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Abstract

Short-term variations of Pt concentrations and primary production indicators were compared
in three contrasting coastal sites during spring bloom: (i) the Gironde Estuary mouth (SW
France), (ii) the semi-enclosed Arcachon Bay (SW France), and (iii) the urbanized Genoa
Harbor (NW Italy). At each site, surface seawater sampling and physical-chemical
measurements were combined to study diel cycles (over 25 hours) of dissolved Pt
concentrations in seawater (Ptp) and master variables reflecting primary production activity
(chlorophyll-a, phaeopigments, and particulate organic carbon, POC concentrations).
Plankton nets were used in all sites, providing for the first time plankton Pt concentrations
(Ptpk) over a whole diel cycle (Gironde Estuary mouth) and spot sampling (Arcachon Bay and
Genoa Harbor) in the coastal zone. Bivalves (wild oysters or mussels), reflecting organisms at
higher trophic levels, were also collected at all sites. The POC/Chl-a ratios in the collected
particulate material suggested high contribution of phytoplankton to the particulate matter in
the productive Gironde Estuary mouth. At this site, phytoplankton activity partly controlled Pt
cycling and particle/dissolved Pt partitioning during daytime. During the night, zooplankton
grazing may release Pt into the dissolved phase. These processes are partly masked by
external factors such as tide or local Pt sources, especially in more confined and/or urbanized
coastal water bodies such as the Arcachon Bay and the Genoa Harbor. Platinum levels in
plankton and bivalves from these contrasting sites along the Atlantic and Mediterranean
coasts tended to reflect the general Pt levels in seawater. These results clearly suggest that (i)
Pt contamination of coastal waters and marine organisms has become a common feature in
urbanized sites and (ii) Pt transfer to the marine food chain starts at the basic level of primary
producers. By concentrating Pt (Bioconcentration Factor: BCF ~ 10%), phytoplankton may

serve as a biomonitor to assess Pt contamination in coastal environments.
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1. Introduction

Platinum (Pt) is a Technology Critical Element (TCE) for which there is an increasing need
for accurate assessment of environmental impacts and natural dynamics (Cobelo-Garcia et al.,
2015). This emerging metallic contaminant belonging to the Platinum Group Elements (PGE)
has been increasingly used in various applications over few decades, including vehicle
catalytic converters and Pt-based anticancer drugs. Such emissions induce a general increase
in Pt concentrations in all Earth compartments, with anthropogenic activities accounting for
more than 80 % of Pt fluxes at the Earth’s surface (Sen and Peucker-Ehrenbrink, 2012).
Catalytic converters efficiently reduce gaseous pollutant emissions from car exhaust, but
thermal and mechanical abrasions during vehicle functioning lead to PGE release into the
environment (Artelt et al., 1999; Rauch et al.,, 2004a). Urban runoff and atmospheric
deposition transport Pt emissions to the aquatic environment and ultimately to the coastal area
and the sea. In addition, anti-cancer chemotherapy has been applying Pt-based compounds for
decades (e.g. Lenz et al., 2007) and surface waters draining both effluents from hospitals with
oncology ward and domestic wastewater receive excretion of Pt-based anticancer drugs from
patients and outpatients at home (Vyas et al., 2014), which may lead to increasing Pt levels in
urban sewage. Consequently, dissolved Pt concentrations in open ocean seawater (Colodner et
al., 1993; Suzuki et al., 2014) or pristine estuaries (Padan et al., 2019) are generally far below
seawater concentrations near urbanized coastal or estuarine systems (Abdou et al., 2019;
Cobelo-Garcia et al., 2013; Mashio et al., 2017, 2016; Obata et al., 2006). Coastal
environments facing ever-growing human pressure (~ 40 % of world’s population live within
100 km of the coast; UN, 2017) therefore receive increasing anthropogenic Pt inputs from
these various sources (Ruchter et al., 2015). Despite the crucial need for accurate assessment
of the extent of Pt contamination and for the understanding of Pt biogeochemical cycles in

coastal systems, so far only very few field studies address this issue.

Platinum bioavailability to living organisms and especially to marine biota is non-negligible.
In fact, the limited environmentally relevant information available in the literature include Pt
concentrations in marine macroalgae (Hodge et al., 1986), in marine bivalves (Abdou et al.,
2019, 2016; Neira et al., 2015), and in dolphins (Essumang, 2008). There is even less

information on the possible transfer mechanisms controlling Pt accumulation throughout the
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aquatic trophic chain. At the base of this marine trophic chain, numerous algal species are
able to sequestrate considerable amounts of trace elements from the dissolved phase, exerting
a control on trace metal concentrations and cycling in marine systems (Gonzalez-Dévila,
1995). As decaying and settling particles, phytoplankton cells also represent an important
vehicle for the vertical transport of contaminants in the water column in marine environments
through cell sinking into deeper waters and/or ingestion by consumers in surface waters
(Gonzdlez-Davila, 1995; Shams et al., 2014). Although phytoplankton communities may play
a key role in the geochemical cycling of trace metals in coastal ecosystems (Caetano and
Vale, 2003; Cloern, 1996), no study has reported yet on Pt concentrations in phytoplankton

and the potential influence of this marine biological compartment on Pt cycling.

Based on sampling at ~ 1 h resolution covering diel cycles, as performed for the first time in
the Gironde Estuary mouth, the Arcachon Bay and the Genoa Harbor, this study focuses on Pt
cycles under different hydrological conditions and anthropogenic pressure. The objectives of
the present work are (i) to identify potential relations in short-term (hourly timescale) Pt
concentrations with phytoplankton production/degradation cycles, (ii) to assess the possible
transfer of Pt through the aquatic trophic chain, and (iii) to investigate the potential use of
phytoplankton material as a geochemical tool for biomonitoring Pt contamination in coastal

systems. The outcomes of the present work are a part of the PhD thesis by Abdou (2018).

2. Material and Methods

2.1. Study area and sample collection

Study site characteristics

The Gironde Estuary (~170 km in length; 80,000 km? watershed area) is a major European
estuary located in southwest France (Fig. 1A), considered a model system for physical,
hydrological and geochemical studies, especially on trace element transport and reactivity in
anthropogenically-impacted watersheds (Lanceleur et al., 2011). Its most important
hydrodynamic characteristics are the semi-diurnal, meso- to macro-tidal regime, and the
maximum turbidity zone (MTZ; > 1 g.L"! of suspended particulate matter), varying seasonally
with river flow and exported occassionally to the Atlantic Ocean (Castaing and Allen, 1981;
Doxaran et al., 2009). The Gironde Estuary drains the urban area of Bordeaux (1,190,000
inhabitants), located ~ 100 km upstream from the estuary mouth. Sampling was performed in
the Gironde Estuary mouth on-board the Research Vessel (R/V) Thalia (TGIR FOF) at a fixed
sampling site (45°40'00.2"N, 1°10'33.0"W, Fig. 1A). This site is located on the western
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channel lying to the north, with a bottom depth varying between 10 and 30 m and a width
between 2 and 4 km. This channel was artificially created by dredging in 1935 (Allen, 1971).
Sampling took place in June 2017 (22"-23") during low discharge conditions (Q ~ 235 m>.s"
!, DIREN, public agency), over 29 hours (18 samples). This sampling period was
characterized by the beginning of spring tide and tidal coefficients from 81 to 92 (tidal
amplitudes varying from 3.80 m to 4.35 m). In addition, wild oyster samples (Crassostrea
gigas; 15 organisms, ~9 cm shell length) were collected at the La Fosse sampling site

(45°2823.4"N, 0°59'50.9"W; Fig. 1A).

The Arcachon Bay is a meso-tidal lagoon in southwest France, ~ 100 km to the south of the
Gironde Estuary mouth (Fig. 1B) and represents an important breeding ecosystem for regional
seafood production, especially oysters. The sampling site (Comprian), located in a main
current channel of the bay, receives inputs from the Leyre River, several cities surrounding
the site (~ 90,000 inhabitants), and seawater from the Atlantic Ocean. In May 2015 (21% -
22", hourly sampling over a diel cycle of 31 hours was performed on board R/V Planula IV
(TGIR FOF) at a fixed sampling site (Comprian site, 44°40.823'N, 1°05.902'W, Fig. 1B). The
end of spring tide characterized our sampling period with tidal coefficients from 89 to 72
(tidal amplitudes varying from 3.10 m to 3.70 m). Wild oysters (C. gigas; 10 organisms,
~ 9 cm shell length) were collected manually on a bank near the Comprian site during low

tide.

The Genoa Harbor is an artificial harbor in the northwest coast of Italy (Ligurian Sea,
Fig. 1C) and one of the most important ports of the Mediterranean Sea. The area is exposed to
anthropogenic pollution originating from sea-based (ferries, shipyards, marinas...) and land-
based activities of the city of Genoa (580,000 inhabitants). The innermost part of the Genoa
Harbor is the Old Port hosting a ferry terminal, several marinas and receiving urban sewage
effluents (Ruggieri et al., 2011). Outside the Old Port a wide, less confined area protected by
artificial breakwaters extends to the east and to the west, hosting diverse industrial activities
and receiving discharges from a coal-fired power plant, treated urban wastewater and
untreated surface run-off (Ruggieri et al., 2011). In April 2016 (19" — 20™), hourly sampling
covering a diel cycle of 25 hours was performed inside the Genoa Harbor at the CNR
platform (National Research Council, 44°23'44"N, 08°55'53"E, Fig. 1C). At this site, very
small tidal amplitude of ~ (0.2 m was monitored. At the platform, wild mussels (Mytilus

galloprovincialis, 10 organisms, ~ 7 cm shell length) were also collected manually.
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Sample collection and processing

At all sites, surface seawater (~2 to 5 m depth) was pumped using an electric pumping
system connected to Teflon tubing. Seawater samples for dissolved Pt (Ptp) analysis were
immediately filtered through 0.2 um polycarbonate filters (Nucleopore®) using a filter-
syringe (Sartorius®) and placed in pre-cleaned 60 mL Teflon FEP bottles (Nalgene®),
previously rinsed with filtrate. Samples were acidified to pH =1 (36.5 — 38 % HCI Baker®
Instra) and stored in the dark at 4 °C pending analysis. Suspended Particulate Matter (SPM)
and Particulate Organic Carbon (POC) concentrations in surface water were determined by
filtration of precise water volumes through pre-combusted and pre-weighed filters
(Whatman® GF/F, 0.7 um; Etcheber et al., 2007). The filters were rinsed with MilliQ water to
remove salts and were then oven dried to constant weight at 50 °C, weighed again, and kept in
the dark at room temperature pending analysis. Furthermore, particulate samples were
collected for determination of chlorophyll-a and phaeopigments by filtering seawater
(Whatman® GF/F, 0.7 um) and deep-freezing the filters (- 80 °C) pending analysis. For
qualitative and quantitative analyses of phytoplankton, seawater samples were fixed with 2 %

seawater-buffered formalin solution and kept in the dark at 4 °C pending analysis.

Material for plankton Pt (Ptpx) analysis was collected, every 1 to 2 hours, by surface
horizontal (~ Im depth) sampling at the fix sampling station during the diel cycle of the
Gironde Estuary. In the other sites, plankton material was collected at variable times during
daytime in the Arcachon Bay (n = 3; Comprian station) and the Genoa Harbor (n =5). Given
the strong tidal currents and the related suspension of silts and fine-grained sand in the
Gironde Estuary, we used sampling nets with nominal cut-off of 200 um for the Gironde
Estuary mouth; whereas the cut-off for the other sampling sites was 20 um. Seawater
containing concentrated plankton cells was retrieved from the collector and centrifuged at
1,500 rpm. The supernatant was removed and the collected residue was deep-frozen, freeze-

dried, and kept in the dark at room temperature pending analysis.
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Fig. 1: Study areas with sampling sites (white stars). A: Gironde Estuary (Cycle 1), B: Arcachon Bay
(Cycle 2), C: Genoa Harbor (Cycle 3). Wild bivalve samples were collected at La Fosse (oysters) site

in the Gironde Estuary and at the “cycle” sampling sites for the Arcachon Bay (Comprian; oysters)
and the Genoa Harbor (mussels).



166
167
168
169
170

171
172
173
174
175
176
177
178
179
180

181

182

183

184
185
186
187
188
189
190
191
192
193
194
195
196
197
198

After manual collection of wild bivalves, organisms were cleaned and depurated under
oxygenation by bubbling air in seawater during 48 hours. The organisms were dissected and
soft tissues were placed in acid-cleaned polypropylene (PP) tubes (DigiTUBEs, SCP
SCIENCE®). Samples were then deep-frozen, freeze dried, grinded in an agate mortar and

kept in the dark at room temperature pending analysis.

At all sites, physical-chemical parameters including temperature, salinity, and Oz saturation
level (02%) were measured in situ with a portable TetraCon 96® probe (PROFILINE,
WTW), and pH with a Sentix 41® probe (PROFILINE, WTW). On site, average bottom
depth of the Gironde Estuary was of ~ 14 m, while it was of ~ 5 m for both the Arcachon Bay
and the Genoa Harbor. Information on solar radiation (irradiance) was obtained from the
“Meteo France” and “Infoclimat” databases for the SW of France and from “DICCA”
(Dipartimento di Ingegneria Civile, Chimica e Ambientale, University of Genoa) for the
Genoa Harbor. We retrieved tidal information from the website maree.info and
mareografico.it; and river discharges in the Gironde Estuary from the National Hydrographic
Databank (DIREN).

2.2. Analytical methods

Platinum in seawater

The total dissolved Pt concentration in the filtered seawater samples was analyzed by
Adsorptive Cathodic Stripping Voltammetry (AdCSV) as described in Cobelo-Garcia et al.
(2014b). Measurements were carried out using a pAutolab Type III potentiostat (Metrohm®)
connected to a polarographic stand (Metrohm® 663 VA stand) equipped with three
electrodes: (i) a hanging mercury drop electrode (HMDE, the working electrode), (ii) a
silver/silver-chloride (Ag/AgCl) as reference electrode, and (iii) a glassy carbon auxiliary
electrode. A polytetrafluoroethylene (PTFE) voltammetric cell was used in all experiments
and the potentiostat was controlled using the NOVA 2.1 software. Elimination of organic
matter by UV oxidation was performed by placing sample aliquots in capped Teflon FEP
tubes with overnight irradiation using two 64 W UV lamps (NIQ 60/35 XL, Heraeus) under a
fume hood. Aliquots (10 mL) of UV-digested sample were pipetted into the voltammetric cell
together with 30 uL of 3.3 mM formaldehyde (37—41 % Analytical Reagent Grade, Fisher
Chemical®), and 30 uL of 0.45 mM hydrazine sulfate (Analytical Reagent Grade, Fisher
Chemical®). Platinum concentrations were quantified by the standard addition method,

adding a controlled amount of a Pt stock solution prepared daily from a mono-elementary Pt
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standard solution (1000 ug.mL~" PLASMACAL, SCP Science®). We applied a deposition

time of 300 s and experimental parameters described elsewhere (Cobelo-Garcia et al., 2014b).

The detection limit for Ptp measured by AdCSV (calculated as 3 x blank standard deviation,
n=20) was estimated to 0.15 pmol.L™!. In the absence of Certified Reference Material
(CRM) for dissolved Pt in seawater, analytical quality of the voltammetric procedure was
evaluated by determination of Pt spiked CRM seawater (CASS-6, NRCC) giving recoveries
> 80% and precision expressed as Relative Standard Deviation (RSD) of ~ 15 % (n = 3) at the
2.5 pmol.L"! range.

Platinum in biological samples: plankton material and bivalves

Ashing was applied as a pre-concentration method for Pt content in biological material (e.g.
Schifer et al., 1998). Dry plankton or bivalve material (~ 1 g) was weighed and ashed in acid-
cleaned porcelain crucibles at 800 °C during 3 hours according to the heating scheme
described by Nygren et al. (1990). Ashed samples were weighed again to determine the
organic matter percentage (loss on ignition, L.O.I. technique) and samples were then
transferred into PP tubes, and digested at 110 °C for 3 hours with 2 mL HCI and 1 mL HNO3
(30 % HCI and 65 % HNO3 Suprapur, Merck®) as described in Abdou et al. (2018). Cooled
digestates were then diluted in 10 mL MilliQ® water and centrifuged at 4000 rpm for 10 min
(20 °C). The supernatant was stored in acid-cleaned PP tubes at 4 °C in the dark pending

analysis.

Platinum concentrations in plankton material (Ptpk) or bivalves (Ptgv) were determined by
Triple Quadrupole-Inductively Coupled Plasma Mass Spectrometry (TQ-ICP-MS, Thermo®
iCAP TQ), using standard addition method, as described previously for AACSV. Hatnium-
oxide ions (HfO™) interfere with all Pt isotopes making Pt accurate quantification by ICP-MS
difficult in environmental samples (Djingova et al., 2003). Platinum concentrations in natural
biological samples were measured by ICP-MS after mathematical correction of the HfO*
interference using '**Pt/ %Pt natural ratio (assuming that HfO* is the dominant spectral
interference on those selected isotopes; Abdou et al., 2018). The detection limit for Pt levels
in biota measured by TQ-ICP-MS (calculated as 3 x blank standard deviation, n = 10) was
estimated to 0.15 pmol.g~! for a nominal ashed sample mass of 50 mg and 0.005 pmol.g~! for

typical biological sample mass of 1.5 g.

Since no CRM for Pt in biological matrices is available, aliquots of plankton net material
were analyzed in parallel using both ICP-MS and AdCSV, i.e. two independent measurement
techniques. They provided, as observed for bivalve samples in a previous study (Abdou et al.,

2018), similar results between both methods (RSD ~ 15 %, n =5). Quality control was also

8
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performed using available CRMs for Pt concentrations in solid matrices: Jsd-2 sedimentary
rocks (indicative value from Geological Survey of Japan) and BCR®-723 road dust (IRMM).
Analyses of Jsd-2 and BCR®-723 gave satisfactory results with precision of ~ 15 % and
respective recovery values of 65% and >80 % (n=3) applying the same interference

corrections as for biological samples.

Phytoplankton analysis

Phytoplankton assemblages in water were identified in four samples of the Gironde cycle
(three samples collected during daytime on the first day at 8§ am, 2 pm and 7 pm and one
sample retrieved during the night of the second day at 1 am), in the Arcachon Bay (diel cycle
in May 2017; eight samples) and the Genoa Harbor (three samples). In all cases, fixed
phytoplankton cells were counted according to the Utermohl method (Uterméhl, 1958). This
technique applies the combined use of an inverted-microscope and a special counting
chamber, where phytoplankton has been gathered through a sedimentation cylinder (Hasle,
1978). This method allows for the identification of the main taxa of autotrophic
microplankton (in particular species of diatoms, dinoflagellates —mainly armored) and
coccolithophorids. However, this method is not recommended for other flagellates that may
possibly be damaged during the fixation process nor for pico-nanoplankton, due to the very

small dimensions of the cells (Zingone et al. 2010).

Chlorophyll-a, phaeopigments, and POC

Chlorophyll a (Chl-a) was extracted in 90 % acetone and determined by spectrofluorometry
(Trilogy, Turner, Strickland and Parsons, 1972). Dilutions of a solution of Chl-a (Anacystis
nidulans, 1mg.L"!; C-6144; Sigma-Aldrich®) was used to calibrate the fluorimeter.
Phaeopigments (phaeo) were also determined using the same analysis (after acidification, HCI
3M). Detection limit of the technique was 0.1 pg.L' while precision was ~ 15 %. Due to
sampling logistics, Chl-a and phaeo data in the Genoa Harbor are only available for daytime
period. Particulate Organic Carbon (POC) was analyzed with a LECO© CS-125 after
carbonate elimination with 2M HCI as described elsewhere (Etcheber et al., 2007). Analytical
quality was checked by measuring CRMs (e.g. LECO 501-503). Accuracy was within 5 % of
the certified values and the analytical error generally < 5 % (% RSD).
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2.3. Data treatment
Bioconcentration factors
Bioconcentration factors (BCF; Arnot and Gobas, 2006) were determined according to the

following Equation 1:

Ptbiota (1)

BCF = X 103
Ptp

With Ptyioa: the Pt concentration in biota sample (corresponding to Ptpk or Ptgy in this study),

Ptp: the dissolved Pt concentration, and 103 a correcting factor for units.

Particulate organic matter content

Plankton material collected with nets may contain lithogenic material such as mineral(-oxide)
particles (e.g. silicates, iron(Fe)-oxides etc...), as well as non-living organic aggregates and
phytodetritus. Accordingly, the attribution of Pt content in the samples to phytoplankton
material alone may be wrong, implying the need to account for abiotic particles and non-
living organic matter that may complex Pt ions as other trace metals (Twining et al., 2011).
Existing field studies often analyze bulk particulate matter under conditions where authors
can assume low lithogenic and detrital contributions for a range of trace metals (Twining and
Baines, 2013 and references therein). In order to evaluate the proportion of organic material in
our samples, we used the loss on ignition technique (Section 2.2) providing the percentage of
organic matter present in the particulate material (Particulate Organic Matter: POM) from
plankton nets. We also evaluated POC/SPM ratio (POC%) in order to have the proportion of
organic material in the SPM collected on filters (0.7 um mesh size). Results from those two
methods are shown in the Supporting Information (SI). Finally, we determined the POC/Chl-a
ratio (filters 0.7 um mesh size) in order to evaluate qualitatively the contribution of living

phytoplankton to the organic material (Savoye et al., 2003).

10
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3. Results

3.1. Physical-chemical parameter variations

Gironde Estuary

Tide height variations are presented in Fig. 2A. Master physical-chemical parameters
monitored over the Cycle 1 (Fig. 2B) showed variations of SPM concentration from ~ 5 to
60 mg.L'. Two maximum values occurred the first day at 10 am and during the night
(> 40 mg.L'"). The pH and salinity measurements followed the same trend with variations
from 8.06 to 8.20 and from 30 to 32.5, respectively (Fig. 2B). Those parameters were related
to tidal regimes with higher salinity, pH and lower SPM concentrations at high tide. Solar
radiation varied from 0 to 300 J.cm™, showing two maxima (at 11:30 am on the first day and
at 1 pm on the second day; Fig. 2C). Oxygen saturation levels varying from ~ 100 to 110 %
coincided with high tide at 5 pm on the first day (Fig. 2C). During the night, O>% levels are at
their minimum, coinciding with low salinity. In the middle of the nighttime, O>% increased
only slightly, fully displaying the second O2% maximum during the second day at 11:30 am
during low tide. Temperature values varied between 19.2 and 20.2 °C (Fig. 2C). Lower
temperatures partly co-occurred with highest salinity (especially on the second day) and
slightly higher values were monitored during the second day (11:30 am). Chlorophyll-a values
ranged between ~4 and 8 ug.L! while phaeopigments varied between ~2 and 10 pg.L’
(Fig. 2D). Chlorophyll-a concentrations showed an overall decreasing trend from the
beginning of sampling until 7 am on the second day though increasing and reaching a
maximum at 11:30 am. Phaeopigments seemed to follow SPM concentrations and showed a
maximum at 11:30 am alike Chl-a levels. Calculated POC/Chl-a ratio variations showed
values between ~ 50 and 300 (Fig. 2D).

Arcachon Bay

Results from Cycle 2 (Arcachon Bay) showed tide-related physical-chemical parameters
(Fig. 3A, B, and C). The pH measurements follow the salinity trend oscillating at high and
low tide, between 8.02 and 7.84 and between 32 and 22, respectively (maxima at 9 pm and
9 am; Fig. 3B). In general, SPM concentrations ranged from ~ 10 to 50 mg.L! and followed
tidal dynamics. Oxygen saturation levels varied from 75 to 85 % (i.e., always below the 100%
saturation observed in the Gironde Estuary mouth; Fig. 3C). Temperature showed opposite
variations (between 15.2 °C and 17.5 °C; Fig. 3C). Solar radiation reached maximum values

(~ 300 J.cm™) at 2 pm on the first day and 1 pm on the following day (Fig. 3C).

11
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Chlorophyll-a concentrations showed little variations between ~ 1 and 3.5 pg.L"!' while
phaeopigments varied from ~ 0.5 to 3.5 pg.L!' (Fig. 3D). Lower values of Chl-a occurred

during nighttime compared to daytime concentrations. Pigment levels seemed to co-vary with
POC/Chl-a ratio (ranging from 200 to 700; Fig. 3D) and with SPM concentrations.

Genoa Harbor

Results from the CNR Platform in the Genoa Harbor were very different from those in the
previous sites. Salinity was constantly at ~ 37.2 as no tidal variation of similar amplitude
occurred at this site (Fig. 4A and B). The pH values were also constant and close to ~ 8.3
while SPM concentrations varied little from ~2 to 8 mg.L™! (i.e. 6-fold lower than in the
Atlantic sites; Fig. 4B). Oxygen saturation levels (O2%) were between 96 % and 100 %, i.e.
between those observed in the Gironde Estuary mouth (minimum 100%) and in the Arcachon
Bay, showing higher values during the day (Fig.4 C). Temperature variations seemed to
follow a similar trend with values between 16.3 °C and 17.4 °C. Solar radiation varied from 0

to 350 J.cm™ with a maximum occurring at 11 am (Fig.4 C).

Pigment concentrations showed increasing trends during the second day with values ranging
between ~0.8 and 1.4 pugL! and 04 and 0.5 pgL! for Chl-a and phaeopigments,
respectively (Fig. 4D). The POC/Chl-a ratio was nearly constant with average values of ~ 130
(Fig. 4D).

3.2. Phytoplankton composition

Gironde Estuary

Microscope observations showed phytoplankton abundance varying between ~ 36,000 and
58,000 cells.L!. Average percentages for daytime (three samples) showed ~ 80% contribution
of Bacillariophyceae, mostly represented by Pseudonitzschia spp., Chaetoceros spp.,
Asterionellopsis spp., and Odontella spp. Dinophyceae composed ~ 10% of the phytoplankton
(Ceratium fusus and armoured dinoflagellates) and the last 10% was Prymnesiophyceae.
Samples collected at 2 pm and 7 pm featured the association between the Bacillariophyceae
Thalassiosira sp. and the coccolithophorid Reticulofenestra sessilis. During nighttime (one
sample), slightly higher proportion of Bacillariophyceae occurred (~ 85%), while
Primnesiophyceae became more abundant over Dinophyceae (15% against 2%, respectively).

This phytoplankton composition was characteristic of this study site (REPHY, 2019).

12



349

350
351
352
353
354
355
356
357
358

359

360
361
362
363
364
365
366

367
368

369

370
371
372
373
374
375
376
377
378
379

Arcachon Bay

Phytoplankton composition was studied in water samples collected in Comprian in spring
2017. The abundance varied between ~ 19,000 and 40,000 cells.L"'. Results showed that as
for the Gironde Estuary, Bacillariophyceae was the main class represented in the
phytoplankton assemblage (83.6-96.5 % over the cycle), despite showing a shift in the
dominant class with tidal variations. At this site, long-term monitoring data and previous
studies confirmed that in spring this class represented ~ 80% of the total phytoplankton
abundances and were mainly composed during high tide of Leptocylindrus danicus,
Pseudonitzschia spp., Chaetoceros spp., Dactyliosolen fragilissimus and Asterionella
glacialis (REPHY, 2019; Ifremer/ODE/LITTORAL/LERAR, 2017; GI¢€ et al., 2007).

Genoa Harbor

During the Genoa Harbor diel cycle, abundance of phytoplankton cells varied between
~ 60,000 and 167,000 cells.L"'. Bacillariophyceae were as well the most abundant taxonomic
group (80-98.2 %). This group was mainly composed of Chaetoceros spp., Leptocylindrus
spp., Pseudonitzchia spp., Thalassiosira spp., or Lauderia spp. Another field campaign in
spring 2017 also confirmed the dominance of Bacillariophyceae during diel cycle (72.0-
97.5 %). This composition is typical for the season in the coastal Gulf of Genoa (Carli et al.,

1994).

3.3. Platinum concentrations in seawater and plankton material

Gironde Estuary

Hourly measured Ptp concentrations ranged from 0.23 to 0.58 pmol.L! showing alternating
trends (Fig. 2E). Three main peaks occurred: (i) one on the first day at 2 pm (0.56 pmol.L'),
followed by a decrease down to 0.27 pmol.L"!, (ii) a small peak close to the night at 9 pm, and
(iii) a third peak of 0.58 pmol.L! at 9 am on the second day. During the Cycle 1, Ptpx
concentrations ranged from 0.27 to 6.84 pmol.g”! (Fig. 2E). Visual examination of plankton
net material suggested that samples were mainly composed of phytoplankton during the day
and zooplankton during the night. Plankton Pt concentrations displayed a generally decreasing
trend on the first day from 8 am to 9 pm. During the nighttime, minimum values occurred in
between two slight increases at 11 pm and 1 am. The following day, Ptpx showed increasing

levels from the early morning to maxima of ~ 7 pmol.g!' at 9 am and 11:30 am.
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380  Arcachon Bay

381 Dissolved Ptp concentrations varied from 0.25 to 0.75 pmol.L™! (Fig. 3E) on the first day and
382  during nighttime. In the morning of the second day (from 8 am onwards), Ptp levels tended to
383  increase towards a high tide maximum at ~ 11 am and thereafter showed a clear decrease
384  towards minimum values at 6 pm. The Ptpk concentrations monitored at the Comprian site
385  varied between 8.65 and 16.49 pmol.g™! (Fig. 3E).

386  Genoa Harbor

387 No clear trend occurred for Ptp concentrations (variations between 0.37 pmol.L"' and
388  0.83 pmol.L'!), although a general decreasing trend seemed to occur on the second day
389  between 9 am and 8 pm (Fig. 4E). Nighttime Ptp concentrations showed minimal values. The

390  Ptpk levels measured at this site varied between 15 and 34 pmol.g! (Fig. 4E).
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Fig. 2: Short-term variations in physical-chemical variables, algal pigments and Pt concentrations in
seawater and plankton material from the Gironde Estuary in June 2017. A: Tide height (m, dashed
line) B: Suspended Particulate Matter (SPM, mg.L"!, triangles), pH (circles), and Salinity (squares); C:
Solar radiation (J.cm?, solid line), Dissolved oxygen saturation levels (0.%, diamonds), and
Temperature (°C, squares); D: Chlorophyll-a (Chl-a, pg.L"!, squares), Phaeopigments (Phaeo, pg.L,
diamonds), and Particulate Organic Carbon / Chlorophyll-a ratio (POC/Chl-a, triangles), the dashed
line represents the limit for dominance of living phytoplankton in POM (Savoye et al., 2003); E:
Dissolved Pt (Ptp,
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400  pmol.L, circles), and plankton Pt (Ptpk, pmol.g™, triangles) concentrations. The gray strip represents
401  nighttime (Abdou, 2018).
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402
403  Fig. 3: Short-term variations in physical-chemical variables, algal pigments and Pt concentrations in
404  seawater and plankton material from the Arcachon Bay in April 2015. A: Tide height (m, dashed line);
405  B: Suspended Particulate Matter (SPM, mg.L"!, triangles), pH (circles), and Salinity (squares); C:
406 Solar radiation (J.cm™, solid line), Dissolved oxygen saturation levels (O,%, diamonds), and
407  Temperature (°C, squares); D: Chlorophyll-a (Chl-a, pg.L"!, squares), Phaeopigments (Phaeo, pg.L",
408  diamonds), and Particulate Organic Carbon / Chlorophyll-a ratio (POC/Chl-a, triangles), the dashed
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409  line represents the limit for dominance of living phytoplankton in POM (Savoye et al., 2003); E:
410  Dissolved Pt (Ptp,
411  pmol.L', circles) and range of plankton Pt (Ptpk, pmol.g”', dashed line) concentrations. The gray strip
412  represents nighttime (Abdou, 2018).
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Fig. 4: Short-term variations in physical-chemical variables, algal pigments and Pt concentrations in
seawater and plankton material from the Genoa Harbor in April 2016. A: Tide height (m, dashed line);
B: Suspended Particulate Matter (SPM, mg.L"!, triangles), pH (circles), and Salinity (squares); C:
Solar radiation (J.cm?, solid line), Dissolved oxygen saturation levels (0.%, diamonds), and
Temperature (°C, squares); D: Chlorophyll-a (Chl-a, pg.L"!, squares), Phaeopigments (Phaeo, pg.L,
diamonds), and Particulate Organic Carbon / Chlorophyll-a ratio (POC/Chl-a, triangles), the dashed
line represents the limit for dominance of living phytoplankton in POM (Savoye et al., 2003); E:
Dissolved Pt (Ptp,
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422 pmol.L", circles) and range of plankton Pt (Ptek, pmol.g™”, dashed line) concentrations. The gray strip
423 represents nighttime (Abdou, 2018).
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424 3.4. Platinum concentrations and bioconcentration factors in plankton and bivalves

425 from the three contrasting sites

426  Table 1 shows average Ptp concentrations for the three sites with values of 0.38, 0.48, and
427  0.56 pmol.L"! for the Gironde, the Arcachon Bay, and the Genoa Harbor, respectively. In
428  order to compare Ptpk in plankton material from the three sites, we report only daytime
429  average Ptpk concentrations of the Gironde Estuary mouth. At this site, Ptpx was 3.01 pmol.g°
430 !, while in the Arcachon Bay and the Genoa Harbor, Ptex were clearly higher, i.e. ~ 12 and
431 24 pmol.g’!, respectively (Table 1).

432 Platinum concentrations in bivalves (Ptgyv) were 1.69 pmol.g™! in wild oysters (C. gigas) from
433 the La Fosse site, i.e. slightly greater than in the Arcachon Bay (1.01 pmol.g™!; Table 1). Wild
434 mussels (M. galloprovincialis) from the Genoa Harbor showed Ptgy of 2.44 pmol.g™'.

435  The resulting BCF (Equation 1) for plankton (BCFpk) ranged from 7.75 x 10° to 4.23 x 10* at
436  the different sites, whereas BCF for bivalves (BCFgy) varied from 2.09 x 103 to 2.27 x 10*.

437  Table 1: Platinum concentrations in seawater (Ptp; pmol.L'!), plankton (Ptex; pmol.g') and bivalves
438 (Ptgv; pmol.g’") from three study sites, and the associated bioconcentration factors (BCF, calculated
439  from Equation (1); BCFpk and BCFgy; Abdou, 2018).

[Ptlp (pmol.LY)  [Pt]lek (pmol.g’)  [Ptlsv (pmol.g’) BCFek BCFsv

Sampling site ; 3
Mean SD n Mean SD n Mean SD n (x10°) (x10°)

Gironde
038 0.15 18 3.01 178 13 1.69 0.15 5 7.75 22.73

Estuary
Arcachon Bay 048 0.11 30 11.76 3.40 3 1.01 028 10 24 .43 2.09

Genoa
056 0.11 25 2377 948 5 244 0.69 10 42.30 4.35

Harbor

440
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4. Discussion

4.1. Tidal regimes and Pt concentrations in three contrasting sites

Gironde Estuary

Platinum concentrations in estuaries can both derive from natural sources including rock
leaching and weathering (Upper Continental Crust Pt content of 2.6 pmol.g'; Rudnick and
Gao, 2003); and from anthropogenic sources that include industrial activities, sewage
effluents or Pt-bearing particles emitted by car catalytic converters. In this study, Pt
concentrations were monitored at the very external part of the Gironde Estuary mouth under
low discharge conditions (Q ~ 235 m>.s!). Average Ptp levels of this northeastern Atlantic
Ocean coastal site (0.38 +0.15 pmol.L™") confirm previous North Atlantic Ocean Ptp values
(~0.1-0.3 pmol.L'l, Colodner, 1991; Loépez-Sanchez et al. 2019). Variations of Ptp from
0.33 pmol.L"! to 0.58 pmol.L"! over the cycle may be partly due to mixing of estuarine waters
with ocean water. The range of Ptp values were in line with Ptp addition along the Gironde
Estuary salinity gradient as reported for similar discharge conditions (Q ~410m?.s!
following a 3 month period with Q ~ 240 m?.s™!), resulting in Ptp of 0.41 pmol.L"! at salinity
of 28.1 (Cobelo-Garcia et al., 2014a).

The limited available information on Pt speciation in seawater suggests that Pt(IV) under the
form PtCls(OH)* dominates, while Pt(II) as the species Pt(OH). dominates in freshwater
(Cobelo-Garcia et al., 2014a, 2013; Gammons, 1996; Padan et al., 2019). Estuarine particle-
water interactions along the salinity gradient are likely controlled by electrostatic interactions
between SPM surface and inorganic aqueous species (Cobelo-Garcia et al., 2008; Cobelo-
Garcia et al., 2014a). Accordingly, elevated Ptp concentrations with increasing salinity (Pt
desorption from SPM) were studied in the Krka Estuary (Padan et al., 2019) and partially
observed along the Gironde salinity gradient (Cobelo-Garcia et al., 2014a). The present
Cycle 1 site being located at a very external part of the estuary mouth, with rather low SPM
concentrations compared to the inner estuary, the variations of Pt concentrations do not

clearly reflect such processes despite potential influence of SPM tidal variations.

The small amplitude in salinity values ~ 30 and 32.5 (Fig. 2B) recorded the tidal regime and
the influence of freshwater expulsion during ebb tide (Fig. 2A). High tide occurred at 5 pm
the first day and 5 am on day two, fitting salinity and pH measurements (Fig. 2A and B).
Under these conditions, waters were generally colder and more oxygenated compared to low
tide conditions. However, those parameters also featured correlations with day/night cycle as

well as pigment concentrations (Fig. 2D and C; see Section 4.2.). Suspended Particulate
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Matter (SPM) concentrations generally followed tidal regime with higher levels reached at
low tides (10 am, 11 pm, and 1 pm; Fig. 2A and B). Considering that the majority of Pt
contamination in the estuary may originate from continental sources, such as urban-impacted
riverine inputs (e.g. Ruchter et al., 2015), one would expect higher Pt levels co-occurring with
low tide events. Cobelo-Garcia et al. (2014a) found that inside the Gironde Estuary, Ptp levels
may reach 0.84 pmol.L"! in the low salinity range (S = 5.4) suggesting that this system is not
extensively contaminated by Pt but still represents a net source of Ptp to the coastal ocean.
This idea is in line with the present observations for Ptp levels during daytime (Fig. 2E)
suggesting an increase of Ptp concentrations on the first day from 8 am to 2 pm together with
ebb tide, while on the second day the last measurement seemed to feature a new increase. One
would need more data to confirm the influence of riverine pollution, also considering that

during nighttime Ptp levels are at the lowest under low tide conditions.

Plankton Pt concentration profile suggested no direct correlation with tidal regimes (Fig. 2E)
but seemed to relate to day/night cycle as discussed in Section 4.2. However, some exceptions
occurred during the sampling cycle. During the fortnightly cycle of varying tidal ranges,
important changes in sediment resuspension and transport may take place. Accordingly,
during neap to spring phase, tidal ranges vary from 1.5 m to 5.5 m at the estuary mouth
together with increasing current velocity (Castaing and Allen, 1981; Sottolichio and Castaing,
1999). Our sampling campaign was carried out at the initiation of spring tide (average tidal
range of 4 m; Fig. 2A) with tidal coefficients of 81 on the first day and 92 on the second
(maximum salinity value higher during the second day, Fig. 2B). Under these conditions and
resulting currents, large-scale sediment resuspension may take place with increased sediment
concentrations in surface water (Castaing and Allen, 1981) especially at mid-tide. This is
partly visible from increasing SPM concentrations on the first day at 2 pm at mid-flow tide
(Fig. 2A and B). At the same time, slightly higher phaeopigment concentrations occurred
together with higher POC/Chl-a ratio (Fig. 2D). In fact, in shallow systems or in deeper sites
close to the shore, benthic POM may contribute to the POM pool of surface water through
resuspension of microphytobenthos or decaying macrophytes (Irigoien and Castel, 1997;
Liénart et al., 2017). These phytobenthic layers are potential metal carriers and their tidal
suspension may influence metal cycles in coastal systems (Strady et al., 2011). Slight
increases in Ptpk levels on the first day at 2 pm and 7 pm may result from such processes.
Although no SPM concentrations increase occurred at 7 pm on day one, microscopic
observations of those samples revealed the association of Reticulofenestra sessilis with
Thalassiosira sp., which is a typical association of deep photic layers (e.g. Frada et al., 2010)

with Thalassiosira sp. representing more than 15% of the total diatoms. Those findings

22



509
510

511

512
513
514
515
516
517
518
519
520
521
522
523

524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539

540

541
542

therefore support the hypothesis of increasing concentrations of particulate Pt related to

phytobenthos transport in surface seawater under energetic tidal conditions.

Arcachon Bay

The position of the sampling site in the Arcachon Bay (Comprian Channel) allowed for more
amplitude in the salinity variations and more influence of freshwater inputs (salinity range
from 22 to 32; Fig.3B). The pH variations followed the tidal regime as well as SPM
concentrations with more turbid waters at low tide and a range of values similar to those of
the Gironde Estuary. This field campaign also took place during spring tide with tidal
coefficient of ~ 100. Contrary to the Gironde Estuary cycle, temperature co-varied strictly
with the tidal regimes, rather than with solar radiation (Fig.3A and C). Tide, and solar
radiation/primary production to a lesser extent, seemed to control O saturation level, since
relatively higher O saturation minima occurred during the day than during the night under
low tide conditions (Fig. 3A and C). At this site, pigment concentrations were positively
correlated with SPM concentrations suggesting that Chl-a and phaeopigments were tide-

related with higher concentrations at low tide (Fig.3A, B and D).

Comprian sampling site, in this semi-enclosed bay, is located closer to urban/industrial
activities (Arcachon agglomeration) than the Gironde Estuary mouth. This suggests
potentially greater influences of Pt inputs from the surrounding urban areas, including surface
run off and sewage from the urban agglomerations around the Arcachon Bay. Despite no
significant differences between Ptp levels in the two sites, such urban sources existing in the
Arcachon Bay may explain the slightly higher average value recorded for Ptp concentrations
compared to the Gironde Estuary mouth (0.48 +0.11 pmol.L' and 0.38 +0.15 pmol.g,
respectively; Table 1). The major part of sewage discharge (draining hospital effluents and
domestic wastewaters) from Arcachon City itself and the closest surroundings takes place into
the open ocean at ~ 40 km to the south of the Bay inlet. One cannot exclude that such sewage
release may partly move back towards the bay with coastal waters which might contribute to
the highest Ptp levels occurring at high tide at 9 pm on the first day and 11 am on the second
one (Fig. 3E). Nevertheless, the monitored Ptp profile did not show a clear tidal cycle.
Potential sediment resuspension and microphytobentic sources may also be important factors
in this shallow site under energetic tidal conditions as supported by the fact that at this site the

contribution of benthic POM may account for ~ 20% (Liénart et al., 2017).

Genoa Harbor

The Genoa Harbor featured very different conditions since no tidal regimes similar to the

previous sites occurred. Tide is generally less than 30 cm inside the harbor (Capello et al.,
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2016). This explains the constant salinity of 37.2 and pH values of 8.3 (Fig. 4B). Moreover,
sampling took place at ~ 5 m depth that is below the main influence of freshwater torrents
(Capello et al., 2016) and no rainfall occurred during the sampling month. Our salinity records
therefore mainly reflect seawater influence. However, freshwater inputs from both natural
torrents such as the Bisagno River or other urban/industrial discharges take place in the harbor
area (e.g. Ruggieri et al.,, 2011). Small variations in salinity values could be related to
temporary freshwater inputs occurring twice at the beginning of the nighttime (9 pm on the
first day and 8 pm on the second). However, similar to the Arcachon Bay, in the semi-
enclosed Genoa Harbor, no clear trends in Ptp occurred (Fig. 4E). This suggests, that the
observed variations probably reflect changing inputs and biogeochemical recycling of
anthropogenic Pt in this heavily urbanized and industrialized harbor. Dissolved Pt levels
during daytime (0.60 + 0.08 pmol.L"") were generally higher than 0.42 +0.01 pmol.L'!, i.e.
the typical value of the open Mediterranean Sea surface water (Ligurian Current; Abdou et al.,
2019). Lowest Ptp concentrations occurred during the night, which may support a decrease in
Pt inputs related to daily human activities. Platinum sources including urban sewage typically
show greater values during the day due to excretion of anticancer drugs (Kiimmerer and
Helmers, 1997) both from oncologic inpatients in hospitals and from outpatients at home
(Lenz et al., 2007; Vyas et al., 2014). A great contribution can also derive from urban heavy
traffic roads, including a major highway surrounding the harbor area. Automobile catalyst
emissions are an important source of Pt to urban aquatic systems (Rauch et al., 2004a).
Considering potential short-range atmospheric deposition (Lépez-Sanchez et al., 2019),
traffic-related Pt source may be considerably reduced during the nighttime. Other Pt sources
include industrial effluents and emissions that are present in the harbor area (e.g. coal and oil

industries; Finkelman and Aruscavage, 1981; Peavy, 1958).

4.2. Platinum cycles and primary production

The attribution of Pt concentrations to phytoplankton implies the identification of the
composition of the collected particulate material. Literature reports POC/Chl-a ratios in the
range of 20 to 200 for estuarine phytoplankton-dominated POM in estuary mouths during
summer-fall (Cifuentes et al., 1988; Savoye et al., 2003). Especially, ratios of 80 + 20 are
typical of newly produced, living phytoplankton (Savoye et al., 2012). Ratios higher than 200
could result from detrital or degraded POM that dominates in the upper estuary. Other authors
differentiate POC/Chl-a ratios lower than 200 for autotrophic and higher than 200 for

mixo/heterotrophic organisms or detrital matter predominance (Bentaleb et al., 1998).
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Gironde Estuary

Previous studies conducted in the Gironde Estuary report that limited phytoplankton primary
production is possible in this turbid estuary with pigment levels probably explained by inputs
of riverine or seaward phytoplankton (David et al., 2005; Irigoien and Castel, 1997).
However, primary production and associated phytoplankton uptake of trace metals occur
upstream from the MTZ (e.g. Cu; Petit et al., 2013). The present study site is located in a
more external part of the Gironde Estuary mouth where intense primary production occurred.
In fact, relatively high Chl-a levels (daytime average of 5 ug.L™') support productivity
occurring at the estuary mouth together with POC % (daytime average 4 %; Table S1, SI)
being clearly higher than in the inner, more turbid part of the estuary (1.5 % in the MTZ
without seasonal variation; Etcheber et al., 2007). Low levels of POC/Chl-a ratios i.e. below
200, suggested a dominance of living phytoplankton in POM (Fig. 2D; Savoye et al., 2003).
These conditions go along with a general oxygen oversaturation of the water mass (lowest O2
saturation levels of > 100 %). These values were generally in phase with temperature, with
increasing values during daytime and low levels during nighttime. Similar daily variations
were already reported in the Gironde Estuary mouth (Baudrimont et al., 2005). The
combination of summer conditions including high irradiance and low river discharge
(Q~235m?s!, upstream position of the MTZ) might therefore play a role in the
development of phytoplankton cells. During this cycle, POC/Chl-a ratios followed the SPM
concentration variations, with higher value at high tide and decreasing values during the flow
until the beginning of the second day. Relatively high ratios exceeding 200 during ebb tide on
the first day might be related to the transport of detrital material in freshwater. Similar

phaeopigment variations, which are representative of degraded cells, support this hypothesis.

Chlorophyll-a followed SPM variations to a certain extent but more generally showed a
decreasing trend during the first day and the night. The fact that Chl-a variations do not match
tidal regimes may be explained by an on-site production of algal cells (autochthonous
phytoplankton) rather than a transport of phytoplankton to the estuary mouth (allochthonous
phytoplankton). Accordingly, out of the MTZ, increasing light penetration in the water
column allows for autochthonous phytoplankton addition to POM (Savoye et al., 2012).
Primary production may be light-driven rather than nutrient-limited, as Chl-a concentrations
co-vary with irradiance during the daytime, which is in accordance with predictions on light-
limited phytoplankton growth (Goosen et al., 1999; Irigoien and Castel, 1997). However, in
the Gironde Estuary mouth, the general decreasing trend of Chl-a concentrations could still be
related to nutrient depletion and to a potentially declining phase of phytoplankton bloom

(Platt et al., 1992). Considering primary production relationship with light, on the first day
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limitation may occur owing to relatively high SPM concentrations that could reduce light
penetration in the water column (Castelle et al., 2009) and therefore photosynthetic processes.
During the first day and nighttime, the decreasing trend of Chl-a concentrations suggests that
no intensive, continuous autochthonous primary production took place, after the highest levels

of the day reached at 10 am under maximal solar radiation.

Decreasing trend in Chl-a concentrations co-varied with similar, generally decreasing Ptpk
concentrations. At the same time, increasing trends occurred for Ptp variations inducing a
clear shift in Pt partitioning. Various biogeochemical processes in coastal waters (e.g.
desorption, adsorption, dissolution/precipitation, bio- uptake or release) may transfer metals
between the dissolved and the particulate phases (e.g. Turner, 2007). Decaying phytoplankton
cells associated with Pt may lead to decreasing Ptpx concentrations through cell lysis and/or
vertical cell sinking. Although exact transfer mechanisms explaining exchanges of Pt between
different carrier phases are widely unknown, the observed variations in Ptp and Ptpk may be
either due to (i) internal transfer processes or (ii) external source/sinks releasing or
sequestrating Ptp from the estuarine water column. Internal transfer processes imply
equilibrated mass balance, whereas non-equilibrated mass balances would suggest an open
system involving external sources or sinks. Since no information was available on algal cell
abundance in our plankton material, we did not perform mass balance calculations nor assess
internal transfer. External transfer through cell sinking may also explain differences observed
between Ptpk decrease and Ptp variations. Biogenic particles can sink more or less rapidly
(depending on algal species; e.g. Luoma et al., 1998) and oscillate in the water column due to
sediment resuspension cycles, especially in high-energy systems such as the Gironde Estuary.
Accordingly, physical mechanisms may mask biogeochemical exchanges of Pt between the
dissolved and the particulate phases by (i) sequestrating Pt-bearing particles in sediments or
(i1) releasing Ptpx and/or Ptp from temporary sinks/sources including micro-phytobenthos

mats and increasing Ptpk levels as discussed in Section 4.1.

During the night and low tide, decreasing Chl-a levels suggest, together with low salinity, that
in the downward part of the estuarine maximum turbidity zone degradation of phytoplankton
occurs. Chlorophyll-a being degraded faster than the whole POM, increasing POC/Chl-a
levels arose during phytoplankton degradation (Cifuentes et al., 1988; Savoye et al., 2003).
Low tide phases bringing detrital material could also cause this increase in the POC/Chl-a
ratio. Another possible explanation is the dominance of zooplankton organisms that perform
nocturnal vertical migration for feeding (Daro, 1988), favoring a higher POC/Chl-a ratio
(heterotroph organisms; Bentaleb et al., 1998). Such explanation is supported by higher POM

obtained during the nighttime, whereas the ratio was almost constant for the daytime (Table
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S1; SI). Thus, Ptpk observed during nighttime may reflect Pt levels in zooplankton organisms
with two higher values at 11 pm and 1 am (2.23 and 1.85 pmol.g™!, respectively). Nighttime
phytoplankton cell lysis through phytoplankton grazing could result in the increasing Ptp
values. As for other trace elements incorporated or adsorbed by phytoplankton, Pt might
remain in the particulate phase until cell lyses and remineralization takes place (Sanders and
Abbe, 1987; Sanders and Riedel, 1998).

The second day was more productive since much lower POC/Chl-a levels occurred (38 at
11:30 am), which clearly reflect the dominance of living phytoplankton (Savoye et al., 2012).
Those cells are active suggesting more intense primary production took place together with
increasing solar radiation and lower SPM concentrations. Dissolved Oz saturation levels were
much higher and not correlated with tide. A peak of pigment concentrations also arose at
11:30 am. Interestingly, increasing Ptpk concentrations occurred together with this intensified
primary production. Although the degree of surface complexation with organic matter
remains unknown, laboratory experiments have shown that Pt adsorption kinetics onto
estuarine sediments is greatest for those with relatively high total carbon contents (Couceiro et
al., 2007). The clear increase of Ptpk and the evaluation of the POM as fresh living
phytoplankton support the hypothesis that phytoplankton ad or absorb Pt. Such complexation
seems more likely to take place with newly produced phytoplankton cells. This could be
explained either because absorption mechanisms through the active uptake of living cells is
the principal pathway or because Pt is more likely to complex and adsorb on “fresh” organic
material. Concomitant increase in both, Ptp and particulate Pt on the second day, implied an

additional Pt source from upstream (i.e., end of ebb tide, Fig 2A).

Arcachon Bay and Genoa Harbor

In the Arcachon Bay, Chl-a values were two-fold lower than in the Gironde Estuary
suggesting lower productivity, probably related to the fact that this field campaign occurred in
April while the one for the Gironde Estuary was in June. Lower O; saturation levels also
suggest lower production and/or higher consumption in the riverine channels of the Arcachon
Bay. In fact, POC/Chl-a ratios followed the SPM variations that were tide-dependent. Ebb
tides therefore brought particulate material, which can be considered as detritic or degraded
plankton cells considering the rather high POC/Chl-a ratios (< 400). Phaeopigments perfectly
correlate with SPM concentrations, supporting this hypothesis. Microscopic observations
during a following field campaign (Castellano M., personal communication) displayed major
changes in phytoplankton composition associated to the tidal regime, suggesting that direct
transport of phytoplankton (allochthonous production) and debris can play a dominant role.

We also should consider the potential importance of anthropogenic POM (e.g. from urban
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sewage; Liénart et al., 2017) in this urbanized semi-enclosed system (relatively high average
POC% of 6%; Table S1, SI).

Since no Ptpk data were available for the whole cycle in Arcachon, in contrast to the Gironde
Estuary mouth, the variations in Ptp cannot be clearly attributed to diel cycles in relation with
phytoplankton production and degradation. Phytoplankton sorption might therefore not
entirely explain the average Ptpx concentrations of 11.76 + 3.40 pmol.g™! of this site showing
dominance of non-living organisms or detrital particulate matter. Under such conditions, one
should also consider Pt complexation with inorganic particulate phases, including silt and
clay, also containing Fe- and manganese-(Mn)-oxy/hydroxides, which are potentially
important Pt carrier phases (Colodner et al., 1992; Jean-Soro et al., 2013; Lustig et al., 1996).
The general decreasing trend in Ptp concentrations on the second day (from 11 am to 6 pm)
could yet be related to increasing primary production and subsequent Pt sequestration by

phytoplankton cells.

In the Genoa Harbor, POC/Chl-a ratios were constant as SPM concentrations, with values
below 200 suggesting the dominance of living phytoplankton. Increasing pigment
concentrations featured increasing primary production during daytime that is further
supported by increasing O, saturation levels. Despite the lack of significant differences
between values through time, the daytime Ptp profile suggested an overall decreasing trend.
As for the Arcachon Bay, increasing primary production and the presence of active living
phytoplankton cells may have led to intensified Pt removal from the dissolved phase and

subsequent algal sorption.

4.3. Platinum sorption by phytoplankton and accumulation in marine biota

Transfer to phytoplankton

Phytoplankton cells are efficient scavengers of trace elements, accumulating high
concentrations from the surrounding medium (Sanders and Riedel, 1998). Both active and
passive mechanisms can be involved in trace element sorption and the relative importance of
different sorption pathways depend on the target element (Sanders and Riedel, 1998).
Therefore, the observed Pt sorption by phytoplankton may reveal either: (i) active uptake of Pt
by phytoplankton cells with/without relevant biological functioning (e.g., mimicking other
bio-elements), (ii) passive adsorption of Pt on cell surface, or (iii) adsorption on organic
ligands produced by algal cells. Extracellular production of organic ligands by phytoplankton

can indeed play a major role in trace metal-organic interactions (Gonzéalez-Ddévila, 1995). For
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marine algae, element chemical speciation and the presence of other ions or chelators able to
regulate speciation are of major importance for bioavailability (Sanders and Riedel, 1998;
Sunda, 1989). Laboratory experiments showed linear increase of freshwater periphyton Pt
uptake following exposure to dissolved Pt(II) and Pt(IV) (Rauch et al., 2004b). Under longer
exposure time needed for Pt cellular absorption in natural environments, Pt toxicity is not
excluded (Rauch et al., 2004b). Accordingly, laboratory data report that for marine algae, both
adsorption and internalization are related to slow kinetics and are considerably constrained
(Cosden et al., 2003; Shams et al., 2014; Turner et al., 2007). However, another study on
accumulation of organic Pt species (cisplatin) by the marine macroalga Ulva lactuca showed
greater Pt interactions at the algal surface in seawater than expected by thermodynamic or
kinetic considerations (Easton et al., 2011). Considering the smaller size of marine microalgae
collected through phytoplankton nets, higher surface area and therefore higher metal sorption
is expected compared to sorption by macroalgae. In addition, despite their crucial importance,
laboratory results obtained under controlled conditions, not considering simultaneous
variations of various environmental factors affecting trace element distribution (e.g. trace
metal concentrations and speciation, light, temperature, water column stability), may not be
directly applicable to natural systems (Twining et al., 2011). The present study reflects, for
the first time, under natural conditions, that phytoplankton might play an important role in Pt
partitioning in productive coastal systems. Couceiro et al. (2007) reported that only small
quantities of Pt adsorbed on POM-rich cohesive sediments is further desorbed (< 1.5 %) in
chlorinated water, meaning that Pt is somewhat irreversibly adsorbed. Platinum sorption by
phytoplankton could therefore control Pt budget in productive coastal zones. Such
biogeochemical behavior characterizes other trace metals such as silver (Ag) for which no
desorption occurs along estuarine salinity gradients when it is associated to phytoplankton
(Sanders and Abbe, 1987). Silver ab- or adsorption therefore increases its retention in the
estuary, reducing its transport rate. Accordingly, short-term processes including diel cycles of
primary production showed their importance for other trace metals considered as biologically
essential (e.g. Fe, copper: Cu, or cobalt: Co), and anthropogenic metals (e.g. lead: Pb, Pinedo-
Gonzalez et al., 2014). Diel changes in such biological activity may therefore be critical for Pt

cycling in coastal systems.

Consequences of Pt accumulation for the marine trophic chain

Little information exists regarding Pt toxicity on algae. Although no significant toxicity was
reported, a linear decrease of the algal photosynthetic activity in freshwater periphyton
occurred under Pt exposure (Rauch et al., 2004b). Easton et al. (2011) showed no measurable

reduction of efficiency in marine macroalga U. lactuca exposed to cisplatin in seawater. Same
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authors predict greater uptake by U. lactuca when sewage effluents discharge directly Pt-
based drugs into coastal waters than indirectly into fresh waters. Platinum-based complexes
directly released into coastal waters are indeed more reactive than after indirect discharge
allowing for estuarine mixing and the gradual conversion of these complexes back to the
parent drug (Easton et al., 2011). In addition, data also report greater sorption of inorganic

Pt(II) and Pt(IV) ions than cisplatin by the marine alga.

Phytoplankton cells are the first link in the marine trophic chain. Despite uncertainties in
potential adverse effects on these cells, transfer to and accumulation in higher organisms
cannot be excluded. Phytoplankton can accumulate relatively high concentrations of trace
elements from their environment with BCF of up to 10° (Fisher, 1986). Few studies report
environmental trace metal concentrations in algae, and therefore few BCF are available for
other trace elements. The marine macroalga U. lactuca showed BCF of ~ 10° to 10* for Cd,
Cr, Cu, Pb, or Zn (Conti and Cecchetti, 2003). These results reflect that, with similar BCF
(Table 1), Pt is as biogeochemically reactive to algae as other essential and anthropogenic
trace elements of concern that have been monitored for decades in coastal environments. In
wild bivalves, BCF of ~ 10 also occurred, which are similar to levels observed in wild
mussels from the Samil urban beach (Spain; Neira et al., 2015). However, in the Gironde
Estuary, Cd and Ag show BCF of 10° and 10° respectively (Lanceleur et al., 2011),

suggesting that Pt uptake from seawater by bivalves is lower compared to these trace metals.

Since bivalve feed on algal cells, Pt uptake may also occur through the trophic pathway after
phytoplankton filtration. Bivalves may also filter mineral particles included in suspended bulk
material. This would be especially the case in turbid systems such as the inner Gironde
Estuary. At this site, average Pt concentrations of 3.68 + 1.89 pmol.g™! are quantified in bulk
particulate material (SPM; Cobelo-Garcia et al., 2014a) and their passage through the
digestive system may contribute to Pt levels measured in bivalve tissues. Zooplankton
organisms, which dominated during nighttime of Cycle 1, are also phytoplankton consumers.
Assuming that Ptpk concentrations measured in nighttime samples mainly originate from
zooplankton organisms, lower Pt concentrations in those organisms (2.04 +0.19 pmol.g’!;
Fig.2 E) and in wild oysters (1.69 +0.15 pmol.g™!'; Table 1) than in phytoplankton, suggest
that biomagnification of Pt concentrations did not occur at these trophic levels. These higher
organisms may readily excrete Pt forms accumulated through phytoplankton consumption as
observed for other trace metals (e.g. Ag, Cd; Wang and Fisher, 1998). In addition, it is
possible that the dissolved phase remains the dominant uptake pathway in both bivalves and

zooplankton. Accordingly, other field studies associated the absence of metal
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biomagnification to biodilution related to higher body mass of organisms from higher trophic
levels (Chernova and Lysenko, 2019; Liu et al., 2019).

Apart from direct feeding, sorption of Pt phytoplankton may regulate Pt forms and availability
to other marine biota. Phytoplankton biotransformation may alter (enhance or reduce)
contaminant toxicity to other organisms and associated adverse biological effects (Sanders
and Riedel, 1998). In addition, Pt sequestration by phytoplankton cells and potential cell
sinking in the water column may reduce its availability to other phytoplankton species or to

higher trophic levels (e.g. Sanders and Riedel, 1998).

Plankton as a biomonitor of Pt contamination

In both urbanized sites, the Arcachon Bay and the Genoa Harbor, Ptpk concentrations were 4
to 8 times higher than in the Gironde Estuary mouth, respectively. Platinum levels in bivalves
did not show such differences since they were similar in oysters from the French Atlantic
coastal sites and only twice higher in mussels from the Genoa Harbor. Platinum plankton
concentrations may therefore reflect the levels of anthropogenic pressure found in these three
contrasting sites, with the phytoplankton from the Gironde Estuary reflecting coastal ocean
conditions, whereas the Arcachon Bay and, to a greater extent, the Genoa Harbor Ptpx levels
feature urban/industrial human activities and associated Pt emissions. One should also
consider that different plankton net mesh sizes were used in the study to retrieve plankton
material for Pt analysis, i.e. 20 um in the Arcachon Bay and Genoa Harbor and 200 um in the
Gironde Estuary. The analyzed plankton communities may be different in relation with the
sampling, potentially biasing the Ptpx comparison between sites. Moreover, if adsorption on
phytoplankton cells represents an important pathway for Pt bioconcentration, the relative
surface area available for Pt adsorption could have been therefore smaller in the Gironde
Estuary than in the other sites due to the net mesh size. This could contribute to the lower Pt
concentrations recorded in the Gironde Estuary samples. Furthermore, the relative importance
of the main genera varied among the sites, as algal communities undergo species succession
and changes in dominant species in different sites and seasons (Cobelo-Garcia et al. 2012).
This change in the phytoplankton composition potentially induces variation in trace metal
sorption. In the urbanized Arcachon Bay and the Genoa Harbor, Pt concentrations in
phytoplankton were ~ 10 times greater than in bivalves, whereas in the Gironde Estuary
mouth there were only ~ two-fold higher (Table 1). This difference in Ptpx / Ptgy ratio could
be related to the inner-estuary conditions of the La Fosse site, while the phytoplankton

samples originated from the open coastal zone (Fig. 1A). Despite common feeding and
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filtering mechanisms, one should also consider potential differences in trace metal uptake and
accumulation that may occur between mussels and oysters, which are different bivalve species
(e.g. Ruelas-Inzunza and Pédez-Osuna, 2000). Sampling of the two species in the same
sampling site will help to confirm our hypotheses. Higher BCF in plankton than in bivalves
from the same site shows the high potentiality provided by this marine biological fraction for
the monitoring of coastal metallic contamination. Given the short lifetime of phytoplankton,
these cells could be a promising biomonitor for contaminant pressure at short time scales.
More data would be necessary to evaluate the potential transfer of Pt from phytoplankton to
different zooplankton and bivalve species. This should be done with respect to accumulation
from ambient seawater as a prerequisite for reliable multi-species biomonitoring of Pt
contamination, as reported in other coastal environments with different contaminants (Conti
and Cecchetti, 2003). Potential irreversible Pt adsorption onto organic-rich particles (Couceiro
et al., 2007) and potentially onto phytoplankton cells as previously discussed, suggest that this
biological fraction could be used as tracer of Pt contamination and transport in coastal waters.
More importantly, considering the rapid Pt uptake or complexation on “fresh” living
phytoplankton cells (concomitant with cell production), phytoplankton could provide an early
signal of Pt contamination in productive coastal systems. Phytoplankton showed great ability
of accumulating this emerging contaminant several thousand times over the concentrations
quantified in seawater, as other commonly used marine bioindicator species for various

pollutants (e.g. Conti and Cecchetti, 2003).
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5. Conclusions and perspectives

Results obtained from the three contrasting sites suggest that short-term processes, such as
primary production may help understanding the marine biogeochemistry of Pt. In less
urbanized sites with high primary productivity, algal Pt sorption and release appear as
determinant factors in the Pt biogeochemical cycle. Through biological processes including Pt
fixation by adsorption, absorption, sequestration as well as chemical biotransformation,
phytoplankton can change trace metal biological reactivity and toxicity, and strongly alter Pt
transport and fate. Such results are therefore valuable to shed further light on the controls of
phytoplankton on the under-documented Pt reactivity in the marine environment. In contrast,
in more confined and/or urbanized coastal water bodies, such biogeochemical signals may be
masked by the dynamics of Pt inputs from diverse sources, such as wastewater, run off or
urban aerosols. By reflecting the general state of Pt contamination of three contrasting sites
comprising open coastal area and urbanized, semi-enclosed sites, and showing relatively high
bioconcentration factors (up to 10%), marine algae should be considered a relevant biomonitor

of coastal short-term Pt distribution.

Knowing that trace metals may induce biological alterations to communities at higher trophic
levels (Sanders and Riedel, 1998), there is a crucial need for more information on potential
adverse effects of Pt on primary producers, i.e. the basis of the marine trophic chain. Results
of this study clearly highlight the importance of considering changes occurring at hourly time-
scales, when establishing sampling strategies for field campaigns on such bioreactive trace
metals, as a prerequisite for obtaining representative results as already recommended in
previous studies (Pinedo-Gonzalez et al., 2014). It is important to develop monitoring of Pt
and other PGE in the phytoplankton fraction, including rhodium (Rh) which is predicted to
participate in biological removal and transport processes in marine systems to a greater extent
(Shams et al., 2014). Determination of Pt concentrations in the different functional groups and
plankton classes would help understanding its cycles in the marine food chain (Twining et al.,
2011). Further investigations are required in order to understand and estimate the extent of Pt
sorption in phytoplankton cells, given that their potential complexation capacity could

influence marine Pt cycling.
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