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Abstract Anthropogenic activities increase the level of dissolved heavy metals in some tropical near-shore
environments threatening reef ecosystems. The skeleton of stony corals like Porites species potentially provides
a high-resolution geochemical archive for past heavy metal concentrations, with potentially century long
records revealing baseline values before large-scale human disturbance. However, few data exist for heavy
metal partitioning into coral skeleton aragonite. To address this, culturing experiments exposing Porites lobata
and Porites lichen to a mixture of dissolved Cr, Mn, Ni, Cu, Zn, Ag, Cd, Sn, Hg, and Pb over a wide
concentration range have been performed. Water samples were taken frequently to monitor changes in the heavy
metal concentration. Laser ablation ICP-MS measurements of the coral aragonite revealed metal concentrations
that were positively correlated with Cr, Mn, Ni, Zn, Ag, Cd, and Pb concentrations in seawater. The Dy values
for most metals appear dependent on the seawater metal content, approximating a power law, and therefore
stabilize at higher seawater metal/Ca ratios. The partitioning of Pb into the coral skeleton is a notable exception,
with Dy, being stable around 2 to 1 across a large range of “natural” to highly polluted seawater Pb
concentrations. This and the general agreement with partition coefficients estimated by previous work suggests
that the reconstruction of the heavy metal concentration in seawater for ecosystem monitoring is possible.
However, the high variability within and between coral colonies requires further study and suggests that
multiple records from multiple coral colonies should be combined to obtain robust reconstructions.

1. Introduction

Modern tropical reefs undergo increasing degradation by natural and man-made factors such as global warming
and associated extreme weather events, disease outbreaks, invasive coral predators, urban and agricultural runoff,
ship anchoring, over-tourism and plastic pollution (e.g., Dar et al., 2018; Mieremet, 1997). These impacts impose
stress on the corals and other organisms (e.g., Anthony, 1999; Correge, 2006), and also introduce heavy metals to
the oceans. Heavy metals occur naturally in the Earth's crust in generally low concentrations and geogenic sources
include the chemical and physical weathering of rocks, leaching of soils and volcanic eruptions (Mansour
et al., 2013). Heavy metals are defined here as elements with a density >7 g/cm® (Venugopal & Luckey, 1975)
and an atomic number beyond calcium (Bjerrum, 1936; Thornton, 1995). They can reach toxic levels if the
ambient concentration exceeds a threshold, which can be caused by anthropogenic activities, for example,
through emissions of industrial by-products (e.g., Nour, 2019; Weis, 2015). Heavy metals are highly persistent,
not readily biodegradable and are thus concentrated along the food chain of aquatic organisms (Bosch et al., 2016;
Diagomanolin et al., 2004; Liu et al., 2018; Santhanam, 2011; Sonone et al., 2020; Zhang & Gao, 2015). In the
marine environment, metals occur as dissolved ions, molecular complexes, or bound to colloids and (suspended)
sediments (Larocque & Rasmussen, 1998). The speciation of some metals like Mn is controlled by redox con-
ditions and reactive oxygen species in the photic zone (e.g., Oldham et al., 2020) and in polluted coastal seawater
up to around 50% of “dissolved” Cu, Cd, and Pb are present as colloids >1 kDa (Lu et al., 2019). Even in the truly
dissolved phase (Ellwood, 2004), heavy metals are usually bound to inorganic (e.g., Byrne, 2002; Miller &
Bruland, 1995) or organic ligands, the latter produced by marine organisms making seawater metal speciation
complex and variable across regions (e.g., Hirose, 2006; Valverde et al., 2008). The toxicity of the metals depends
on factors like concentration, synergistic-antagonist effects and chemical speciation.

Various marine organisms have been investigated as environmental indicators of heavy metal contamination and
pollution (see Chapman, 2007 for a discussion on the definition of both). For example, plants like seaweed are
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capable of accumulating heavy metals (Arumugam et al., 2020; Besada et al., 2009; Davis et al., 2000), fora-
minifera have been used as bioindicators for heavy metal pollution in temperate and tropical seas (Frontalini &
Coccioni, 2008; Li et al., 2021; Munsel et al., 2010; Oron et al., 2021; Titelboim et al., 2021), and marine sponges
have been reported to bioaccumulate heavy metals (Batista et al., 2014; Cebrian et al., 2007; Rodriguez &
Morales, 2020). Stony corals can be used as a tool for metal pollution monitoring because their skeletons exhibit
clear growth bands, making excellent environmental archives accurately recording centennial to monthly physical
and chemical environmental changes (Abdo et al., 2017; Al-Rousan et al., 2007; Chen et al., 2010; David, 2003;
Nour & Nouh, 2020; Shen, 1996). Furthermore, corals can survive exposure to relatively high heavy metal
concentrations (El-Sorogy et al., 2012; Readman et al., 1996). Corals have a long history as environmental ar-
chives based on the incorporation of different trace elements and metals into their skeleton (e.g., Amiel
et al.,, 1973; Anu et al., 2007; Esslemont, 2000; Hanna & Muir, 1990; Jafarabadi et al., 2018; Kourandeh
et al., 2021; Mohammed & Dar, 2010; Shen & Boyle, 1988) and Saha et al. (2016) provided a comprehensive
review on the use of trace elements in coral skeletons. Metal-to-calcium ratios in coral skeletons have been used to
investigate historic human activities and the long term impact of these activities on water quality throughout
shallow tropical seas (e.g., Alibert et al., 2003; Carriquiry & Horta-Puga, 2010; Fleitmann et al., 2007; Jiang
et al., 2020; Lewis et al., 2012; McCulloch et al., 2003; Nguyen et al., 2013; Prouty et al., 2010; Saha et al., 2016;
Sowa et al., 2014). These studies demonstrate the ability of coral skeletons to record changing water quality due to
land-use changes, industrialization, mining and deforestation.

The scleractinian coral genus Porites is globally distributed and has a simple growth structure. Different Porites
species are found in the tropical Indo-Pacific Ocean (Kaczmarsky & Richardson, 2007; Reyes-Bonilla, 1992;
Tortolero-Langarica et al., 2017) including the Great Barrier Reef off eastern Australia (Lough et al., 1996; Wu
et al., 2021) and in the Caribbean (Green et al., 2008; Lord et al., 2021). The growth rate of these massive stony
corals allows measurements at sub-annual resolution as well as assembling continuous environmental archives
covering hundreds of years (Clark et al., 2012; Kefu et al., 2001; Leonard et al., 2019; Schneider & Smith, 1982).

Most environmental pollution studies based on coral skeleton analysis were carried out using coral samples from
field sites investigating heavy metal concentrations in naturally grown specimens in order to reconstruct past
metal pollution (Barakat et al., 2015; Reichelt-Brushett & McOrist, 2003; Nour & Nouh, 2020, and references
therein). Some studies have focussed on natural variations of metals like Mn and Cd in coral skeletons being
related to climate modes such as ENSO (e.g., Carriquiry & Villaescusa, 2010; Linn et al., 1990; Sayani
etal., 2021; Shen & Boyle, 1988), while others have examined corals from waters with many orders of magnitude
higher seawater metal concentrations resulting from anthropogenic activities (Jiang et al., 2020). Studies
reporting metal concentrations of seawater sampled near the corals are very rare and therefore large uncertainties
surround the partitioning of metals into the coral aragonite skeleton (e.g., Jiang et al., 2020), especially when
considering the spatial and temporal variability of metal concentrations observed around reef environments (e.g.,
Farkas et al., 2018; Jiang et al., 2020; Kojima et al., 2022). To date, no culturing studies address the extent that
changing seawater metal concentrations are incorporated into coral skeletons. Therefore, the main objective of
this study was to investigate heavy metal incorporation into the skeleton of the stony corals Porites lobata and
Porites lichen. Culturing experiments with a mixture of metals; chromium (Cr), manganese (Mn), nickel (Ni),
copper (Cu), zinc (Zn), silver (Ag), cadmium (Cd), tin (Sn), mercury (Hg) and lead (Pb), were carried out over
concentration ranges that cover situations in polluted and unpolluted near-shore environments today. The
apparent partition coefficient (D) between seawater and coral aragonite was constrained by relating analytical
data of weekly to biweekly water samples to laser ablation ICP-MS measurements of the skeleton grown during
culturing. The results refine the use of stony corals as a reliable monitoring tool to track anthropogenic footprints
in presumably pristine tropical environments as well as in areas of high human impact.

2. Methods
2.1. Experimental Setup

Culturing experiments were configured with two experimental aquaria of identical dimensions and construction
in an air-conditioned room. An additional large host aquarium was used for acclimation and nursery of
commercially purchased corals. The host aquarium was described by Taubner et al. (2017). Four different coral
colonies were acquired and species determined by genotyping. All colonies were divided into subcolonies and
maintained in the host tank until the tissue had overgrown the cutting planes. Afterward, one sub-colony was
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Figure 1. Schematic drawing of the culturing system (a), staining procedure with Alizarin Red S (b) and coral slices after
culturing (c). Part ¢ shows corals A and C. Furthermore, the course of the laser ablation line is indicated and the reddish
staining lines are visible. Staining took place before Phase 0 and before Phase 1.

placed in each experimental tank and one was left in the host aquarium. The control aquarium remained un-
modified while the trace metal concentration in the metal aquarium was elevated stepwise. The trace metal
concentration in both tanks was monitored during the culturing period. Therefore, a direct comparison of a coral
from the same colony growing in the same settings with only the heavy metal concentration of ambient seawater
differing was possible. Although having only one experimental tank can be considered pseudo-replication
(Hurlbert, 1984), we are not applying inferential statistics and having more experimental tanks would have
been impractical for such a geochemical study. New growth was constrained by Alizarin Red S staining prior and
during the experiment. After the experiment lasting more than 15 months, specimens were cut again and the
growth was estimated from the stained bands and the time series of trace metal concentration in the coral skeleton
was repeatedly measured by Laser ablation ICP-MS.

2.1.1. Culturing System

The two identical aquarium systems were built by Whitecorals, Korntal-Miinchingen, Germany (Figure 1a). The
design was adapted from earlier culturing facilities and professional aquaria (Allison et al., 2014; Taubner
et al., 2017). Initial seawater was taken from the host aquarium. This system, which has been in operation since
2013, thus provided a complete ecosystem with adequate microbiology. The host aquarium water was mixed with
North Sea water of 28 salinity units and the salinity was adjusted to 35 units by adding synthetic sea salt (Tropic
Marin Pro-Reef ®). Water exchanges of approximately 10 vol% were carried out every three to 4 weeks with
artificial seawater during the complete culturing period. In addition, one L of water from the host tank was added
to the experimental systems three times a week.

LED lamps (Aquaillumination Hydra 52 HD) were used for illumination. The irradiation was set to 220-280 pmol
photos m™ s~" and a photoperiod of 10 hr dark-14 hr light with a dimming period of 1 hr before transition from
dark to light in the morning and from light to dark in the evening. The color spectrum and intensity of the light
were tuned to the values of illumination of the host tank, because the coral colonies were in good health and grew
well with such a spectrum.

The main tank of each experimental aquarium had a water volume of 50 L and was equipped with a Tunze
Turbelle nanostream 6045 streaming pump and an EHEIM aquaball 130 filter. Furthermore, an adjustable plastic
grid made especially for the tank was installed, which made it possible to guarantee an optimal distance from the
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lamps to the coral colonies. The water from the main tank flowed downwards via PVC tubing into a filter tank
with three different chambers. Larger particles settled in the first chamber, while by mixing air and water in the
second chamber, an Aqua Medic Evo 1000 protein skimmer removed hydrophilic proteins. The protein skimmer
not only removed possible hydrophilic contaminants but also added air to the system, ensuring water oxygen
saturation. Processed water was pumped back into the main tank by an EHEIM compact ON 300 pump with a
flow rate of approximately 200 L per hour for the whole system. Water loss through evaporation was compensated
by adding deionized water, which was automatically pumped into the third chamber of the filter tank when an
optical water level sensor (GHL Level Sensor, Optolevel) registered a drop in water level. To maintain a constant
water temperature at 25°C, a JBL Cooler 100 chiller on top of the main tank and an EHEIM thermocontrol 150 W
heater in the filter tank were automatically controlled by a GHL Profilux computer.

Live rocks with high porosity were placed in the main tank to ensure a functional denitrification process, which is
important for the water quality of the aquaria. Furthermore, snails and hermit crabs were inserted, which cleaned
the aquarium from excessive algae and other leftover particles. The hermit crabs were fed 3 times a week with 1.5
pieces of NovoCrab food from JBL.

During coral growth, calcium and bicarbonate were consumed from seawater by the calcification of the coral
skeleton. These were replenished by adding an adequate amount of two different stock solutions following the
Balling Light method. Stock solution 1 consisted mainly of CaCl, * 2 H,O and the Balling solutions 1 (high-
purity water, BaCl, * 2 H,0O, SrCl, * 6 H,0) and 2 (high-purity water, CoCl, * 6 H,O, MnSO, * H,O, CuSO, * 5
H,0, ZnSO, * 7 H,0, NiSO, * 6 H,0, FeSO, * 7 H,0, KCr(SO,), * 12 H,0). The main ingredient of stock
solution 2 was NaHCO; mixed with Balling solution 3 (ultra-purity water, KI, NaF, Na,B,0, * 10 H,0). Both
stock solutions were added four times a day using a Dupla Marin Dosing Pump P4 Smart. The total amount of the
stock solution added per day varied due to changes in calcification rates between 16 and 24 mL.

Salinity, temperature and pH were measured two times an hour via GHL sensors placed in the main tank con-
nected to a GHL Profilux 4 computer. Other water parameters such as calcium, magnesium, nitrate and phosphate
concentrations, and carbonate hardness (which approximated seawater alkalinity) were monitored once a week.
Phosphate and nitrate concentrations were measured using a custom Wasserpantcher photometer. All other tests
were performed using JBL quick test strips. These quick tests were adequate for frequent measurements enabling
the immediate reaction to changes in water quality.

2.1.2. Preparation for Culturing

Coral culturing was performed at GEOMAR from February 2019 to September 2020. Three colonies of Porites
were purchased from different hobby aquarium retailers in Germany. After arrival, samples for DNA analyses of
the coral tissue were taken to determine the species of the colonies. Genetic analyses and genotyping were
performed by omics2view.consulting, Kiel, Germany. Sanger sequencing of cytochrome c oxidase subunit I
mitochondrial genes (COI) and the nuclear ribosomal internal transcribed spacer region (ITS) was performed. The
sequence was compared with GenBank data for species determination. Reference sequences of COI and the ITS
from Forsman et al. (2009) were retrieved from NCBI (Sayers et al., 2009) and the program BLAST + v2.9.0
(Altschul et al., 1990) was used to find close relatives for the sequences. Maximum likelihood phylogenetic trees
were calculated from multiple sequence alignments (produced with MAFFT v7.427, Katoh et al., 2002; Katoh &
Standley, 2013) with IQ-TREE v1.6.10 (Nguyen et al., 2015).

Before colonies were inserted into the culture aquaria, they were kept in the host tank for several weeks to monitor
their health and give them time to acclimatize to the new environment. These colonies were divided into three
equal sub-colonies using a disinfected handsaw. Sub-colonies which were not able to stand on their own were
glued with AQUA SCAPE FIX (Fauna Marin GmbH coral glue) to a breed disc holder. Sub-colony sizes varied
according to the size of the mother colony and were between 5 and 10 cm in diameter. All colonies were
maintained in the host tank for at least 2 months to ensure an adequate recovery after cutting. All colonies grew
during that time and displayed polyp activity and a bright color.

The culturing aquaria underwent an initial acclimatization period lasting approximately 4 months. During this
period, the biological parameters equilibrated (e.g., denitrification processes) and the accompanying organisms
and corals were inserted stepwise. The first inhabitants were soft corals (Capnella sp.), snails and hermit crabs
followed by different stony corals (Pocillopora sp., Seriatopora sp. and Montipora sp.). When these corals grew

SCHMIDT ET AL.

4 of 26



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geochemistry, Geophysics, Geosystems

10.1029/2022GC010726

Table 1

Heavy Metal Concentration in the Stock Solution, Target Concentration of These Metals in Each Phase in the Metal System and Salt Compounds

Target conc. in pg L™ Actual conc. in pg L™ Target/Actual (phase X — phase 0)

Conc. mg L™ Phase Phase Phase Phase Phase Phase Phase Phase Phase Phase Phase Phase Phase
Salt compound stock 1 2 3 4 0 1 2 3 4 1 2 3 4

Chromium CrCl; * 6 H,0 25 0.25 2.5 12.5 62.5 523 5.13 7.74 13.07 20.70 -0.39 1.00 0.63 0.25
Manganese MnCl, *4 H,0 40 0.4 4 20 100 238 436 471 16.34  49.85 495 058 070 047
Nickel NiCl, * 6 H,0 5 0.05 0.5 2.5 125 1.15 0.87 1.55 937 2465 =572 0.79 3.29 1.88
Copper CuCl, * 2 H,0 2 0.02 0.2 1 5 1.93 1.22 1.26 2.89 386 —3549 -3.35 096 039
Zinc ZnCl, 50 0.5 5 25 125 0.71 099 499 39.88  98.04 0.58 0.86 1.57 0.78
Silver AgNO;, 35 0.04 0.4 2 10 0.006 0.023 0.048 0.61 2.23 044  0.11 030 022
Cadmium CdCl, 4 0.1 1 5 25 0.02  0.07 1.00 11.28  31.55 046 098 225 1.26
Tin SnCl, * 2 H,0 10 0.1 1 5 25 4.16 342 292 2.80 311 =733 —-124 -0.27 -0.04
Mercury HgCl, 0.04 0.004  0.04 0.2 1 0.58 1.53 7.40 5218 314.09 024  0.17 026 031
Lead PbCl, 10 0.1 1 5 25 0.03 0.06 046 3.37 7.45 038 043 0.67 0.30

Note. All salts used were p.a. (pro analysis) purity. For Hg Phase O is the mean of the control.

and showed a good vitality, the sub-colonies of Porites were inserted into the experimental tanks. Prior to this, the
growth stage was marked. The sub-colonies were set into a smaller aquarium containing water with Alizarin Red
S (~16 mg/L; 3,4-Dihydroxy-9,10-dioxo-2-anthracenesulfonic acid sodium salt, Sigma Aldrich; Figure 1) and
left in there for approximately 8 hr for staining. In the presence of calcium, Alizarin Red S adsorbs to calcium and
forms a pigment that is orange to red in color. Afterward, the corals were put back into the host tank to recover for
approximately 1 week until they were inserted into the culturing aquaria.

2.1.3. Experimental Setup

The culturing period was divided into different phases. Phase O lasted for 19 weeks, Phase 1 to 3 took 10 weeks
each and Phase 4 covered 13 weeks. One aquarium was used as the control, in that no metals were added to the
water.

Sub-colonies from corals A through D were inserted into the metal and control systems. Phase O was an initial
control phase without any extra-added metals in both systems. A second staining with Alizarin Red S was carried
out after Phase 0 to mark the onset of the metal addition and to estimate the growth rate of the colonies (Figure 1).
Beginning with Phase 1, the heavy metal concentration in the metal system was elevated stepwise by adding a
certain amount of the stock solution (Phase 1 = 8.2 mL; Phase 2 = 82 mL, Phase 3 = 410 mL; Phase
4 =2,050 mL; Table 1). For maintaining the heavy metal concentration during each culturing period as stable as
possible, an aliquot (Phase 1 = 0.1 mL; Phase 2 = 1 mL, Phase 3 = 10 mL; Phase 4 = 100 mL) of the stock
solution was added daily to counteract uptake of heavy metals by the corals and other organisms, or removal by
adsorption on surfaces of the system, protein skimmer and filters. During every water exchange, the stock solution
was added to maintain metal concentrations at levels targeted for each phase with seawater renewal.

The target concentration of each metal (see Table 1) was selected to cover a wide range of concentrations
resembling conditions observed in polluted tropical areas, for example, Jakarta Bay (e.g., Williams
et al., 2000). The concentrations were selected attempting not to reduce growth and normal metabolism.
Therefore, the recommended threshold values provided by the Environmental Protection Agency, USA (EPA)
were followed. Additionally, values from Reichelt-Brushett and Harrison (2005) addressing the effect of
heavy metals on coral fertilization were taken into account. Baudouin and Scoppa (1974) further investigated
the toxicity of heavy metals to zooplankton, which was also considered. This step-wise increased exposure to
multiple metals simultaneously was meant to mimic real world conditions where multiple metals and pre-
exposure are likely to occur. The heavy metal concentrations in the seawater during each phase were
monitored by frequent water sampling. Temperature, pH and salinity were kept stable at 25.1 (£0.2) °C, 8.3
(£0.1) and 34.9 (£0.3) units, and at 25.1 (£0.2) °C, 8.2 (£0.1) and 34.8 (£0.2) units in the metal system and
control system, respectively, over the entire culturing period.
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Figure 2. Example of a LA-ICP-MS line analysis of Pb/Ca across coral C
from the metal system on top of color image taken under a binocular
microscope of the laser analysis line showing the staining marks and coral
top surface. The lower panel shows the seawater Pb/Ca over the
experimental period for comparison.

2.2. Water Samples

To constrain the heavy metal concentration in the culturing medium, water
samples were frequently taken from the metal and control systems (Table S1).
Samples were taken using 25 mL syringes, filtered through a 0.2 pm PES
syringe filter, and stored in HDPE bottles until analysis. Filters were flushed
with >1 mL of sample water before taking each sample. The samples were
acidified using distilled concentrated HCI (0.1 vol % of the sample volume)
immediately after filtering. Mercury samples were further treated with
bromine monochloride (BrCl) to ensure oxidation and release of all Hg
species. All water samples were preconcentrated offline with a SeaFAST
system (ESI, USA). For metals that cannot be preconcentrated by the resin
used by the SeaFAST system (Cr, Ag and Sn), samples were diluted for ICP-
MS analysis (Schmidt et al., 2022).

The element concentration in the seawater was determined by different
techniques at GEOMAR (Mean values in Table 1, full data in Table S1 and
shown in Figure 2). For major elements including Ca, inductively coupled

Table 2
Laser and Instrument Settings

plasma optical emission spectrometry (ICP-OES, Model VARIAN 720-ES)
was used on diluted samples. Frequent measurements of an IAPSO standard seawater revealed a precision
expressed as the relative standard deviation (RSD %) of less than £0.35% (mean Ca concentration IAPSO
standard = 419.6 + 0.15 mg L™'; reference Ca concentration based on the salinity of IAPSO Batch
161 = 423 mg L_l). Cr, Mn, Ni, Cu, Zn, Ag, Cd, Sn and Pb concentrations were measured using an Agilent
7500ce quadrupole ICP-MS. The accuracy and precision derived from measurements of reference materials are
given in Table S5 in Supporting Information S1. A Brooks Rand Model III Mercury system was used to analyze
the total Hg content of samples following US EPA method 1631. Quality control of the Hg measurements
revealed uncertainties smaller than 4.5% RSD for all analyses.

2.3. Coral Samples

After the culturing period, the corals were taken out of the experimental tanks and slices cut from each sub-colony
(see Figure 1c). These slices were subsequently treated with sodium hypochlorite solution (NaClO, 13% Cl,) for
at least 24 hr to remove organic compounds. Afterward, the coral slices were rinsed with CaCOj; equilibrated
MilliQ >18.2 MQ water to avoid dissolution of the aragonite and dried in an oven over night (7’ < 40°C).

Micro-analytical analyses of the metal content in the coral skeleton were performed using Laser Ablation (LA)-
ICP-MS at the Institute of Geosciences, Kiel University. A 193 nm ArF excimer GeoLasPro HD laser system
(Coherent) with a large volume ablation cell (Zurich-type LDHCLAC, Fricker et al., 2011) and helium as the
carrier gas was used. A small amount (14 mL min™") of H, was added to the helium to increase the sensitivity.
Line scans were performed orthogonally to the growth direction of the coral from the periphery to the inner parts
until passing the first staining line that marked the onset of the experiment (see Figure 1). Replicate lines were
analyzed on different parts of the colonies. The laser and instrument settings are given in Table 2. Prior to every
scan, a preablation pass was carried out to clean the cut surface of the coral
skeleton. Before and after each line scan, the gas blank was measured for at
least 30 s. These values were used as background intensities for the different
masses monitored and subtracted from each ablation profile during the data

reduction process. The isotope “*Ca was used as an internal standard and the

Laser 193 nm ArF excimer GeoLasPro

3 trace metal concentration of the samples was calibrated using the NIST SRM
Ene(riiisity 10 J/em 612 glass reference material (Jochum et al., 2011). Because the NIST glass
) ) contains no mercury, the synthetic spiked carbonate MACS-3 (Jochum
Spot size 120 pm, preablation 160 um, glass 60 um et al., 2019) was used for Hg calibration. Time resolved data were processed
Scan speed 50 pm/s with the software Iolite (Version 4) to select integration and calculate
Pulse 10 (Hz) element/Ca ratios using the “trace elements” data reduction scheme. The
frequency measured element/Ca ratios were converted to true element//Ca values using
Isotopes **Mg, *’Al, **Ca, **Cr, >>Mn, *°Ni, ®*Cu, **Cu, *Zn, **sr, average factors obtained from the analyses of the NIST SRM 612 glass in

monitored 1°7Ag, g, M4cg, 118gn, 2Ong, 202Hg and 2°°Pb

each session. For Cu and Hg more than one isotope was analyzed. As the

SCHMIDT ET AL.

6 of 26



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geochemistry, Geophysics, Geosystems 10.1029/2022GC010726

values agreed well, the average value of both isotopes was used for further analysis. Carbonate matrix reference
materials (coral JCp-1, giant clam JCt-1, limestone ECRM752-1; Inoue et al., 2004; Jochum et al., 2019) were
analyzed in the form of nano-particle pellets (Garbe-Schonberg & Miiller, 2014) for quality control. Spot analyses
of these reference materials during the same analytical session gave a precision, expressed as one standard de-
viation in % (RSD %), generally less than 6% for TE/Ca values in the pmol/mol range with the exception of Hg.
Generally, good agreement with previous published values was obtained but there are few data for many of these
elements available making accuracy difficult to properly assess. Here we provide TE/Ca values for these
reference materials to help address this issue for future work (Table S6 in Supporting Information S1). The
precision of line scan measurements as assessed by repeated line scans on the reference material nano-pellets JCp-
1 and MACS-3, was better than 10% and 5% RSD, respectively, for all element/Ca ratios (Hg/Ca only for MACS-
3). Statistical analysis of the data was performed using the program PAST (Hammer et al., 2001; Schmidt
et al., 2022).

The partition coefficients (D) of the different trace element/Ca ratios were calculated by using the corre-
sponding molar ratios in the coral skeleton and seawater:

DTE = (TE/ Ca)coral/ (TE/ Ca)seawater'

The calculation of growth rates for each sub-colony was primarily based on the stained lines that marked the onset
of Phases 0 and 1. Within these constraints, the division between the following culturing phases was based on
sudden and persistent elevations of metal concentrations in the coral skeleton observed in the LA-ICP-MS scans
(Figure 2). These markers were available only in the metal system. The surface of the corals after termination of
the experiment provided a third age control point available for all sub-colonies that survived the experiment.

A composite line was calculated individually for all colonies consisting of the laser ablation measurements along
the major growth axis of the coral (coral A n =3, coral Bn =3, coral C n =2, coral D n = 1). No composite lines
were constructed for the control coral samples and simple averages across the entire skeleton grown during the
culturing period were used to compare with the seawater metal content of the control system. Laser ablation
measurements along lines that deviated from the major growth axis of the coral were not included in the com-
posite line as workers usually avoid off axis sampling to avoid known geochemical artifacts (e.g., Alibert &
McCulloch, 1997; DeLong et al., 2013), and the data often exhibited much lower metal enrichment. Composite
lines were aligned with QAnalyseries (Kotov & Pilike, 2018) and values resampled at an equal resolution to
account for squeezing and stretching and then a mean value for the composite obtained.

3. Results and Discussion
3.1. Species Identification

Placement of the samples in the COI tree suggested that coral colonies A, B and C were almost identical, while
sample D differed from the others. Combined with information from the ITS phylogeny, the species identification
revealed that coral colonies A, B and C belong to the species Porites lobata and coral D was identified as Porites
lichen. Porites lobata is a common, cosmopolitan species. Both species co-occur in the tropical parts of the Indian
Ocean (e.g., Cacciapaglia & van Woesik, 2018; Séré et al., 2012) and in the Pacific Ocean (e.g., D'Croz
et al., 2001; Tisthammer & Richmond, 2018).

3.2. Metal Concentrations in Aquarium Water

The concentration of all metals used in this study was overall lower in the control system than in the metal system
(Figure 3, Table S1). The concentrations of Cu and Sn were similar and high compared to the targeted values in
both systems (Table 1), and no clear elevation was obtained in course of the subsequent culturing phases in the
metal system. In the first phases 0 and 1, and also for Cr, Mn and Ag in Phase 2, the metal concentration in the
control system was nearly the same as in the metal system. However, in phases 2, 3, and 4, the metal system
showed elevated concentrations approaching target values for most metals. Distinct metal concentrations between
culturing phases in the metal system were obtained for Ni, Zn, Ag, Cd, Hg, and Pb, and also Mn, even though the
elevation between phases was less pronounced. At the beginning of each phase, most metal concentrations (Mn,
Ni, Cu, Zn, Ag, Cd, Hg, and Pb) peaked and then declined again after 1 week. This feature was due to the addition
of stock solution to reach the next concentration level and subsequent removal from the dissolved form.
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Figure 3. TE/Ca values (pmol/mol) in the culturing medium during phases 0 through four on a logarithmic scale. Note that the Hg/Ca values from Phase 0 of both
systems are not given because no Hg samples were taken during this period.

Furthermore, smaller peaks within one culturing phase were linked to water exchange, when stock solution was
added to balance the dilution of metals due to the addition of fresh seawater. The concentration in the control
system was comparatively stable over the entire culturing period (Figure 3). A high scatter was found for Cr and
Mn with sudden peaks in concentration. For Sn, the changes in the culturing seawater were very limited (Figure
S1 in Supporting Information S1). After 10 weeks of Phase 4 the stock solution was exhausted and without further
additions the trace metal concentration in the metal system decreased toward the end of the experiments.
Excluding this drop at the end of the experiment, we compared the target metal concentrations with those
measured for each phase (average across each treatment phase) to determine the experimental trueness for each
metal (Actual/Target concentrations; Table 1). This was calculated by subtracting the mean concentration of
Phase 0 to account for the starting background concentration in the system. This background compared well with
the metal concentrations in the control tank but was higher in Phase O than Phase 1 for a few metals resulting in
negative actual/target concentration ratios. Excluding these anomalous early phases, the trueness values range
from 0.2 to 3.3 with many values consistently below 1 reflecting the constant removal of metals from the system.
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These effects meant the experimental control was variable across the metals and can be classified into four
categories; (a) systematic control over at least three phases (Zn, Cd, Hg, Pb), (b) control in most phases with high
background spikes or variability also observed in the control tank (Mn, Ni), (c) only control in one or two phases
because of high background levels (Cr, Cu, Ag), and (d) no control because of high background levels also
observed in the control tank (Sn). The high background for some metals is likely the unavoidable consequence of
the metal content of the salts used to maintain the required salinity. The lack of any control for Sn and decreasing
concentrations through Phase 0 suggests some removal from the system.

The loss of metals could have occurred via several different processes. One possibility was the uptake by the
accompanying organisms living in the culturing system, including algae growth. The protein skimmer, which
ensured the oxygenation and skimmed proteins or exopolymers from the system, could also have removed metals
adsorbed on these substances. Indeed, metal ions are surface reactive and it is therefore probable that some
adhered to inner surface areas of system components, which included glass panes, tubing, hoses and the fiber filter
for larger particles. As the surface space for adsorption was limited, it appears plausible that the concentration of
metals was decreasing until all adsorption spaces were taken. Afterward, the concentration would be expected to
stabilize and this was observed approximately 5 days after the input of the stock solution for Ni, Zn, Ag, Cd, Hg,
and Pb (Figure 3). Having foreseen this possibility, we attempted to counteract adsorptive loss of metals by a
regular addition of a certain amount of the stock solution to the metal system which worked better for some metals
than others. The average per phase actual/target concentration ratios range from 0.2 to 3.3 (excluding the early
phases and Sn) suggesting some removal of metals by the system. The peaks and declines of concentrations at the
start of each phase also indicate the removal of metals from the system (Table 1). Phase 3 had actual/target
concentration ratios above 1 for Ni, Zn, and Cd, and most of the actual/target concentration ratios suggest
moderate removal producing a good control of seawater metal concentrations. Nevertheless, the short-term
concentration changes were sometimes mirrored in the aragonite of the corals with spikes in concentration
around steps between phases (Figure 2). This justified the inclusion of the high concentrations at the beginning of
a phase for the calculation of average values for each phase and these peaks provide time markers for the coral
skeleton data.

The loss of Hg from solution may have resulted from Hg being present in the water as methylmercury which the
corals could not uptake but it is unlikely most of the Hg was present in this form given the light conditions
(Jeremiason et al., 2015). Actual/target concentration ratios for total Hg were very consistent around 0.3 sug-
gesting consistent loss from the system, perhaps as volatile Hg0. However, other metals which are not volatile like
Pb exhibited similar actual/target concentration ratios (Table 1), suggesting a similar removal mechanism like
adsorption to particles in the skimmer. It should also be noted that higher concentrations of metals, including Mn,
Ni, Cu, Zn, Cd, and Pb, have been found in coral tissue, zooxanthellae and gametes compared to the skeleton (e.g.,
Reichelt-Brushett & McOrist, 2003), suggesting that the coral tissue and zooxanthellae may have removed some
of the metals from solution. Coral tissues have not been analyzed in this study as it is ultimately the skeleton that is
available to reconstruct past seawater metal concentrations across annual density bands.

3.3. Coral Skeleton Growth

Growth rates of the corals varied between sub-colonies and within an individual coral specimen but were
comparable to those measured in field specimens (Table S2). Furthermore, we identified variations in the growth
rate during different culturing phases and between the metal and the control system. It should be noted that coral D
died 2.5 weeks after the exposure to the highest metal concentration in Phase 4. Overall, growth rates in this study
did not show any clear trends as a response to the pollution metal concentrations.

3.4. Metal Incorporation Into Coral Skeleton

Although the samples were chemically cleaned to remove tissue and then pre-ablated with the laser, it cannot be
determined through laser ablation ICP-MS analyses where the metals reside in the coral skeleton. The pre-
ablation laser pass employs a large spot moving faster than typical analyses to remove any surface coatings or
contamination. During the analyses the laser vaporises the skeletal aragonite and any inclusions to a depth of a few
microns as it passes over. The Porites species used here have a relatively small polyp size and therefore a simple
structure unlike many other corals, which is partly why they are the species of choice for paleo-climate studies
using geochemical proxies. The laser spot would have averaged many structural units at once and replicated lines
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parallel to each other to give a more representative result for each sample. The metals measured could be
incorporated into the aragonite lattice, trapped in interstitial positions, or bound to an associated phase such as
skeletal organic matter. This is in contrast to studies where the aragonite bound elements are isolated by repeated
chemical treatments until no change in metal/Ca is observed (e.g., Shen & Boyle, 1988). Detectable (>3 times the
limit of detection (LOD = 3.3 X SD of blank measurements)) amounts of all metals investigated were found in the
skeleton of all four coral colonies, but the degree of incorporation varied greatly (Figures 4-6, Table 3). Dif-
ferences between culturing phases occurred, and in some lines not all elements were detectable. The heavy metal
concentration in the coral skeletons partly followed the concentration changes in the culturing medium with the
exception of Sn and Hg (Figures 4-6 and Figures S2—S5 in Supporting Information S1 for all line measurements).
For Sn, the changes in the culturing seawater were very limited (Figure S1 in Supporting Information S1) and
therefore changes in the skeletal content are not expected. The Hg concentration in the coral skeleton of all
colonies in all phases did not follow the concentration changes in the culturing medium.

Little increase in the skeletal metal concentrations was observed in phases 1 and 2, while most metals were
elevated in the skeleton formed during phases 3 and 4. For example, the elevated seawater Cr concentration was
mirrored in the skeleton of coral A in Phase 4, but this was not observed for corals B and D. The elevated Mn
concentration in the seawater was recorded by all colonies in Phase 4 and in corals A and D partly during Phases 2
and 3. During Phase 4 and partly in Phase 3, all coral colonies had higher concentrations of Ni, Zn, Ag and Pb in
their skeletons. Increased Cu concentrations in the coral skeleton were found in coral colonies A and B in Phase 4.

Although the concentration of total Hg in the experimental aquarium was increased stepwise (Table 2), the Hg/Ca
in the coral skeleton remained low but variable between coral colonies subjected to the same treatment (Table 3).
The lowest values are similar to those reported in previous studies following extensive cleaning to isolate
aragonite bound Hg (Lamborg et al., 2013; R. Sun et al., 2016). With only the MACS powder pellet containing Hg
in measurable quantities, which was used for the calibration, it was not possible to independently assess the
quality of the Hg/Ca data like for the other metals. Even so, relatively consistent signals for the Hg/Ca of the
MACS and the orders of magnitude changes in seawater Hg/Ca suggest a complex incorporation mechanism for
Hg in coral skeletons.

3.4.1. Inter and Intra Colony Variability

Comparison between different colonies revealed no clear trends between colonies of the same species or between
species. Generally, visual inspections revealed that polyps were extended and with good color suggesting all coral
colonies were in good health over most of the culturing period. A loss of vitality was therefore not recognized as a
biasing factor for the heavy metal incorporation into the coral skeleton. One clear exception was coral D, which
died after 2.5 weeks in the highest metal Phase 4 and exhibited elevated TE/Ca values in the skeleton prior to
death. Coral D belonged to the species Porites lichen, while the other three surviving colonies were Porites
lobata, suggesting that mortality could be related to species.

Coral A displayed generally higher TE/Ca values than all other colonies for Cr, Mn, and Ni. Coral D (P. lichen)
had higher concentrations of Ag and Pb in the skeleton compared to the other corals, which are all Porites lobata.
Coral colony B had the lowest TE/Ca values for Cr, Mn, Zn, Ag, and Pb.

On coral colony A and C grown in the metal system, three lines were measured and clear differences between line
A3 and Cl1, and the other lines were visible (Figures S2—S5 in Supporting Information S1). TE/Ca values were
remarkably higher for Cr, Ni, Zn, Ag, Cd, and Pb compared to the other lines, which showed similar TE/Ca
values. Four lines were measured on coral colony B of the metal system and all showed the same overall trends for
all elements used in this study (Figure S3 in Supporting Information S1).

Part of the variability observed in the metal system was also found in the control system where the seawater metal
content was relatively stable. Across the coral skeleton grown during the experiment, variability may be partly
related to short term variations in the metal content of the seawater but is generally too high frequency (Figure 7),
suggesting biomineralization effects. It is also clear from the observed intra and inter colony variability that
biological processes most likely influence the metal uptake of corals. Essential elements like Mn, Ni or Zn could
be consumed by the coral or symbiont cells, therefore reducing the metals available for incorporation into each
coral skeleton. Non-essential elements like Cr, Cd, and Pb on the other hand could have been actively pumped out
of the cell to prevent toxic and lethal effects, which could also attenuate metal incorporation.
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Figure 4. Composite line along the maximum growth axis profiles of Cr, Mn, Ni and Cu/Ca values of corals A, B, C, and D in the metal system measured by laser
ablation ICP-MS (lower graphs) and corresponding TE/Ca values in the culturing seawater medium (upper graph). To facilitate a comparison, all coral and water lines
were transformed to the same Y-scale and therefore, differences in growth rates cannot be seen in this figure (see Table S2 for growth rates). The lines represent a
running average over five points. The composite line of all laser scans along the maximum growth axis per colony was calculated using QAnalyserie (Kotov &
Pilike, 2018). Note that coral D died at the beginning of Phase 4 after approximately 2.5 weeks. Some elements are displayed with a logarithmic scale for the water
measurements. All values can be found in Tables S1 and S2 and at PANGAEA (Schmidt, 2024, https://doi.pangaea.de/10.1594/PANGAEA.938748).
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Figure 5. Composite line along the maximum growth axis profiles of Zn, Ag, Cd and Sn/Ca values of corals A, B, C and D in the metal system measured by laser ablation
ICP-MS (lower graphs) and corresponding TE/Ca values in the culturing seawater medium (upper graph). To facilitate a comparison, all coral and water lines were
transformed to the same Y-scale and therefore, differences in growth rates cannot be seen in this figure (see Table S2 for growth rates). The lines represent a running
average over five points. The composite line of all laser scans along the maximum growth axis per colony was calculated using QAnalyserie (Kotov & Pilike, 2018).
Note that coral D died at the beginning of Phase 4 after approximately 2.5 weeks. Some elements are displayed with a logarithmic scale for the water measurements. All
values can be found in Tables S1 and S2 and at PANGAEA (Schmidt, 2024, https://doi.pangaea.de/10.1594/PANGAEA .938748).
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3.5. Incorporation Mechanisms

Corals precipitate aragonite with the help of their extracellular calicoblastic epithelium. This tissue contains
calcifying cells that control the composition of the extracellular calcifying medium (ECM) located between the
calicoblastic ectoderm and pre-existing skeleton (e.g., Allemand et al., 2004, 2011; Tambutté et al., 2011).
Different mechanisms are hypothesized to be involved in the transport of ions relevant for calcification from the
seawater to this area. One mechanism is the transcellular calcium transport, that is, the transport of calcium ions
through the cell membrane of the calicoblastic epithelium via specific biomolecules building ion channels or ion
exchangers (Allemand et al., 2004; Capasso et al., 2021). However, many cations other than Ca are also present in
the ECM and subsequently in the coral skeleton, which led to the assumption that Ca transporters may also
transport other ions similar to Ca in size and charge (e.g., Mn, Cd and perhaps Pb). Another route is direct
seawater transport via paracellular pathways or via vacuoles (Gagnon et al., 2012; Mass et al., 2017; C.-Y. Sun
et al., 2020). Erez and Braun (2007) found evidence for paracellular pathways by adding the fluorescent dyes
Calcein and FITC-Dextran to seawater, which are too large to enter the skeleton through the transcellular route.
This means that the composition of the coral skeleton is directly related to seawater chemistry, which enables
corals to monitor seawater composition but at the same time allows metal speciation to influence incorporation.

Adsorption onto the skeletal surface was found in earlier studies to play a role during times of tissue retraction
during stress (Amiel et al., 1973; Brown et al., 1991; St John, 1974). In our experiments no tissue retraction was
observed. In coral D, which died suddenly, elevated heavy metal concentrations in the skeleton formed shortly
before death. It is possible that adsorption of metals occurred not only on the surface but also across a zone of the
exposed porous skeleton, otherwise adsorption is unlikely to have contributed to the metal concentration in the
coral skeleton. Our cleaning procedure should additionally guarantee that as much contamination on the coral
surface as possible was removed prior to analysis.

Metals can bind to organic matter in the coral lattice, which was indicated in previous studies (e.g., Allison &
Finch, 2004; Bilings & Ragland, 1968; Shen et al., 1991). Most studies of both coral tissue and skeletal metal
content find higher metal concentrations in the tissues (e.g., Reichelt-Brushett & McOrist, 2003). Cuif
et al. (1999) showed that coral fasciculi consist of aragonite crystal bundles that are formed from repeated su-
perimposition of micron thick growth layers. Organic compounds and metals such as Mg are concentrated at these
boundaries (Cuif et al., 2003). Organic matter represents 1 to 2.5 wt% of the coral skeleton (Cuif et al., 2004) and
it was found that trace elements concentrate with organic matter (Allison & Finch, 2004; Finch & Allison, 2008).
It is possible that this mechanism contributed to the TE/Ca values of this study, with the laser analyzing all phases
present. Mg profiles of the composite lines revealed elevated values during Phase 4 in the corals A to C, which
could hint toward elevated organic matter content, and in turn elevated metals associated with this organic matter.

Besides Ca”" substitution in the aragonite lattice and binding with skeletal organic matter, metals could also be
located in interstitial positions and defects in the lattice. Such incorporation mechanisms could also result in
correlations between the skeleton and seawater metal concentrations but would also be influenced by precipitation
rate effects. A combination of different incorporation mechanisms could explain the non-linear incorporation
found here. However, to investigate these possibilities would require synchrotron techniques (e.g., Finch &
Allison, 2008) and most of the metals investigated here are likely present at too low concentrations for such
analyses. Given these constraints, metals with an empirical calibration between seawater and aragonite con-
centrations can be used for the reconstruction of past seawater conditions, but more effort is needed to understand
the complex and colony specific relationships observed.

Figure 6. Composite line along the maximum growth axis profiles of Hg, Pb, Sr, and Mg/Ca values of corals A, B, C, and D in the metal system measured by laser
ablation ICP-MS (lower graphs) and corresponding TE/Ca values in the culturing seawater medium (upper graph). To facilitate a comparison, all coral and water lines
were transformed to the same Y-scale and therefore, differences in growth rates cannot be seen in this figure (see Table S2 for growth rates). The lines represent a running
average over five points. The composite line of all laser scans along the maximum growth axis per colony was calculated using QAnalyserie (Kotov & Pilike, 2018).
Note that coral D died at the beginning of Phase 4 after approximately 2.5 weeks. Some elements are displayed with a logarithmic scale for the water measurements. All
values can be found in Tables S1 and S2 and Table S4 in Supporting Information S1 and at PANGAEA (Schmidt, 2024, https://doi.pangaea.de/10.1594/PANGAEA.

938748).
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Table 3
Mean Metal/Ca Ratios, Standard Deviations, and Apparent Partition Coefficients (D) of Composite Lines for Different Culturing Phases for All and Individual
Colonies
Cr/Ca Mn/Ca Ni/Ca Cu/Ca Zn/Ca Ag/Ca Cd/Ca Sn/Ca Hg/Ca Pb/Ca
Mean D Phase (pmol/mol) (pmol/mol) (pmol/mol) (pmol/mol) (pmol/mol) (nmol/mol) (pmol/mol) (pmol/mol) (nmol/mol) (pmol/mol)
Mean of all 0 0.98 0.084 0.37 0.63 5.84 4.96 7.46 0.13 2.53
composites
Mean of all 1 1.05 0.056 0.43 1 5.56 1.38 3.6 0.39 18.17 1.71
composites
Mean of all 2 0.66 0.076 0.22 0.87 1.46 0.65 0.32 0.44 2.29 0.59
composites
Mean of all 3 04 0.026 0.05 0.31 0.44 0.34 0.17 0.36 0.15 1.11
composites
Mean of all 4 0.46 0.014 0.05 0.36 0.44 0.33 0.23 0.51 0.01 1.61
composites
Control colony 1.029 0.097 1.019 241 6.926 4.09 7.633 0.822 0.145 2.542
means
Mean Dy, of all 0.76 0.059 0.36 0.93 3.44 1.96 3.23 0.44 4.16 1.68
Mean SD of all 0.3 0.033 0.36 0.78 2.98 2.04 3.58 0.23 7.89 0.77
SD of all 0 0.05 0.021 0.16 0.08 4.24 4.52 5.49 0.08 1.75
composites
SD of all 1 0.1 0.008 0.16 0.37 3.07 1.67 3.95 0.06 19.62 0.61
composites
SD of all 2 0.11 0.06 0.06 0.27 0.91 0.65 0.31 0.11 2.5 0.52
composites
SD of all 3 0.11 0.011 0.01 0.07 0.29 0.32 0.14 0.08 0.22 0.92
composites
SD of all 4 0.35 0.004 0.02 0.15 0.23 0.43 0.08 0.32 0.02 1.04
composites
Control SD 0.094 0.045 1.426 2.311 4.317 1.918 6.269 0.267 0.265 0.768
Coral A Phase Cr/Ca Mn/Ca Ni/Ca Cu/Ca Zn/Ca Ag/Ca Cd/Ca Sn/Ca  Hg/Ca Pb/Ca
Coral A, Composite Line 0 7.48 0.33 0.3 1.57 4.28 12.23 0.21 0.4 0.5 0.02
Coral A, Composite Line 1 8.37 0.4 0.3 1.32 5.5 7.14 0.42 1.02 0.56 0.05
Coral A, Composite Line 2 10.25 1.19 0.39 1.41 10.78 11.19 0.58 0.99 0.51 0.25
Coral A, Composite Line 3 13.16 1.07 0.78 1.16 38.52 252.31 2.17 0.95 0.5 3.49
Coral A, Composite Line 4 33.02 1.88 2.99 2.25 83.6 492.12 6.49 1.21 0.44 7.49
Standard Error
Coral A, Composite Line 0 0.04 0.003 0.002 0.04 0.03 0.93 0 0.01 0.02 0.0003
Coral A, Composite Line 1 0.05 0.005 0.003 0.02 0.05 0.14 0.01 0.02 0.01 0.001
Coral A, Composite Line 2 0.14 0.05 0.01 0.02 0.15 0.29 0.01 0.01 0.01 0.01
Coral A, Composite Line 3 0.2 0.02 0.02 0.02 1.04 12.26 0.07 0.01 0.01 0.13
Coral A, Composite Line 4 1.43 0.09 0.13 0.1 1.72 27.64 0.18 0.03 0.01 0.25
D¢ Single Phases
Coral A, Composite Line 0 0.96 0.1 0.2 0.67 5.16 2.7 14.91 0.15 0 2.02
Coral A, Composite Line 1 1.12 0.07 0.27 0.92 4.8 0.45 9.44 0.47 1.59 2.14
Coral A, Composite Line 2 0.8 0.17 0.17 0.83 1.67 0.29 0.77 0.47 0.21 1.34
Coral A, Composite Line 3 0.56 0.04 0.05 0.27 0.67 0.47 0.23 0.43 0.02 2.26
Coral A, Composite Line 4 0.98 0.02 0.08 0.41 0.58 0.22 0.23 0.55 0 2.11
Mean D g 0.88 0.08 0.15 0.62 2.58 0.83 5.12 0.41 0.46 1.98
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Coral A Phase Cr/Ca Mn/Ca Ni/Ca Cu/Ca Zn/Ca Ag/Ca Cd/Ca Sn/Ca  Hg/Ca Pb/Ca
+SD 0.22 0.06 0.09 0.27 224 1.05 6.73 0.15 0.76 0.36
Slope Dyp 0.85 0.01 0.07 na 0.55 0.24 0.23 na na 2.12
Correlation coefficient (R%) 0.839 0.74 0.96 0.998 0.92976 0.997 0.998
Significance (p) 0.03 0.06 0.0033 0.000034 0.001 0.000023 0.000000359
Coral B Phase Cr/Ca Mn/Ca Ni/Ca Cu/Ca Zn/Ca Ag/Ca Cd/Ca Sn/Ca Hg/Ca Pb/Ca
Coral B—Composite Line 0 7.1 0.32 0.85 1.2 0.9 11.56 0.07 0.18 12.24 0.02
Coral B—Composite Line 1 6.9 0.33 0.72 1 2.57 10.37 0.07 0.74 13.37 0.04
Coral B—Composite Line 2 7.06 0.34 0.67 0.96 2.1 12.67 0.08 0.76 12.31 0.03
Coral B—Composite Line 3 7.6 0.45 0.81 1.09 2.22 14.44 0.21 0.76 11.74 0.24
Coral B—Composite Line 4 7.94 1.13 1.61 1.71 34.92 75.43 7.62 0.63 4.57 2.16
Standard Error
Coral B—Composite Line 0 0.04 0.003 0.01 0.01 0.01 0.13 0.0005 0.002 0.14 0.001
Coral B—Composite Line 1 0.04 0.003 0.005 0.01 0.04 0.18 0.001 0.01 0.12 0.001
Coral B—Composite Line 2 0.04 0.004 0.01 0.01 0.01 0.32 0.001 0.004 0.11 0.0005
Coral B—Composite Line 3 0.04 0.004 0.01 0.01 0.02 0.25 0.003 0.005 0.12 0.01
Coral B—Composite Line 4 0.04 0.02 0.02 0.04 0.85 2.26 0.22 0.01 0.1 0.03
D Single Phases
Dy Single Phases 0 0.92 0.1 0.565 0.51 1.09 2.55 4.97 0.07 0 2.02
Dy Single Phases 1 0.92 0.055 0.647 0.69 2.24 0.65 1.57 0.34 37.99 1.71
Dy Single Phases 2 0.55 0.047 0.296 0.57 0.33 0.33 0.11 0.36 5.1 0.16
D Single Phases 3 0.32 0.016 0.054 0.25 0.04 0.03 0.02 0.34 0.47 0.16
Dy Single Phases 4 0.24 0.012 0.042 0.31 0.24 0.03 0.27 0.29 0.04 0.61
Mean D g 0 0.59 0.046 0.321 0.47 0.79 0.72 1.39 0.28 10.9 0.93
+SD 0 0.32 0.036 0.281 0.18 0.9 1.06 2.1 0.12 18.2 0.88
Slope Dg 0 0.037 0.0089 0.0224 na 0.221 0.034 0.247 na na 0.5355
Correlation coefficient (Rz) 0 0.9795 0.988 0.88 na 0.856 0.96 0.899 na na 0.8919
Significance (p) 0 0.004 0.0006 0.017 na 0.024 0.00118 0.0025 na na 0.0025
Coral C Phase Cr/Ca Mn/Ca Ni/Ca Cu/Ca Zn/Ca Ag/Ca Cd/Ca Sn/Ca Hg/Ca Pb/Ca
Coral C—Composite Line 0 7.85 0.24 0.67 1.44 9.45 12.89 0.03 0.62 0.44 0.05
Coral C—Composite Line 1 7.57 0.29 0.46 1.22 11.05 8.57 0.04 0.76 0.36 0.05
Coral C—Composite Line 2 7.66 0.23 0.39 1.46 16.29 14.16 0.09 0.75 0.37 0.09
Coral C—Composite Line 3 8.37 0.49 0.61 1.28 35.5 75.9 0.86 0.59 0.36 0.98
Coral C—Composite Line 4 10.05 1.26 1.29 0.98 99.04 231.79 8.25 0.57 0.57 3.16
Standard Error
Coral C—Composite Line 0 0.03 0.002 0.01 0.02 0.06 0.22 0.0003 0.01 0.01 0.001
Coral C—Composite Line 1 0.04 0.004 0.01 0.02 0.1 0.15 0.0005 0.01 0.01 0.001
Coral C—Composite Line 2 0.03 0.003 0.003 0.02 0.13 0.33 0.004 0.01 0.01 0.002
Coral C—Composite Line 3 0.03 0.01 0.01 0.02 0.49 2.28 0.02 0.004 0.01 0.03
Coral C—Composite Line 4 0.05 0.03 0.01 0.01 0.93 532 0.16 0.004 0.01 0.04
D Single Phases
Dy Single Phases 0 1.01 0.075 0.446 0.62 11.4 2.84 2.13 0.23 0 5.06
Dy Single Phases 1 1.01 0.048 0.414 0.85 9.64 0.54 0.9 0.35 1.02 2.14
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Coral C Phase Cr/Ca Mn/Ca Ni/Ca Cu/Ca Zn/Ca Ag/Ca Cd/Ca Sn/Ca Hg/Ca Pb/Ca
Dy Single Phases 2 0.59 0.032 0.172 0.86 2.53 0.37 0.12 0.35 0.15 0.48
D Single Phases 3 0.35 0.017 0.04 0.3 0.62 0.14 0.09 0.26 0.01 0.63
Dy Single Phases 4 0.3 0.013 0.033 0.18 0.69 0.1 0.3 0.26 0.01 0.89
Mean D 0.65 0.037 0.221 0.56 4.97 0.8 0.71 0.29 0.3 1.84
+SD 0.35 0.025 0.199 0.31 5.16 1.16 0.86 0.06 0.49 1.91
Slope Dg 0.084 0.011 0.02 na 0.606 0.107 0.274 na na 0.849
Correlation coefficient (R?) 0.869 0.996 0.859 na 0.98 0.997 0.942 na na 0.983
Significance (p) 0.026 0.000118 0.023 na 0.0009 0.00004 0.00085 na na 0.000058
Coral D Phase Cr/Ca Mn/Ca Ni/Ca Cu/Ca Zn/Ca Ag/Ca Cd/Ca Sn/Ca Hg/Ca Pb/Ca
Coral D—Composite Line (=Line 1) 0 7.84 0.19 0.42 1.64 4.72 53.17 0.11 0.21 6.74 0.01
Coral D—Composite Line (=Line 1) 1 8.61 0.32 0.43 2.21 6.36 62.04 0.11 0.92 11.29 0.02
Coral D—Composite Line (=Line 1) 2 8.93 0.44 0.51 2.06 8.41 61.98 0.21 1.25 8.95 0.07
Coral D—Composite Line (=Line 1) 3 8.84 0.94 1.03 176 2444 397.15 3.09 0.95 2.37 2.14
Coral D—Composite Line (=Line 1) 4 10.52 0.99 2.26 2.84 3551 2142.55 3.11 2.1 0.57 10.06
Standard Error
Coral D—Composite Line (=Line 1) 0 0.03 0.002 0.004 0.02 0.05 0.97 0.001 0.002 0.06 0.0001
Coral D—Composite Line (=Line 1) 1 0.04 0 0.004 0.03 0.07 1.1 0.001 0.01 0.08 0.0003
Coral D—Composite Line (=Line 1) 2 0.05 0.01 0.006 0.04 0.13 1.21 0.004 0.01 0.09 0.0013
Coral D—Composite Line (=Line 1) 3 0.07 0.03 0.03 0.05 0.43 27.19 0.12 0.02 0.06 0.16
Coral D—Composite Linie (=Line 1) 4 0.16 0.07 0.14 0.17 1.97 224.11 0.3 0.07 0.05 0.75
D Single Phases
Dy Single Phases 0 1.01 0.059 0.279 0.7 5.69 11.73 7.81 0.08 1.01
Dy Single Phases 1 1.15 0.053 0.387 1.53 5.55 3.87 2.47 0.42 32.08 0.86
Dy Single Phases 2 0.69 0.061 0.225 1.21 1.3 1.62 0.28 0.59 3.71 0.38
Dy Single Phases 3 0.37 0.033 0.068 0.41 0.42 0.74 0.33 0.43 0.1 1.39
Dy Single Phases 4 0.31 0.01 0.058 0.52 0.25 0.97 0.11 0.95 0.01 2.83
Mean Dy 0.71 0.044 0.204 0.88 2.64 3.79 22 0.49 8.97 1.29
+SD 0.37 0.022 0.141 0.48 2.75 4.61 3.28 0.32 15.5 0.93
Slope Dy 0.0755  0.0076  0.0485 na 0.214 0.958 0.134 na na 2.598
Correlation coefficient (R%) 0.77 0.65 0.997 0 0.948 0.994 0.71 0 0 0.95
Significance (p) 0.049 0.0988  0.000055 0 0.005 0.00007  0.01 0 0 0.000599
Control lines Cr/Ca Mn/Ca Ni/Ca Cu/Ca Zn/Ca Ag/Ca Cd/Ca Sn/Ca Hg/Ca Pb/Ca
CR2_L1 5 0.25 0.34 1.23 12.77 27.31 0.24 0.98 0.0905 0.03
CR2_L2 17.15 0.26 0.82 27.85 25.81 121.27 0.38 3.92 0.1921 0.06
BR_L1 10.22 0.36 1.08 4.53 3.19 35.01 0.05 1.46 0.0005 0.03
BR_L2 7.95 0.19 0.51 1.25 2.82 13.96 0.03 1.02 0.0003 0.02
AR_L1 7.24 0.21 1.09 1.34 8.01 12.44 0.06 1.14 0.0258 0.03
AR_L2 7.9 0.53 1.01 1.94 9.24 31.59 0.05 1.18 0.0049 0.04
AR_L3 20.33 1.12 19.92 14.79 35.02 84.15 0.28 32 0.0015 0.11
AR_L4 8.89 0.45 4.84 3.41 8.46 23.06 0.03 1.56 0.002 0.04
DR_L1 10.74 0.65 0.58 1.58 8.61 43.26 0.1 1.34 0.0012 0.04
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Control lines Cr/Ca Mn/Ca Ni/Ca Cu/Ca Zn/Ca Ag/Ca Cd/Ca Sn/Ca Hg/Ca Pb/Ca

Control colony means

Coral A mean 11.09 0.58 6.72 5.37 15.18 37.81 0.11 1.77 0.0085 0.06
Coral A SD 6.2 0.38 8.98 6.34 13.23 31.87 0.12 0.97 0.0116 0.03
Coral B mean 9.08 0.27 0.79 2.89 3.01 24.49 0.04 1.24 0.0004 0.03
Coral B SD 1.6 0.12 0.41 2.32 0.26 14.88 0.02 0.31 0.0002 0.01
Coral C mean 11.07 0.26 0.58 14.54 19.29 74.29 0.31 245 0.14 0.04
Coral C SD 8.59 0 0.34 18.82 9.22 66.44 0.1 2.08 0.07 0.03
Mean all control 10.6 0.45 3.36 6.44 12.66 43.56 0.14 1.76 0.04 0.04
SD all control 4.97 0.3 6.36 9.12 10.76 36.11 0.13 1.06 0.07 0.03

Control D

DR_LL1 1.053 0.144 0.274 0.625 5.175 3.935 5.64 0.646 0.005 2.364
Coral A mean 1.087 0.127 3.156 2.124 9.126 3.439 5.864 0.856 0.033 3.463
Coral B mean 0.89 0.06 0.372 1.141 1.808 2.227 2312 0.6 0.002 1.618
Coral C mean 1.085 0.057 0.273 5.748 11.596 6.757 16.715 1.187 0.541 2.724
Control Mean 1.029 0.097 1.019 2.41 6.926 4.09 7.633 0.822 0.145 2.542
SD 0.094 0.045 1.426 2311 4317 1918 6.269 0.267 0.265 0.768

3.6. Partition Coefficient Dy

Partition coefficients for the different trace elements were calculated from the molar coral skeleton TE/Ca and the
average values of the aquarium water from the corresponding culturing phase (sampling was similarly spaced
between phases so no weighting was applied). Composite line data were used to provide the most representative
values for each colony (Table 3). Ideally Dyg values represent the regression line slope of a positive correlation
between seawater TE/Ca and coral aragonite TE/Ca (p < 0.05, R* > 0.45). Such a correlation suggests a linear
response of the coral skeleton concentration to changes in seawater concentration, a prerequisite for any quan-
titative reconstruction of past seawater chemistry. However, although statistically significant correlations were
found for most metals (Figure 8, Table 3), it is clear from the regression plots that the incorporation for many

Days
400 300 200 100 0
| | | | |
10x10°- Control Phases 1-4 Phase 0 014
120 o012
[0
QO
5
3 100 010
£ <
3 o
S Loos O
8 2
=
8 3
0 60 006 2
- 5
Q =1
(&) =
40 - - 0.04
20 - li. - 0.02
A
gy ”Hmv.umumuuu.umumumm.‘w\\." g o' i ‘
(01 PP ETE F1 OTTETTY OTTUITe I AT IOTt CYTTTTTey (1 FOTTY [TTTIOTTY [TETRITETe [OOTIN toboton i tu bt b~ 0.00

0 1 2 3 4 5 6 7 8 9 10 1 12 43x10°
Distance (microns)

Figure 7. Example of variability of Pb/Ca ratios in the control system seawater and the resulting variability across the
aragonite skeleton of one of the colonies which grew in the control system.
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Figure 8. Regression of metal/Ca values of the composite line per colony in the metal system versus the TE/Ca values in the
corresponding culturing medium based on Phases 0 to 4. Each data point represents the averaged phase value plotted against
the mean metal concentrations in the seawater averaged over the culturing phase (Table 3). D (£SE) values from the slope
of the regression line and the regression statistics are given in Table 3. For Pb/Ca, the regressions could be forced through the
origin.
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metals appears to be non-linear (Figure 9). The notable exception is Pb, for which it was even possible to force the
intercept through the origin, indicating a robust linear response of coral Pb/Ca to changes in seawater Pb/Ca.

All Dyg values were also calculated separately for the average of every individual phase (Table 3). These average
D+ values are more akin to those existing in the literature where the average of 5 years of coral growth (Prouty
et al., 2008 in Saha et al., 2016) or approximately 1 year of growth of small samples (Jiang et al., 2020) have been
measured and compared to estimated seawater values for the growth period. The D values derived this way tend
to decrease with increasing seawater metal/Ca toward the values obtained by linear regression (Table 3). This
indicates that the significant linear correlations are strongly controlled by the final culturing phase with the
highest metal/Ca ratios. This hints toward an overload effect, which was also described for other organisms, for
example, foraminifera (Munsel et al., 2010; Nardelli et al., 2016). It was suggested, that this effect comes into
action as soon as the metal concentration exceeds a threshold above which intoxication is imminent and then
biochemical mechanisms expelling metals or blocking the metal uptake occur. Alternatively, higher metal
concentrations could influence partitioning through inhibitory effects reducing calcification rates, analogous to
that observed for rare earth metals and calcite (Zhong & Mucci, 1995).

The non-linear response of the partitioning of many of the metals is revealed by plotting the D values against the
seawater metal/Ca with a power law curve fit to the data (Figure 9). For comparison, Dy values estimated by
previous studies have been compiled (Table S3) and where possible added to these plots. This comparison
suggests that some differences in reported DTE values in previous work could be the result of the non-linear
response observed here. The comparison also highlights the enormous differences between the observed
seawater metal/Ca of studies looking at natural geogenic variations and those of strongly polluted waters (e.g.,
Figure 9 Zn/Ca). Generally, the Dy values estimated by previous studies fall within the range observed here
(Figure 9, Table S3), suggesting that reconstruction of the heavy metal concentration in seawater for ecosystem
monitoring is possible. Many earlier studies employed more intensive cleaning procedures involving oxidative
and reductive chemical treatments prior to analysis (Table S3) but the generally good agreement with TE/Ca
values observed here suggests, for such cultured corals at least, such extensive cleaning is not necessary. The non-
linear response approximating a power law complicates using the content of these metals as a quantitative proxy
for past seawater metal concentrations but suggests relative stability of partitioning at high seawater metal/Ca.
However, the non-linear response approximating a power law requires confirmation under different experimental
conditions and in the field. Additionally, the high variability within and between coral colonies requires further
study and suggests that multiple records from multiple coral colonies should be combined to obtain robust
reconstructions.

4. Conclusions

Culturing experiments exposed Porites lobata and Porites lichen to a mixture of 10 different metals (Cr, Mn, Ni,
Cu, Zn, Ag, Cd, Sn, Hg, and Pb) at increasing concentrations. Inter-colony differences in TE/Ca values occurred,
but did not follow any systematic patterns and could not be linked to different growth rates. Cr, Mn, Ni, Zn, Ag,
Cd and Pb showed a positive linear relationship between the heavy metal concentration in the coral skeleton and
the culturing medium suggesting that the uptake of these metals mainly depended on their concentration in
seawater. Hg concentrations in the aquarium seawater were increased over a large range, but Hg/Ca values in the
coral skeleton remained low. Relationships with Cu/Ca and Sn/Ca could also not be established due to a lack of
control of the seawater concentrations during the coral growth. Empirical partition coefficients (Dyg) from the
mean of the individual coral composite lines *+ the standard deviation are Cr/Ca = 0.76 = 0.3, Mn/
Ca=0.059 £ 0.033,Ni/Ca=0.36 £ 0.36, Zn/Ca = 3.44 £ 2.98, Ag/Ca=1.96 + 2.04, Cd/Ca=3.23 + 3.58, and
Pb/Ca = 1.68 + 0.77. The range of the Dy values generally overlaps those reported by previous studies. These
new data provide insights into the uptake of heavy metals by corals and therefore facilitate the use of coral
skeletons as a promising tool for reconstructing reef environment metal concentrations.
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