into the
skeleton. Despite similarities, the slightly larger ionic radius of Pb>" could
increase binding distances,* potentially causing lattice distortions when
substituted into crystalline structures such as calcite or aragonite. Such distortion
would likely hinder efficient integration into the crystalline phase.

Note that incorporation into the amorphous calcium carbonate (ACC) phase,
a precursor to skeletal formation originating within the tissue of S. pistillata,*
might be less constrained by the atomic radius differences. The lack of Pb in the
crystalline phase raises intriguing questions about the role of ACC in modulating
Pb interactions.

Possible contamination sources

Pb contamination in marine environments arises from both natural and
anthropogenic sources. In nature, Pb can be introduced through rock weathering
and volcano eruptions* and occurs in the Earth's crust' and soil at an average
concentration of 20 mg Pb per kg.*' Anthropogenic activities, however, have
caused elevated levels in coastal waters ranging from 25 ng kg™* in unpolluted
regions to 150 ng kg ' in regions impacted by sewage.”> Though Pb concentra-
tions in northern Red Sea seawater are reported to remain below critical
thresholds,*” higher concentration levels have been reported in sediments and
corals in areas exposed to anthropogenic pollution.****

Elevated Pb levels from anthropogenic disturbances™*® pose significant risks to
coastal ecosystems, with coral contamination being an indication of unwanted Pb
pollution.*”** Once released into the ocean, Pb can be transported over long
distances by ocean currents.'> Urban sources, such as metal-rich dust, leaded
fuels, industrial waste and possibly contaminated marine vessels, are likely
contributors to the Pb detected in corals. Previous reports have identified pollu-
tion from sewage** and emissions from boats> as major sources. Massive shipping
activity, especially for oil and petroleum transport, further increases the risk of
heavy metal contamination.>

In October 2018, dissolved Pb concentration in the Gulf of Aqaba ranged from
0.004 to 0.02 ug L' following a dust storm.'® While these levels represent an
increase, they remain well below the critical threshold level of 2 pg L™" estab-
lished by the Australian Water Quality Guidelines for marine environment.*® Such
storms are the likely cause of Pb contamination in our samples.

Although Pb has limited solubility in seawater,"** due to the low solubility of
Pb chloride,”® even small amounts may affect living corals. The detection of Pb in
one-month-old coral tissues suggests that minor pollution, possibly from a local
dust storm, could have occurred in our study leading to detectable lead accu-
mulation. The source of Pb contamination in our samples, however, remains

304 | Faraday Discuss., 2025, 261, 298-311 This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5fd00024f

Open Access Article. Published on 19 2025. Downloaded on 10-01-26 19.48.00.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online
Paper Faraday Discussions

unclear. Its presence was discovered incidentally during our investigations, as no
Pb sources were known before or during coral treatment. Nevertheless, it is
evident that Pb accumulated in the coral tissue while the coral was still alive, prior
to sample preparation. These findings highlight the sensitivity of corals as
unintentional bioindicators of even low-level Pb contamination.

Effects of Pb on corals

It is estimated that 20% of global coral populations are threatened by exposure to
toxic substances.® Pb has been shown to impact corals by triggering sublethal
effects, such as tentacle retraction in cnidaria and causing the significant loss of
their symbionts.>*

Contamination from heavy metals further disrupts essential physiological
processes in marine organisms, including corals, by impairing calcification and
lowering photosynthetic efficiency.>®*® Exposure to metals has been linked to
coral bleaching,””*® with copper and mercury shown to harm coral symbionts,
thereby triggering bleaching events.’>* Metal exposure also increases the
production of reactive oxygen species, a key factor driving coral bleaching.**
Furthermore, metals such as copper and zinc can reduce larval survival rates®
and compromise thermal resilience of Stylophora pistillata.®® Similar synergistic
effects are likely for Pb.

While corals can regulate the concentration of various trace elements in the
tissue,” their sensitivity to the toxic elements increases with higher environmental
temperatures. This suggests that the combination of temperature and heavy
metals negatively impacts physiological processes, as metals are absorbed more
quickly at higher temperatures.®** This raises the need for future investigation,
regarding the potential link between toxic heavy metal contamination and coral
bleaching.

Conclusions

This study used X-ray fluorescence microbeam mapping, to provide direct
evidence that Pb exposure rapidly spreads throughout the soft tissue of living
stony corals. Although Pb emissions have decreased in recent decades, our results
of thin sections from stony corals, grown in open tanks supplied with seawater
through PVC pipes in the Gulf of Aqaba reveal that Pb contamination remains an
ecotoxicological threat. The uniform distribution of Pb in coral tissues, coupled
with its absence in the skeletal mineral phase, suggests a transient and short-lived
or low concentration contamination event, likely caused by a passing ship or dust
cloud. Further research is needed to determine the time required for corals to
accumulate Pb to the levels we observed, as well as to better understand the effects
on the organism, and the rate of Pb incorporation through controlled time-lapse
exposure experiments.

Stylophora pistillata and Pocillopora verrucosa appear to be unintentional bio-
indicators of Pb pollution. While this study did not assess physiological impacts,
the findings highlight the importance of addressing heavy metal contamination
in marine ecosystems and its broader implications for environmental health.

Given the escalating anthropogenic pressures on coral reefs, particularly in
biodiversity hotspots like the Red Sea, proactive measures are essential to
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safeguard these ecosystems and the overall health of the marine environment.
This may include stricter regulations on Pb emissions, targeted pollution miti-
gation efforts, and further research to address heavy metal contamination. By
detecting and possibly quantifying Pb contamination, this research aims to
contribute to the protection of coral reefs and their vital role in supporting marine
biodiversity and enhancing climate resilience.
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