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Abstract

Lead concentrations itong-lived Corallium species of known agérom the Mediterranean
Sea, Atlantic and Pacific Oceansere determined by laser ablation, inductively coupled
plasma mass spectrometer AlBPMS). Lead concentrations ia 2000yearold subfossil
MediterraneanC. rubrum are ca 0.09+ 0.03 pg/g. For the period 1894955, kad
concentrations il€. rubrumskeletons from the Mediterranean are stable within the range 0.2
0.4 pg/g; concentrations increase to abotlt.2 pg/g during the period 1961978, then
decrease progressively to stabilize and reach values in the rar@€ u@/g in presenday
corals.These variationsan be related tthe lead gasolinpollution event tha{l) startedin

the early 1950s with thencreaseof the numbers otars in the worldand (2) was mitigated

by the implementationof new regulations starting in 197ading to areturn to prel950
levels in 2000In the Pacific, lead concentrations @ japonicumand C. konojoiare lower
than in the Mediterranedd. rubrum with values close to 0.1%70.03 ug/g. The lowest lead
concentrations in preseday sample$0.11 pg/g)are found inC. johnsoniandC. niobefrom

the Azores islands in the Atlantiand in a Mediterranead. rubrumfrom Montecristo Island,
one of the least accessible and most protected areas in the Mediterranedsii@gkead
concentrations iI€. rubrumand in the Mediterranean seawatex partition coefficienKd =
[Pb/Calcarcite/ [Pb/CdseawaterOf 13 +£3 isestimated; ikllows calculating past and present lead
contents inseawater inwvhich corals grewApplication toCorallium speciesindicates that
values endangering human heatth threatening the preservation of aquatic ecosystem on
long terms were nearlyeachedor exceeded in Mediterranean seawaters at the maximum of
the lead gasoline pollution event in the 198@easurements €. rubrum from different
places in the Mediterranean indte that preserday seawateconcentrations vary between
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40 and 200 pmol/kgAs expected, the lowest concentrations eofrom protected areas
insulated from human activitiesshile the highest com&om places close to lead mining or
processing sites.

Keywords
Lead Corallium, Calcite, Seawater,dptition coefficient, Diagenesis, Sciacca
Highlights

- Leadcontentsin Corallium skeletons reordthe lead gasoline pollution eveiit950-2000)
- Leadcontents are lower in Atlantic and Pacific corals than in the Mediterranean
- Levels endangering the preservation of aquatic ecosystems were reached®@dshe

- Lead contents in preseday Mediterranean corals returned to-p850 levels

1. Introduction

Biominerals have been usewutinely as proxies of enwnmental conditionsghrough
compositionsin major, minor, trace elements and isotopeg. Chave (195% Epstein and
Lowenstam (1953. Among biominerals, ibgeniccalciumcarbonates are able to incorporate
different elements in significant amountsa the case ofCorallium species, these include
magnesium, strontium, sodium, sulflithium, barium, lead and uraniufseeVielzeuf et al.
(2018; Vielzeuf et al. (201B8for summarieg However the abily to incorporate an element
is not a guarantee of a faithfahvironmentalproxy as concentratiorvariations caralso be
dueto biologicalor physicachemicaleffects, or combinations of factor3.hus, thepotential
of each element as a proxy in a given species has to be tébegrecious redcoral
Corallium rubrum (Cnidaria, Anthozoa, Octocoralljais an emblematicspecies of the
westernMediterranearbut is also present in the Atlanticc€analong thesouthern coast of
Portugal, and along the coast of Moro¢Zdrowius et al., 198/ The red coral grows within
alargerange of depths from neaurface down to ~1000 fCostantini et al., 201 XKnittweis
et al., 2018 This colonialorganismhasa ramified erect growtform anda skeletormade of

high magnesian calcité_acazeDuthiers, 186} Its skeleton has a slowadial growth of
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about100 to 200 um per yegMarschal et al., 20Q04and carlive several decadg§arrabou
and Harmelin, 2002 In a companion papgit has beemetermined that growth kinetics plays
a rolein the incorporation of Mg, Na, Sr, Li, S and U in the skeleton€afllium species
(Vielzeuf et al., 2018 Converselyit was shown thagirowth kinetics does nanfluence the
incorporation of Ba and Pb. Concerning lead, large variations of concentrations inx@yeals
observedVielzeuf et al., 2018 These data raiddghe question of the origiand significance

of the variations of lead i€orallium skeletonsit is a weltknown fact that human activities
resulted in massiveeleaseof lead into the earth surfag8outron et al., 2004Patterson,
1965 Wu and Boyle, 1997 Paleecenvironmental and archaeological records suggest that
lead pollution stadgd as early ashe Chalcolithic (~5000 cal. Yr. BRMartinezCortizas et
al., 1997 Martinez Cortizas et al., 201&ettle and Patterson, 1980/ost importantly,the
use of lead additives in gasolimetiatedin 1923 created a public health problem worldwide
(Patterson 1969. In this study, we determinthe lead concentrations in the skeletons of
Corallium species by LACPMS and discuss the incorporation of lead in biogenic high
magnesian calcite§he question whether the lead content in red coral skeletormigiatial
proxy of the concentratioof lead in the Mediterraneare&s alsoaddressedConcentration
profiles at annuascale resolutiorare obtainedin C. rubrumskeletons of different ages and
provenancesThe discussion is extended towaBwrallium species from the AtlantidC.
rubrum C. nobeandC. johnsonj and the Pacifi¢C. japonicumandC. konojo). Finally, the
results are compared to other lead records in the Mediterranean ibatsia Atlantic and
PacificOceansand in polar ice cores

2. Material and methods

2.1. Sample

2.1.1C. rubrum



100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

Present day C. rubrumAnalytical profiles weranainly performed on five moderoolonies
of C. rubrumwith knownplace anddate of samplingThe coloniesverecollected(i) at Riou
Island(Marseille, Francein 2002 (ii) in the Calanques area near Cassis (France), in a 15 m
depth marine cave (the Tremies cave) in 2010,r(@grthe Medes Island/  Edtartit, Spain)
in 2002 and2014,and (iv)near Cap de Creus (Spain) in 1962gure 1shows a map with the
originallocatiors of the coloniesSampleswerecollectedat depths varyingetweenl5 m and

73 m i.e.in the range of surface waser

o
Sciacca

Figure 1. Map of the northwestern Mediterranean Sea with locations of the studied samples

Additional LA-ICPMS analyses (not necessargyong analytical traverses) were
carried out on recent colonies from Algeria and Itéhcluding Montecristo island)to
enlarge our vision of leacontents in the Mediterrane@rable 1 tsupplementary matetis).
Sub-fossil C. rubrumsamples + A subfossil sample ofC. rubrum skeletonburied in the
sediments of thdremies Gave was collected in 2007ts absolute age was determinasl

1950 +30 years BBy “C datinginthH 3R]QD 5DGLRFDUERQ /DERUDWRU\
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Quite surprisingly,huge amounts afed coralcollectedin Italy in the last 150 years
came from the sufpssil coral reservoir of the Sciacca Banks (Sicily Channel) where 18,000
tons were collected in 34 yearqCattaneeVietti et al., 2016 Rajola, 2012 Large
uncertainties still exist on the age of theséfossil coloniesput four samples were carbon
datedat Univesity of Salento (ltalyand provided ages between 200@ d9,000 years BP
(Rajola, 2012 In this study,we presentLA-ICPMS data on a Sciacca sfdssil sample
whoseagehas not been determindalt is assumed to be in the rang@0P-10,000 years BP

Independently from the analyses carried out in Francther preserdday
MediterraneanC. rubrumsamples from Spain, Italy, North Africa, asdbfossil Sciacca
corals(Sicily, Italy) were aalyzed at Virginia Tech. (USAgndthese datavill be presented
anddiscussedere Two samples of the Sciacca corals were dated by radiocarbon and gave
ages of 200-2100 years BP and 4481050 years BP (Rajola, 2012).
C. rubrum from the Atlantie In Portugal, coral fisheries were abandoned about 300 years ago
(Zibrowius etal., 1984. Recently,C. rubrum colonies were reliscovered in Southern
Portugal(Boavida et al., 2006 Two raresamples from Sagres (Lagos Portiméo) collected at
90m depth(Boavida et al., 20J)8verealsostudied by LAICPMS.
2.1.2- OtherCoralliidae
Skeletonsof Corallium niobeandC. johnsonifrom the Atlantic(Azores Islandshave been
collected in2005 and2011, respectively, and two specimens@drallium species from the
Pacific (C. japonicumandC. konojo) have beerharvestedilong the Japan coast in 2013 and
2015 respectively.

Geographic locations, depths and sampling dates of all sanapéesgiven as
supplementary materials ihable 1 andin Vielzeuf et al 2018 supplementary materials,
Table 1)

2.2 Preparation of the samplegrowth rings identificationand age determination
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Contrary to banded scleractinian corals made of aragaDdesllium species have dense
skeletons without marked porositlfor this reason and because of #etected analytical
technique(LA-ICPMS), no cleaning preparative sequennéehe samples wasecessary, as is
the case foscleractinian cals [e.g. Shen and Boyle (198B For eachcolony, one or two
branches were cut transversalyounted in epoxyand polished with diamond paste down to

0.25 pm

Figure 2. EMP Mg map and SEM images. a) Electron microprobe map of magnesium and
LA-ICPMS profile in a sample collected near the Medes Islands in 2002. The contrast has
been inverted for a better comparison with the SEM image (bright to tlaxk to high Mg
contents). The white vertical lines mark each annual growth ring. The black dots (40 pm in
diameter) are the locations of the UBPMS analyses. b) Mosaic of SEM images of the same
area. ¢) Pb concentrations obtained in the-IG®PMS profile (see figure 4 forloér profiles).

It has long beerknown thatC. rubrum skeletons display growth ringd.acaze
Duthiers, 186X By surveying colonies over long periods of tinigarrabou and Harmelin

(2002 determind the axial(height) andadial (diameter)growth rates ofC. rubrumcolonies
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as 1.8 mm and 0.25 mm y&arespectivelyConcomitantlyfyMarschal et al. (20G4leveloped

a method tadentify growth rings by staining the organic matriAnnual growth rings are

about 100 to 200 um thickMarschal et al., 20Q4 These authors demonstrated the annual

periadicity of the gowth rings byin situ calcein labeling of some colonie$hen,it was

demonstrated thagrowth rings arelsomarked by variations of magnesiufﬂielzeuf et al.,

2008 |Vielzeuf et &, 2013. These variations can be detectedelctron microprobeEMP)

mapping but also byscanning electron microscopEM) using backscattered electron
(BSE) imaging Mg-rich rings appear darker than-@eh ringsin SEM BSE imagebecause
Mg has a lower atomic number (Z) than.Jde exactcorrelation betweemg-rich rings
observedoy electron probend dark rings in BSE imagean be observed iRigure 2aand

2b. Note that in EMP maps low concentrationgrmally appear in black. Howevedigr a
better comparison dMP and SEMmages, the contshof the EMP image was inverted

Fig. 2 (dark layers indicate high concentrationsMyd). In the present study, SEM was the
main methodused to image the growth rings becauseits nondestructive character
(contrary to OM stainingand faster and easianplemenation than EMP Mg mappingAs
colonies with known sampling datgereselectedthe absolute age of each growth rirogld

be determined~igures 2 to 2c show an example of correlation between growth ring, spatial
location, age and lead content in a sample collected in @08@es sample)lhe error orthe
determination of the number of annual rings is estimtatdxd+ 10% relative.

2.3 Analytical Methods

2.31 Electron microprobe and SEM mapping

Electron microprobe chemical imagesnosgnesiunwere obtained on thick polished samples
embedded irepoxy, ona SX100 CAMECA electron microprobe [Laboratoire Magneas
Volcans (LMV), Clermort~errand, France]. For image acquisition, the beam current, beam

diameter, counting timeand step interval varied in the range#30 nA, 12 mm, 3050 ms



182 per pixe| 15 mm, respectively, with an acceleration voltagel6fkV. All sampleswere
183 coated with a~20 nm thick carbon layer.

184 All samples(including those studied by EMP) were examined vatfield-emission
185 scanning electron microscope (FESEM) Raith Pioneer ataRINMarseille)in order to
186 image both growths rings and the ablatspos, and to correlate age and lead concentrations
187 Images were obtaineéd BSE mode with 20 kV acceleratingaltage, 9.5 nA probe current,

188 and 6 mm working distance. To obtain clear images of eatiadyticalprofiles, imagest a

189 high spatial resolutioweretreated by Fourier transforms to enhance conf{Restrin, 2014,

190 andassemled into large mosaics (séa@gure 2bandFigure 53.

191 2.3.2Laser ablation ICPMS

192 Most laser ablation inductively coupled plasma mass speetry (LA-ICPMS) analyses

193 were conductedat Laboratoire Magmas et Volcans in Clermémrrand (Francg. Trace

194 element concentrations in calcite skeletons were obtained using an Agilerts/IRIBMS

195 coupledto an ExcimerResomtics M-50 laser. The laser was operated at 193 nm wavelength
196 with 6-8 mJ energyand 23 Hz pulse frequency.gt size was 40 pnwith a spacing interval

197 of 100 um in most analytical traverseésblation duratiorlastedabout 100G (dank count rates

198 were measured for 30 s prior t@ $ of ablation) inpure He atmosphere. The analyte was

199 carried to the ICP torch by a gas mixture wireid, + Ar were added to He. NIST 610 glass

200 standard was used for calibratig@agnon et al., 2008NIST 610 and BCR glasses were

201 analyzed every 120 spots as checks farecision Duplicake analyseswere obtained for
202 somecoral sampleso checkfor drift andto confirmthe reproducibility of the resultsom
203 onesession to anotheinternal instrumental (Y errors and detection limits for lead amest

204  frequently both within the range 0.00.02 upg/g and always below 0.04 ug/@pata were

205 processed witthe GLITTER softwarg¢Van Achterbergh et al., 20p1
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At Virginia Tech, minor and trace element abundanoéscoral sanples were
determined by LAICPMS using an Agilent 7500ce quadrupole {9 and a Lambda
Physik GeolLas 193 nnArF excimer laser ablation system. The laser is coupled to an
Olympus petrographic microscope equipped with a 25x UV and viSblewvarzschild
objective (NA = 0.4) for analysis, plus 5% and 10x objectives for sample viewing. Four to six
spots were analyzed in each of 7 samples using a 60 um spot size. He carrier gas flowed
through an hlation cell with a volume of +-cn? at a flow ate of ~ 60 mL/min. Dwell times

were 10 ms for all elements and the oxide production rate was less than 1%. [Additional

informaton concerning thesystem is available ghttp://www.geochem.geos.vde/fluids).

NIST 610 standard reference material (SRM) glass was analyzed two times before and after

eachanalytical session and was used asetkternalstandard for data reduction and for drift

correction{Mutchler et al., 2008 Analyses of the NIST glass were accomplished using a

discharge voltage of the laser of 27 kV and a pulse rate of 15 Hz. The energy density at the
sample is a funabn of the aperture and attenuator settings which, for the analytical conditions
used here, results in an energy density on the sample of about 10%£3 Jécnopes analyzed
included’Li, B, #®Na, *Mg, ?’Al, °Si,*K, “°Ca,*°Ti, >*Mn, *°Fe,®*Cu, ®*®zn, "°As 2¥sr, ®%,

QOZr’ 93Nb, 13883., 139La, 14°Ce, 143Nd, 147Sm,153Eu, 157Gd,163Dy, 166Er’ 172Yb, 208Pb,232Th and

23%. Calcium was used as an internal standard assuming a stoichiometric concentration of
calcium in the calcium carbonate. For each-IGPMS analysis, background signal was
collected for approximately 380 seconds before the laser shutter was opened to begin to
ablate the sample. The ablation was stopped after a few 10s of seconds and the signal was
collected until intensitieseturned & background levelslhe initial few seconds of data from

each analysis was not included in data reduction to avoid possible errors from contamination

on the sample surface from airborne particles or previously ablated rdeg@sited onto



230 the surfaceOnly the relatively stable, flabpped portion of the ablation spectrum was used

231 to calculate element abundances.
232 3. Results

233 3.lLead contents and profiles in rec&htrubrum skeletonsom the Mediterranean

234 Thesamplecollected in 1962 near Cap de CréGpain)provides lead contents down to the
235 late nineteenth century perioell894AD). A first profile wasobtainal in the basal part of the
236 colony, providing a larger time span than a secoradile collectedin the upper parof the

237  colony. Figure 3showsthe lead conterds a function ofime along two profiles

238

239 Figure 3: Two Pb profiles obtained in a C. rubrum colony from Cap de Creus collected in
240 1962.

241

242 A good correlation is observed between the two profiias displaya flat signalwith low Pb
243  levelsbetween 1900 and 1955 followed &gharpgncreasan the Pb conterdtarting in1955.
244  The very edges of the two profilebtained near the skeleton surface indicatesually high
245 lead contentg1.39 ug/g and 3.37ug/g) with respectto those measured in other samples
246 described below for the same peridd. the last growth layers,reliminary synchrotron

247 tomographies indicatéhe presence of a porous netwaasksent in the underlying layefghis
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feaure could generate abnormalhygh lead contentgby lead adsorption at the surface of the
pores)that aredifficult to reconcile with inner valuesn the data presented below, caras
takento start or end compositional profiles minimum of150 or 200 um away from the
skeleton surfaceln the case of the Cap de Creus sampie,values obtained in tlayer
closest tdhe skeleton surfacgere disarded andirenot shownin Fig. 3

The skeletonsection in he Medes colonthat wascollected in 2002 isbout 1 cmin
diameteranddeveloped ovethe period 1932002 Three LAICPMS profileswere obtained
and SEM images &re assembled to obtain a dieth map of the samplé-(gure 4). Figure
4b showsthe 3 profilesincluding profile 1 presented as an exampléigure 2 Data have
been fitted with a locally welged least square error methddte data dispersion on both
sides of the fitting curve is relatively low (~ 0.1 pg/g), except at the maximum
concentrationsvhere twovaluescloseof 1.2 pg/gdepart from thditted trendshown in red
The three profileshowsimilar patternsStarting in 1930, aelativelyconstant lead content of
about 0.3t 0.1 pg/gis observednd continueso about1952 After 1952, éad concentratian
increase rapidlyat first (19521960), then more slowly (19661970), thenincrease rapidly
again (1976a1980) to reacla maximum of aboud.7 ug/g at the end of th&970s. This sample
confirmsthatthe increase of lead concentratioeganduring theperiod19521958 ass also
observedn the Cap de Creus sampkrom 1980 to 2000, thiead contents in Medes 2002
decreaseto reachvalues closdo or slightly belowthose measured ih930 (mean value
calculated witim the intervall9982002 0.26+ 0.01ug/g).

Another sample collected at the satoeation in 2014 (Medes 2014) provides
additional data fothe period19742014 Eigure 5. The data confirnthe decrease of lead
content between 1980 and 2000 and indicates a stabilization ¢téatieoncentrations at

about 0.25 ug/g for the period 192814.

11
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Figure 4: Lead profiles in Medes samples. a) Mosaic of SEM images of a coral collected in
the Medes Islands in 2002. The black dots represent the spots of-ti@MS analyses and
mark the locations of the three profiles. b) Pb contents along the 3 profileshBatabeen
fitted using a locally weighted least square error method (red curve).

12
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280 Figure 5: Pb profile obtained in a sample collected at Medes in 2014

281

282

283 Figure 6: Pb profiles in 3 different colonies recently collected near the Medes Islands, Riou
284 Island and Tremies cave in 2014, 2002 and 2010, respectively. Riou Island and Tremies cave
285 are close to Marseille, a highly populated area. The Medes data have been fitted using a
286 locally weighted least square error method.
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The dataobtained fromthree coral skeletons collected at differéotations (Riou
2002, Mede=2014, Tremies @10) are compared inFigure 6 Although the concentrations
differ, adecreas®f Pb contentvith timeis observedn all samplesAfter 1980, the ed coral
from Medes 2014 shows lower Pb conterst than the two othersThe differences are
interpreted in terms ofocal effects related togeology, river inputs, ohuman activity
includingleadmining andprocessingctivities

Data obtained oi€. rubrumsamples from lItaly and Algeria collected after 2010 are
listed inTable 2as supplementary materials. The mean lead compositions vary between 0.11
and 0.43 pg/gThe significance of these variations will be discussed below.

To summarize,the lead concentrationsm C. rubrum skeletonsshow systematic
variationswith time. Constant concentrations of about-0.2 ug/g are observed during the
period 18901954, followed by an increase during the period 19948, to reach a maximum
at about B pg/gin 1978+ 2 years and then a progressive decrease@@®5 ug/gin 2000.

The period 200{present is marked by ralatively constant lead caentrationof about 0.25

pg/g. Localanthropogenic and natureffects influence the concentrations of leagresent

day skeletons.

3.2 Lead contents in sufwssil C. rubrum skeletorisom the Mediterranean

In order to study the anthropogenic impanttbe environment, it is important to determine

the reference level of lead concentration in the red coral before the development of human

activities. This is a difficult task as lead pollution associated with human activities started

~5,000 years ag¢Settle and Patterson, 198The sample collected ine sedimentary layers

of the Tremies @Gveis about 2000 yearold which means that this colony grew duritige
Roman periodSince then, ivasburiedin sedimentsWhile the inner part of the skeleton

kept its original red color,he outer partbecame dark as a consequemther of the

14



311 degradation of organic mattesr the presence ofmanganese and iron oxide deposits

312 commonly found in shallow and daskibmarine cavellouc and Harmelin, 2091

313

314 Figure 7: Two thousand year old stfbssil sample. a) SEM image of the sample collected in
315 the sediments of the Tremies Cave and location of thECEMS spots (black numbers for

316 the spots along the profile and red for spots elsewhere). b), ¢) and d) Mn, U, and Pb
317 concentrations along the lead profile.

15



318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

The interior of the skeletonigplays the same crystallographic organizat@@presentday

skeletors {(as determined byVielzeuf et al., 2Q20hen observedvith optical microscope or

SEM (seeFig. 7a). X ray diffraction analysis ofthis skeletonshowsno difference when
compared tgresent day coralSome elementdisplay gradientgn concentratiorirom rim to
core of the skeletonMagnesiumand strontium increaseslightly (Figure 7¢. The largest
difference is observedith manganesewhich decreass from ~80 ug/g to~7 pg/gtowards
the center(Figure D). It should be noted that even in the core, the ddncentrationsre
larger than in the presedayC. rubrumskeletons {7 compared te-15 pg/g +Vielzeuf et al
2018).To a lesser extenaraniumfollows the same trenfilom core to rimbut concentrations
in the core are similar to those observed in predaptC. rubrum (~0.08 pg/g) These

observationsin particular the high concentrations manganeseare attributed to diagenetic

mobilization of Mn from within the sedimenfrand and Veizer, 19TFBiIIikin et al., 200

Kaufman et al., 19&16Concerning leadthe concentrations close to the rim (~0.14 pg/g) are

higher than those ithe interior ofthe skeletonTo deermine a mean lead conteof C.
rubrumin the pre-industrialperiod analyseslose to the edge were discardédjure7d tthe
grey areaand he value of 0.0%0.02 ug/g for Pb concentratiamobtained.

The Sciacca corslprovide another opportunity to determine a background level of
lead in the corals prior textensive human activitied. sampleof Sciacca coralvas analyzed
at LMV, it showedlower concentrations in sodium, phosphorus, potassium, and higher
concentrations in mangane@d +10vs1.4+ 0.3 pg/g) and uranium(0.14+0.02vs0.06+
0.02 ug/g) than presentlay C. rubrum skeletons (supplementary materialsTable 3.
Concerning Mn, no concentration gradient was observead contents increased close to the

edge of the sample butached a plateau inside the skeleton. Discarding some values at th
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edge of the sample, a value of 0:09.01 ug/g was obtainefdr lead contents in these ancient
C. rubrumskeletons

As stated aboveanotherset of Sciacca and preseday C. rubrum skeletors were
analyzedat Virginia Tech(VT) (Supplementary materiale Table 3. The Sciacca samples
dated ~2102400 BP and ~4058400 BP represent times before the widespread introduction
of Pb into the environment through human activitieserestingly, the mean concentrations

measured on preseday corals in this daset areremarkably consistent with those

determined bF(/ieIzeuf et al. (201B exceptfor K and Zn that show sligttifferencesin the

VT datasetcompared to preseway coralsthe subfossil samplesare enriched in Mi§48 +
17vs0.9+ 0.5 pg/g, Fe(172+ 107vs0.69+ 0.04 pg/g) Cu(1.6+1.6vs0.15+ 0.02 pg/g)

and U (0.26 £ 0.15vs 0.08 £ 0.04 pg/g). Theseigh concentrations can be attributed to
diagenetic processess will be discussed below. An important question is to determine
whether the lead contenaire also affected by diagenetimnsformationsIn the Sciacca
compositiondistedin Table3 (supplementary material]gwo groups can be distinguished

the basis of Mn and Fe concentrationith cutoff limits at 50 and 150 pg/g for Mand Fe,
respectivelyThe highest Fe and Mn concentrations are observed in the oldest samples (4050
4400 BP).No change of lead concentratianobservedetweenthese two groups. Thuthe
impact of diagenesis on lead concentratisesms to bémited and a value of 0.180.03 is
retained as the original content of lead in these corals.

Considering thehreetypes ofsubfossil sample (Tremies cave 2000, Sciacca LMV,
SciaccaVT), ameanvalue of 0.09+ 0.03 pg/g will be taken as th&ead concentratiom sub
fossil C. rubrumskeletons from the Mediterraneakeeping in mind that the lowest lead
contentsmeasured are ca 0.04 pgand that natural local effects (geology hydrology, marine
currents) can also affect tbeginallead concentrations in these corals

3.3.Coralliidae from other oceans
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367 Corallium rubrum and other @ralliidae from the Atlanti©cean
368 Previous comparative studies Goorallium species from the Mediterranean, Atlantic and

369 Pacific Oceans showed that the mineralogy, crystallographic structure, overall chemical

370 compositions, and skeleton growth modes are sirTFrmrrin et al., 2016 This similarity

371 justifies a comparison of their lead contents and allows covering a larger geograahiban
372 the Mediterranean alone.

373 Compositionalprofiles obtainedon two samples ofC. rubrum from the southemn
374 coass of Portugal collected in2012 do not showcompositional variationstheir mean
375 concentrations is 0.220.06 ug/g, closdut slightlylower thanthe lowest values recorded in
376 the Medes 2014 samplerfthe period19982014. Themaindifference between theortugal
377 and Medessamples is that thérst onesdo not show lead content decreasehe profile
378 meaning that the lead content had bakemostconstant in these corals for the la&bvyears.
379 Samples ofC. johnsonifrom the Azores islands collected in 2011 show no lead
380 concentrationvariations along two ~3000 and ~4000 um loimgverses The meanlead
381 concentration irC. johnsoniis low: 0.10+ 0.03 ug/g. The results obtained @ niobe from
382 the same location in the Atlaatare remarkably similawith a meanead concentratioof
383 0.11+0.03ug/g, along a 550Qum diametral traverse

384 Coralliidae fromthe PacificOcean

385 PacificOceansamples of C. japonicumandC. konojoiwere analyzedrom rim to corebut no
386 SEM observation wasarried outto identify and count the growth ringSoncerning thecC.
387 japonicumsample collected in 2013j0 variation wasobservedalong a ~1800 um long
388 traverseHowever,with a mean of 0.1& 0.04ug/g, lead concentrations are higtean in the
389 Azores corals from the AtlantiSimilar conclusions apply for a 2700 Hiong traverse irC.
390 konojoi collected in2015, with a man cacentrationof 0.17 £ 0.03 pg/g. Considering a

391 growth ring width of about 150 um yéfrthese traversdndicate that no significant change
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of lead concentrationsccurred duringhe last 1620 yearsprecedingtheir samping in the
Pacific. The meanPb concentratiahof all studied samples aggvenin Table 1(main text)
and inTables 2 to 4(supplementary materiglsLead contents along differeptrofile are

provided asupplementary materiin Table 5

Table 1- Lead content of some calcitic Corallium skeletons and other calcitic or aragonitic

corals.

Summary of the observations:

(1) Lead concentrationsy C. rubrum skeletonsfrom the Mediterraneaare stable for the
period 18941955 andare within the range 0-®.4 ug/g; concentrations increase up to
about 11.2 ug/g during the period 1961978, then decrease progressivelgtabilize and
reach valuem the range 0-D.4 ug/gin presentday corals

(2) Sub-fossil Mediterranea. rubrumare enriched in Mn, Fe, Cu and U, and depleted in Sr,
Na and Mg in comparison to presedayC. rubrum Their lead concentratiorsre~0.09

+0.03 ug/g.
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(3) Lead concentrationsithe PacificC. japonicumand C. konojoiare lower than in the
MediterranearC. rubrum, with valuesclose to 0.12 0.03ug/g.
(4) The lowestead concentrations presentday sampleare found inwo Corallium species

from theAzores islands in the Atlant{©.11+ 0.03ug/qg).

4. Discussion
4.1 Lead in biogenic carbonates

The content of Pb irCorallium rubrum skeletons can be compared with other octocorals
(calcite skeleton) or hexacorals (aragonitic skeletdapie land references thergirSinclair

et al. (2011) reported a maximum Pb contahabout 0.8 ug/g in the deepvater bamboo
octocoral Keratoisis sp. at least 2 times lower than in the red cotatad contents in
scleractinian corals made of aragoméported by Shen and Boy(@988, Desenfant et al
(2006 andKelly et al (2009 are within the rang@.01-0.2 pg/g ca an order of magnitude
lower than thoseecordedin Corallium skeletons made of high magnesium calcker
example, Desenfant et al. (2006) observed a peak in Pb catdegtaprofile in Mona Island
hexacoral skeletons at about 0.0§/g wheeasa peak is observedt 1-1.2 ug/gin the
MediterraneanC. rubrum for the same periodThis is not necessarily an expected result
considering that the calcium cation site that magoaunodate the larger Pb catias larger

in aragonite than iealcite. Thus, the aragonite structure accommosiBie substitutiormore
easily, which is consistent with the fact that Pb{@erussite) forms an isostructurablid
solution with aragoniteHow can weexplain this apparent inconsistencyRe LA-ICPMS
analyses of lead i€orallium speciegpresented herkave been carried out in three different
labordories (ETHZurich, Switzerland; Virginialech, USA;and LMV ClermontFerrand,
France)on similar sampleand the results are consistdpor this reasonan error greater than
50% relative for oumeasured lead concentratiaagxcludedAlso, theinterpretatiorthat Pb

cannot enter the calcite structure doeshudd if the case oSr, with an effective ionic radius
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(IR) similar to the radius oPbis consideredIlRc, = 1.0 IRpp = 1.19, IRs; = 1.18, in

sixfold coordination,(Shannoa, 1976]. Indeed, arge amounts of Srcg 3000 pg/g) are

incorporated ito Corallium high magnesian calcitqslasegawa et al., 20[l¥ielzeuf et al.,

2018|Vielzeuf et al., 201Weinbauer et al., 2000Finally, it should be noted th&orallium

biogenic calcitesire defectiverystalline structureboth fromastructural{Perrin et al., 2016

and chemical point of view. The incorporation of cations like Mg, Sr, Na and orgarig mat
promotes the formation oflefectsin calcite and this in turn, may allow calcite to
accommodate lead ints structure.The differencein lead concentratianin aragonitic and
calcitic Corallium speciesnay notbe a result oftructural differencebut, rather, may reflect

varying availability of lead in the seawateis which the corals are growingAnother

possibility suggested Qrosenheim et al. (201)30 explain lead concentration differences

betweensclerosponge aragonitaxd aragonite fronzooxanthellate coral§10 times more Pb
in sclerospong@ss that pumping and filteringeawater angarticulateds the only sourcef
nutrition for Corallium species, while zo@nthellate corals receive atidnal nutrentsfrom
their algal symbiontdNeverthelessexcept in the Mediterranean where the lead conter@s in
rubrumcan be high and close to 1.2 ug/g, concentratior@arallium from the Atlantic and
the Pacific are rather low and close the values measured in aragonitic conalghe aboe-
mentioned studies

At this stage, tiis worth mentioningthat Corallium speciesincorporate significant

amounts of organic mat (between 20,000 and 40,000 ugTAjlemand, 1994Vielzeuf et al.|

20198. In scleractinian corals, is generally agreethat leadis preferentiallyconcentrated in

coral tissues relative to skeletofBarakat et al., 201%Esslemont, ZOC?McConchie and

Harriott, 1993. To our knowledgelead contents in octocorals tissuewe not been studied

so far but a similar tendency can be expected. Thus, some lead could be associated with the

organic matx in Corallium skeletonsThough this hypothesis cannot be discarded,is nd
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458 our preferred interpretatiomndeed,no differencein lead concentration is observed between

459 medullar and annular zones®©f rubrum in spite of the fact that the medullar zone is 10 wt%

460 richer inorganic matx than the annular zor‘&'ielzeuf et al., 201B In addition, a fossiC.

461 rubrumof upper Pliocene ag&iampilieri, Province of Messina, Sicilypot included in the
462 present study because of intense chemical transforrsatidim total loss of organic max
463 and ~7%% loss of magnesium, shows lead concentrations of about #.8.2 ug/g
464  (supplementary materialeTable2). Thesevalues cannot b&akenas originalleadcontensin
465 theseC. rubrumskeletonsca 2 million year ago, but they show that leeah be presenh

466 calcitethat isdevoidof organic maix.

467 Following on earlier workon leadin aragonitic or calcitic coralgEsslemont, 2000

468 |Hanna and Muir, 1990Shen and Boyle, 19T,7three hypotheses can be considdmedhe

469 incorpaaton of Pbin Corallium skeletons: (1) adsorption on skeleton surfa@@spore
470 surfaces)(2) lead binding ¥ organics in the organic matriand (3) substitution of lead in the
471 calcite structureThe wnusual high lead contents close to the surfac€arhllium skeletons
472  (last growth rings)escribed abovean beattributed to option (1) and data from the last
473 growth ringswere discarded from lead traversdisside the skeleton, this hypothesis is
474  discarded due to the density of the inner skeleid. hypothesis of organically bound lead
475 (2) cannot be discarded, bistdifficult to verify andquantify.In our opinionand for reasons
476 given in a previous paragraphe most plausiblerigin for the presence of lead Corallium
477  skeletons i$bcationssubstitutingn the cation sitéoption 3)

478 4.2 Significance of lead concentratioasd diagenetic indicatons subfossil corals

479 The questo determindead contents irCorallium skeletonsthat developegrior to recent
480 human impact led to the study sibfossil corals As seenabove, ontents of Mg, Srand Na
481 are lower in sulossil coralsthan in presentdlay corals while contents of Mn, Fe, Cu are

482 higher. These are expected features in carbonates that underwent early diagenetic
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modifications{Brand and Veizer, 198(®Bwart, 201HUIllmann and Korte, 2035 The case of

elements withmultiple oxidation gates is interestingAs stressed bI)UIImann and Korte

(2015 manganese anglon concentrations are low in oxygenated seawaters becthege

precipitateas oxyhydroxy phasegCrerar and Barnes, 19[{@&lasby and Schulz, 19p9%s a

consequence, Fe and Mn concentrations are low in biogenic calcites. Under reducing

conditions such asmight occur in organicich sediments the oxidation state of these

elementscanchange andvn and Fe camnter the calcite structuf@rand and Veizer, 1980

Thomson et al., 1986 Indeed, isostructural solsblutions exist between calcite

rhodochrosite (MnCg), and sideritdFeCQ). The status of U in carbonates during diagenesis
is not so weldocumented. fiedifferencebetween presesttay and sufossil corals faves an
enichment of U during diagenesiSoncerning leada main questiorthatremainsis whether
lead concentrations irC. rubrum are affected by diagenesisigure 7indicates that lead
concentratios increaseat the edge of the coral skeleton. By analogthwin content, this
increase coulde interpreted in terms @rogressingliagenetic transformation. However, it
could also be interpreted as a rim effastobserved in preseday samplesThe diagenetic
effect on the concentration of lead cothdsbe minimal, which is in agreement with the fact
that lead concentrations fhe Sciacca corals are still lam@mpared to preseqay corals.

4.3 Interpretatiorof lead variations itCorallium skeletons

The present study answers the question of the origin of the large variation of lead content

observed inC. rubrumskeletonsby|Vielzeuf et al. (201B lead contents depend on the date

and place otoralgrowth

4.3.1Temporal ariations inleadcontent in Corallium skeletons

Five stages can be considered for the evolution of lead conténtrubrumwith time: (1) a
pre-industrial content in théwo thousand years and older samlesg. 7), (2) a plateau for

the period 1898.955,possiblywith a slight decrease during the period 19@30 ¢igs 3 and
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8), (3) a sharp increase starting in 1955 and reachipgakin 19741980, possibly with a
shallower slope for the period 194270 Figs 4 and § (4) a sudden d=gease tending toward
a lower plaeauduring the period 1972000(Figs 5, 6 and B and (5)lead contentglose to

pre-1955valuesafter 2000(Figs 5 and

Figure 8. Summary of Pb profiles obtained in this study. Pb emissions recorded in Europe
from 1955 to 2000 are reported for comparis¢Racyna et al., 20Q7Pacyna and Pacyna,

[2000.

It is important to note that the predustrial value determined above in red coral
skeletons (in the range 0:@41 ug/g) cannot benecessarilytaken aspre-anthromgenic

concentrations as different studies point out that lead contamination already exi€16a@ 2

years ago due to lead mining and production during the Roman EamgirearlieffNriagu,

19994|Shotyk et al., 19918 Indeed,the use of lead in human civilization appeared very early

ca 6400 B.C.{Wertime, 197r and the first noticeabletrace ofhuman lead pollutiordates

back tothe late Bronze Age (~1200 B.dHlong et al., 199%MartinezCortizas et al., 1997

Shotyk et al., 19218 It shouldalsobe noted, however, that one of the Sciacca samples was
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formed ~40504400 BP and prelates the earliest anthropogenic lead pollution, and this
samplecontains ~0.1 pg/g Plsince thepioneering workof Clair Patterson and his group at
Caltech it is well establishedhat the use of leaded gasolifier better functioning of car

enginesthat started in 1923 in the US&nd soon therafter throughout the worldhad a

noticeableimpact @ the environmenat a global scaI(TMurozumi et al., 1969Patterson

1969. These observations initiatedchange ofegulationandthe USA startedreducingthe

lead concentration in gasoline though the adoption of new policies during tHEOTQis (see

Nriagu (1990 for a review. In European countries, restrictions on the lead content in

gasoline were gradual and finalized by the-Edulationin 1989 and the Aarhus Treaty

signed in 1994von Storch et al., 20Q3The cycle of lead incresa and deease coverintghe

period 19552000 in red coralskeletons(Figure § is an illustration ofa pollution crisis

referredto as thejead gasoline anomafpelow. Thetotal Pbemissiosin Europeduring the

period covered by the coral reccTI%lacyna et al., 20QfPacyna and Pacyna, 2Q08 plotted

in Fig. 8for acomparisonBy averaging the lead contents in the red coral skeletons during the
period(19552000), i.e.when Pb emissions in Europe are availaalinear (Pearson) cross
correlation coefficient between Pb content in the cekaleton and Pb emissions in Europe of
0.87 isobserved(p = 0.01). Thus,he variations in lead contenin coral samples are well
correlated with variations of lead atmospheric igpiiom Europe Figure §. The lead
profiles in the red coralare also in agreement withreconstruction of anthropogeniead

emissios in France where the flusuddenlyincreasd in ~195Q decreased progressively

during the period 1970985, and rapidly after thaas shown byFerrand et al. (1999n their

Figure 8.
The leadpollution cycle, or parts oft, has been registered idifferent contextsice
core prdiles in central Greenlandhowan increase in lead conteshiiring the period ~1880

1910, followed by a decrease for the period ~1298Q a new increase for the peria830
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1970, and a deease in the interval 1972000(Boutron et al., 200

McConnell et al., 2002

In the red coral profiles, thslight decrease during the period 190¥30 could match the

decrease observed in ice recordlkis trend is also recorded in reconstructed atmospheric

deposition insediments from SpaifCoreIIa et al., 2017 In Greenland ice recosdthe lead

gasoline anomaly starts earlier than in the red coral (183®55). This difference could
reflect a better sensitivity of ice than corals to record lead pollution. The pollution peak during
the lead gasoline anomaly is also slightly different (1970 in ice esr£8741980 in the red
coral). This could be attribetl to earlier application of lead regulation in the US than in
countries around the Mediterranedinwill be noted thathis decrease is inogd agreement

with the decrease in leagbncentrations observed in leaves and human blood for the same

period (von Storch et al., 20Q3Finally, the return toa level prior to the use of leaded

gasoline is well marked in theed coral Figs 5 and B This patternis consistentwith the

returnof lead emissions in Europe pre1950 levelan the years 200¢Miralles et al., ZOOF

von Storch et al., 2003

Studies orPb contents iscleractinian coradkeletors alsoshow lead variationduring

the last decades in western North Atlantic a1t®ly et al., 200gShen and Boyle, 19T as

well asin the western Pacific Ocearnoue et al., 2006 Caribbean SegDesenfant et all,

2009 and Indian Ocear|Lee et al., 2014 Records of lead pollution in other marine

organisms, such as Bamboo co1§'mclair et al., 201J1 sclerospongetd azareth et al., 2000

and clamg|Gillikin et al., 2003 are also availabl¢segShotyk and Le Roux (ZO?Efor a

review). Figure 9shows a comparison of Pb concentrations of the calcitic red coral skeletons

and three other aragonitic coral skeletTBesenfant et al., 20 )|6<e|ly et al.,2009 during

the last century. Even if Pb concentratiane differenin the different coralsdentical trends

are generallyobserved However, it has been shown that the timing of the event can vary
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significantly from one place to anotherespeciallyin the Indian @ean(Lee et al., 2014

probably due talifferences in the timing of application of new regulations

4.3.2Spatial \ariations inlead content in Corallium skeletons

As discussed abovégad contents in preciouSorallium species from the Mediterranean, the
Atlantic and the Pacific diffe probablyindicatingdifferent levels of lead in the seawaters

The Atlantic C. rubrumcontains lesdead than its Mediterranean analodueean value of

0.23 +f 0.06 compared to 0.48 +0.19 pg/g(Vielzeuf et al., 2018 and does not show

significant decreasdor the period 1992012 We ascribe this difference to lead content
differences between the Atlantioceanand the MediterraneaBea as will be discussed
further below More locally, e comparison of. rubrumsamples from different locatioms
the Mediterranearor the period19802010 Eigs. 6 and § indicates thatthe trends of
decreasing lead contengése identical buthat the absolutevaluesdiffer: the Medes2014
sampledisplaysthe lowest contens, while Riou 2002 and Tremes 2010 (sampling sites

separated only by about ten kilometers) have similar cont®iffsrences can be explained

by the presece of ancient lead processing factoriesthe Marseille aredDaumalin ang

Raveux,201§ which locally contaminate¢he seawateflLaffont-Schwob et al., 2036 These

observations indicate that the red casakensitive to the overall pollution but alsecords
local effects. In particular places, red carauld be usedo monitor theevolution in time of

specific anthropogenic lead pollutionblere again, the situation is similar in scleractinian

coral agMedinaElizalde et al. (2002showeddifferences of lead contenin the skeleton of

Orbicella annularis (formerly namedMonstastraea annular)sfrom two distinct areas,
Cancin and Majahuallocated about 300 km from each oth&he Candin area showea

more importantead pollution due tostrapid human development.
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598 4.4 Comparison with other lead records in the Mediterranean

599 In the western Mediterraneaegion, data acquisition of sgater and atmspherePb conterg

600 started in the early 1980s and showed a decrease of Pb atmospheric concentration at the end

601 of the 1980s, delayed with respect tmfth America{Annibaldi et al. (ZOOF Migon et al.

602 [(2009 and reference thereinT.his delaycan be attributed to differere@ the timing of

603 implementatiorof lead gasoline regulations between Europe and the USA.

604

605 Figure 9: Pb concentration profiles obtained in Medes 2002 and 2014 (black dots) compared
606 with other records (green dots and triangles: two scleractinian corals from the Atlantic

607 Ocean(Kelly et al., 2009 red triangles: massive coral from the Caribbean f2asenfant e
608 [al., 2009; blue squares: sediment core from the Northwestern Mediterranea
609 [(Poulichet et al., 201)1 The color of the ¥xis match the different datasets.

610

611 Although the measurement of Pb concentration in seawater and atmosphere is an effective
612 method to evaluate inputs of anthropogenic Pb, temporal records of Pb concentration are
613 limited. The curent status of specific regional pollutions by metallic contaminants in the

614 Mediterranean basihas beerthe subject of studies using sea plants, mussels, seawater or

615 sediments (e.g{Gosselin et al., 200pMikac et al., 2018Serrano et al., 20]{Tranchina e

616 |al., 2003. Mussels and sea planare indicators ofpresentday local pollution in the

617 Mediterranean basi{Casas et al., 20 1@osselin et al., 20Q6However, such organisms do
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618 not record lead vaamtion over long period®f time, even if acorrelation between lead

619 concentrations in a sea plgiftosidonia oceanicaand estimated lead emissions in the same

620 areais observedTranchina et al., 20Q5Somestudies provide lead profiles Mediterranean

621 sediment coregElbazPoulichet et al., 2011Miralles et al., ZOOF The Pb concentration

622 determined byElbazPoulichet et al. (20]Ilare plottedin Figure 9 Corals and sediments

623 display similar trend$ut thesedimentpeak is wider. This difference can be expéal by
624 possible disturbances associated wi#dmobilization and bioturbation processéfius,
625 sediment coreprovideinformationon lead contergcovering several centuries. Nevertheless,
626 their temporal resolutiois notas good as the annual resolution obtained with corals.

627 4.5Lead contentm seawater

628 Data compiled byAnnibaldi et al. (200p give indications of relative lead contents in the

629 Pacific, Atlantic and Mediterraneamead contentsre lowerin Pacific and Atlanticeavaters

630 than in the Mediterraneg.05:0.03, 0.07+£0.06, and 0.19+0.4dnol/L, respectivelymeans

631 of values tabulated JAnnibaldi et al. (200p £Table 5. A decreasef lead content in surface

632 seawates in the western North Atlantic Ocean starting in the 14880s has been observed

633 andcorrelatel to the leaded gasoline phase out in the W8A and Boyle, 199/ Figure 10

634 shows Pb concentratiomns Mediterranean and Atlantic seawatgfelly et al., 200¢Nicolas

635 |et al., 1994, together with leadontents in aragonitic coraBiploria labyrinthiformisandD.

636 strigosafrom|Kelly et al. (ZOOT, and calciticC. rubrumfrom the present studyJsing Pb

637 concentrations imragoniticcorals and seawatelrlselly et al. (ZOOT determinedan empirical

638 Pb partitioncoefficient between aragite and seawatedefined askKd = [Pb/Ca]aragonite /
639 [Pb/Cdseawater ranging from 2.8 to 3.6 hese values allowed the authorsrifer seawater Pb

640 concentrations before 197® the case oCorallium species, aew partition coefficient can

641 be proposedAs commonly assumed in this typeaaiculation{Kelly et al.,2009|Rosenhein

642 |et al., ZOOT a constant concentration of calcium in seawd{€a]seawatet Of 10.3 mmol/kg
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643 from |Bruland (1983 can be usedOn another hanglNicolas et al. (1994 determinedPb

644 concentrationain the NorthwesteriMediterranean seawate$b]seawatet fOr the period1983

645 to 1992rangingfrom 284to 17 pmol/kg forthe surface layer (1200 m).

646

647 Figure 10. Comparison between Pb concentrations in recent red coral skeletons (this study)
648 and Pb concentrations of Mediterranean seawater (blue sfhlisplas et al., 1994 and Pb

649 concentrations in two scleractinian corals and in Atlantic seawgfelly et al., 2009. Pb

650 concentrations in corals are on the leftaXes and Pb concentrations in waters are on the
651 right Y-axes

652

653  Using [Pb]carcite and [Ca]cacite Of 0.48 and 35000 ug/g, respectivelWielzeuf et al., 201B

654 the calculatedpartition coefficientvaries from10 to 16. To avoid the uncertainty associated

655 with a calcium content in seawater that depends on salinity, a simpler ratio can be used
656 insteadto calculate the lead partitionind® = [PDb] caicitd [PD] seawater(CONCENtrations expressed

657 in pmol/kg). Considering lead contents @. rubrumof 0.63 pg/g in 1983, and 0.45 ug/g in

658 1992 (Fig. 8), D1ggz and D1ggz equal 10706 and 12340, respectivelyA meanD of ~11,500

659 will be considered as our best estim&@iencerningthe Corallium species from the Atlantic

660 (Azores Islands), using the lead contentAittantic seawaters given hitelly et al. (ZOOT

661 (Fig. 10 and lead concentrations of 0.11 pg/g determined ald$yandD areequalto 12.5

662 and 10617, respectively in agreement with partition coefficientdetermined in the
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663 Mediterranean.These partition coefficientsallow us to calculae an approximate Pb

664 concentration of 400 pmol/kg in the seawater of the northwestern Mediterranean during the
665 mid-1970s. The highest valuesould havereachedaround550 pmol/kgat the maximum of

666 the pollution crisisTable5 (in supplementary material$ts some lead contents in present

667 day C. rubrumskeletons, collected in various plada the Western Mediterraneaand in

668 rings that formed after the year 2000his table shows that lead concentrations stilly var

669 depending on locatiom the MediterraneanThe lowest value at 0.1jig/g, close to pre

670 industrial contents, comes from the Montecristo Islamdtalian Natural Reserve since 1971,

671 andone of the least accessible and most protected areas in the Meditesaafﬁmricchia

672 |et al., 20111 At the opposite, the highest values (AlgheSardinia Marseille area) come

673 from places where lead washistorically extracted or processed\evertheless,values
674 comprised beveen ~50 and ~200 pmol/kgmain below the standard vasedopted in Italy

675 to guarantee (1) human heatthier short period of time,or (2) thedeferse of the agatic

676 eamsystem on long term&20 and 290 pmol/Lrespectively-|Annibaldi et al. (201r1]. The

677 estimated values of presetdy seawater lead conterfisable 5 £supplementary materials)

678 arein good agreement with data frothe central Adriatic Sea in 2004 of 130 pmol/L

679 (Annibaldi et al., ZOOF and data from the outer Saronikos Gulf, Greexfel28 pmol/L

680 (media value between 2000 and 20)@araskevopoulou etl., 2014. Nevertheless, some

681 specific areas in the Mediterranean Sea still have high Pb concentrations, tweliasona

682 coastof the Central Adriatic Sea $60 pmol/L, (Annibaldi et al., 201F, or the inner

683 Saronikos Gulf2600 pmol/L, (Paraskevopoulou et al., 2014

684 5. Conclusion

685 Various environmental, structural and chemifeaitorsmakethe red coral and othesalcitic
686 Corallium species good recorders of lead pollution in khediterranean and other oceans.

687 Corallium skeletons grow slowlyproducingrecords over long periods of time in a single
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colony. The anntal characterof growth ring is wellestablishedand rings can beasily
identified by nondestructive methods (SEMallowing the precisgositioning (space and
age) ofin situ chemical analyss, and possibly, multiple anabs of asingle ring C. rubrum
grows at different depths (from the surfacegreat depths ~Q00 m) allowing the study of

large domainsin the sea Precious corals have been used in jewslince the Neolithic

Skeates, 1993and ancient corals can be recovered, dated and analyzed in jewels and

sediments of different agelsead concentrations are high enough to be determinea $iju

high precisionnon-destructive methods (LACPMS). Contrary to sedimentsrace core, a
partition coefficient of lead betwednogenic calciteand seawater can be determined, which
allows the seawater lead content during the skeleton grtwihe estimatedCorallium
skeletons can record both local and global effects, and the comparison of skeletons from
places with different levels of pollution allenone to separatéocal effects from global

effects.The response of the skeletdnsemissions of lead in the enviroantis fast, probably

due to the fact thd&b has a residence time of about 2 yeacxeansurface watergiNozaki et

al., 19749.

The studiedsamples cover the entire cycle of tfieballead gasoline pollution event,
from the beginning of the impad@in the 195G) associated with thdramatic increasen the
number of cars in the world, to the application of new regulations starting in 1975, and a
return topre-1950 levels in 2000Twenty-five years of pollution were sufficient fgroduce
Pb levels in seawatdhat approackd values known tendanger human health within short
periods of timeand certainlyendangeringhe aquatic ecosystenver longer periods of time.

A durationsimilar to that required to reach the pollution peas required to return to the
pre-lead gasolinealues Lead mining and processing sitstain lead pollution ofseawaters
overlonger periods of timeyhich emphasizethe need toemediatehe industrial sites after

the cessation of their activities.

32



713
714

715  Acknowledgemers

716 This work has been supported by the Agence Nationale pour la Recherche (AdNRhth

717 ANR CoRo 201}2015and ANR MOBIi 201&nd by the Institut Nationales Sciences de

718 O9Y8QLYHUCNRJ1IB@&Igh grant INTERRVIE 2013 to ARd INTERRVIE 2017 to DV

719 This study benefited from the generosity of numerous contributors who suppieshnaples.

720 We thank P. Raffimnd C. Marschal forC. rubrum colonies from various places in the

721 Mediterranean G. Rajolaand Professor Aldo Cinquauppliedrare samples to R.Bodnar.

722 Red coral samples from the Tyrrhenian Sea were collected thanks to projects financed by the
723 ,WDOLDQ OLQLVWHU R Tatdl®d2fTeRiolid:Q@&VMarel (Redie€ 2010, Studio

724 di popolazioni di Corallo rosso profondo) and by Ministero delle Politiche Agricole,
725 Alimentari e Forestali (Project 2012, Use of ROV in the management of Cleagbrum

726  populations).The fossil sanip briefly mentioned in the text was provided by H. Zibrowius.
727  Sampleof C. japonicum C. elatiusand C. konojoivere kindly provided b$. Tambutté from

728 Centre Scientifiqgue of Monaco, ar@. Tanaka from the Precious Coral Protection and
729 Development Association; we thank K. Saiki from Osaka University for initiating the fruitful
730 exchange with G. Tanaka. Rare specimerS.gbhnsoniand C. niobewere provided by. J.

731 de Mora Porteiro fromthe Department of Oceanography and Fisheries, University of the
732 Azores. Many observations were made on a FESEM financed by the European Fund for
733 Regional Development (EFRD). We thank F. Bedu for his assistance on this instrument.
734 Comments byhree anonymos reviewers are gratefully acknowledged. sTts contribution

735 ANR MOBin°1

736

737 References

738 Allemand, D., 1993. The Biology and Skeletogenesis of the Mediterranean Red Coral A Review.

739 Precious Corals & Octocoral Research(239.9

740  Allouc, J., Harmelin, J.G., 2001.-Mm deposits in shallow cryptic marine environment: examples in
741 northwestern Mediterranean submarine cavéulletin De La Societe Geologique De France,
742 172(6): 765778.

743  Annibaldi, A., llluminati, S., Truzzi, C., Scarg®n 2011SWASV speciation of Cd, Pb and Cu for the
744 determination of seawater contamination in the area of the Nicole shipwreck (Ancona coast,
745 Central Adriatic Sea). Mar Pollut Bull, 62(12): 23831.

746  Annibaldi, A., Truzzi, C., llluminati, S., Scar@®ni2009. Recent sudden decrease of lead in Adriatic
747 coastal seawater during the years 202004 in parallel with the phasing out of leaded
748 gasoline in Italy. Marine Chemistry, 113(8 238249.

749 Barakat, S.A., Aousan, S., Alrabeen, M.S., 2015. Us# scleractinian corals to indicate marine
750 pollution in the northern Gulf of Agaba, Jordan. Environmental Monitoring and Assessment,
751 187(2).

752 Boavida, J. et al., 2016. A Wi€bpt Treasure at Depth: Precious Red Coral Rediscovered in Atlantic
753 Deep Coral Gdens (SW Portugal) after 300 Years (vol 11, e0147228, 211&$. ONE, 11(2).
754  Boutron, C. et al., 2004. L'archivage des activités humaines par les neiges et glaces polaires : le cas du
755 plomb.Comptes Rendus Geoscience, 336(10):&6/7.

756 Brand, U., Veizer]., 1980. Chemical diagenesis of a multicomponent carbonate system .1: Trace
757 Elements. Journal of Sedimentary Petrology, 50(4): 412135.

758 Bruland, K.W., 1983. Trace elements in-g&der. In: Riley J.P., C.R. (Ed.), Chemical oceanography.
759 Academic Pres$Jew-York, pp. 1572220.

33



760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
777
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792
793
794
795
796
797
798
799
800
801
802
803
804
805
806
807
808
809
810

Casas, S., Gonzalez, J.L., Andral, B., Cossa, D., 2008. Relation between metal concentration in water
and metal content of marine musseldytilus galloprovincialis Impact of physiology.
Environmental Toxicology and Chemisgy(7): 15431552.

CattaneoVietti, R. et al., 2016. An overexploited Italian treasure: past and present distribution and
exploitation of the precious red cordlorallium rubrum(L., 1758) €nidaria: Anthozoa
Italian Journal of Zoology, 83(4): 44835.

Chave, K.E., 1954. Aspects of the biogeochemistry of magnesium 2. Calcareous sediments and rocks.
The Journal of Geology: 58B9.

Corella, J.P. et al., 2017. 700 years reconstruction of mercury and lead atmospheric deposition in the
Pyrenees (NE Spain). Aispheric Environment, 155: 9107.

Costantini, F. et al., 2010. Dewater Corallium rubrum(L., 1758) from the Mediterranean Sea:
preliminary genetic characterisation. Marine EcolagyEvolutionary Perspective, 31(2): 261
269.

Crerar, D.A., Barnes, H.11974. Deposition of deepea manganese nodules. Geochimica et
Cosmochimica Acta, 38: 2200.

Daumalin, X., Raveux, O., 2016. The Calanques: a dumping ground fpolhigbn industries. In:
Daumalin, X., Lafforfichwob, I. (Eds.), Pollution of Marsedl industrila Calanques. The
impact of the past on the preserREF.2C Editions, pp.-22.

Desenfant, F., Veron, A.J., Camoin, G.F., Nyberg, J.,R&€nstruction of pollutant lead invasion
into the tropical North Atlantic during the twentieth centur@oral Reefs, 25(3): 4-484.

ElbazPoulichet, F., Dezileau, L., Freydier, R., Cossa, D., Sabatier, PA 36008year record of Hg
and Pb contamination in a Mediterranean sedimentary archive (the Pierre Blanche Lagoon,
France). Environ Sci Technol(2H: 86427.

Epstein, S., Lowenstam, H.A., 1953. Temperaghsdlgrowth relations of recent interglacial
Pleistocene shoakater biota from Bermuda. Journal of Geology, 61:-428.

Esslemont, G., 2000. Heavy metals in seawater, marine sedimentsoaald from the Townsville
section, Great Barrier Reef Marine Park, Queensland. Marine Chemistry)72(5231.

Ferrand, J.L., Hamelin, B., Monaco, A., 1999. Isotopic tracing of anthropogenic Pb inventories and
sedimentary fluxes in the Gulf of LioidW Mediterranean sea). Continental Shelf Research,
19(1): 2347.

Gagnon, J.E., Fryer, B.J., Samson, |.M., Willames, A.E., 2008. Quantitative analysis of silicate
certified reference materials by HEPMS with and without an internal standard. Joufal
Analytical Atomic Spectrometry, 23(11): 1529.

Garrabou, J., Harmelin, J.G., 2002. Ay@ar study on lifehistory traits of a harvested loAiyed
temperate coral in the NW Mediterranean: insights into conservation and management
needs. Journal of Aniah Ecology, 71(6): 968/8.

Gillikin, D.P. et al., 2005. Inteand intraannual variations of Pb/Ca ratios in clam shéliercenaria
mercenarid: a record of anthropogenic lead pollution? Mar Pollut Bull, 50(12): 4830

Glasby, G.P., Schulz, H.D., 19881, pH diagrams for Mn, Fe, Co, Ni, Cu and As under seawater
conditions: Application of two new types ofHg pH diagrams to the study of specific
problems in marine geochemistry. Aquatic Geochemistry, 5(3):2287

Gosselin, M. et al.,, 2006. Trace mletconcentrations inPosidonia oceanicaf North Corsica
(northwestern Mediterranean Sea): use as a biological monitor? BMC Ecolbgy: 1

Hanna, R.G., Muir, G.L., 1990. & Corals as Biomonitors of Tradetal Pollution. Environmental
Monitoring and Asessment, 14(3): 211222.

Hasegawa, H., lwasaki, N., Suzuki, A., Maki, T., Hayakawa, S., 2010. Distributions of Trace Elements in
Biogenic Carbonate Minerals of Precious Corals Hogty XFluorescence Analysis. Bunseki
Kagaku, 59(6): 52330.

Hong, S.M.,Candelone, J.P., Patterson, C.C., Boutron, C.F., 1994. Greenland Ice Evidence of
Hemispheric Lead Pollution-Millennia Ago by Greek and Roman Civilizations. Science,
265(5180): 1841843.

34



811
812
813
814
815
816
817
818
819
820
821
822
823
824
825
826
827
828
829
830
831
832
833
834
835
836
837
838
839
840
841
842
843
844
845
846
847
848
849
850
851
852
853
854
855
856
857
858
859
860
861
862

Inoue, M. et al., 2006. Distribution and temporal changes of leathé surface seawater in the
western Pacific and adjacent seas derived from coral skeleEmsron Pollut, 144(3): 1045
52.

Kaufman, A., Ghaleb, B., Wehmiller, J.F., HillaireMarcel, C.,d&886um concentration and isotope
ratio profiles within Mercenaria shells: Geochronological implications. Geochimica et
Cosmochimica Acta, 60(19): 373%46.

Kelly, A.E., Reuer, M.K., Goodkin, N.F., Boyle, E.A., 2009. Lead concentrations and isotopes in corals
and water near Bermuda, 1782000. Earth and Planetargi€nce Letters, 283(4): 93100.

Knittweis, L. et al., 2016. New depth record of the precious red cooséllium rubrumfor the
Mediterranean.

LacazeDuthiers, H., 1864. Histoire naturelle du corail J. B. Bailiere et Fils, Patris.

LaffontSchwob, I. et al 2016. Diffuse and widespread preseday pollution. In: Daumalin, X.,
LaffontSchwob, I. (Eds.), Pollution of Marseille's industrial Calanques. The impact of the past
on the present., pp. 20249.

Lazareth, C.E. et al., 20@Xxlerosponges as a hew potil recorder of environmental changes: Lead
in Ceratoporella nicholsonGeology, 28(6): 51518.

Lee, J.M. et al., 2014. Cotadsed history of lead and lead isotopes of the surface Indian Ocean since
the mid-20th century. Earth and Planetary Sciehetters, 398: 3#47.

Marschal, C., Garrabou, J., Harmelin, J.G., Pichon, M., 2004. A new method for measuring growth and
age in the precious red cor@lorallium rubrun{L.).Coral Reefs, 23(3): 42432.

MartinezCortizas, A., Pontevediombal, X., Novoa Whoz, J.C., GareRodeja, E., 1997-our
thousand years of atmospheric Pb, Cd and Zn deposition recorded by the ombrotrophic peat
bog of Penido Vello (Northwestern Spain). Water Air Soil Pollution, 1004887

Martinez Cortizas, A., Lopéferino, L., Bidler, R., Mighall, T., Kylander, M.E., 2016. Early
atmospheric metal pollution provides evidence for Chalcolithic/Bronze Age mining and
metallurgy in Southwestern Europe. Sci Total Environ;545 398406.

McConchie, D., Harriott, V.J., 1992. The pariing of metals between tissues and skeletal parts of
corals: application in pollution monitoring., 7th International Coral Reef Symposium.
University of Guam Marine Laboratory, Guam, Mangilao, ppl.(37

McConnell, J.R., Lamorey, G.W., Hutterli, M2B02. A 256/ear highresolution record of Pb flux and
crustal enrichment in central Greenland. Geophysical Research Letters, 29(23)54b

MedinaElizalde, M., Gol8ouchot, G., Cej®loreno, V., 2002. Lead contamination in the Mexican
Caribbean recated by the coraMontastraea annularigEllis and Solander). Mar Pollut Bull,
44(5): 421423.

Migon, C., Robin, T., Dufour, A., Gentili, B., 2008. Decrease of lead concentrations in the Western
Mediterranean atmosphere during the last 20 years. Atmospheneironment, 42(4): 815
821.

Mikac, N., Branicaa, M., Harrisonb, R.M., 2015. Total and organic lead distribution in water, sediment
and organisms from the Eastern Adriatic coast. Chemical Speciation & Bioavailability, 13(4):
121-128.

Miralles, J. et al.2006. Atmospheric lead fallout over the last century recorded in Gulf of Lions
sediments (Mediterranean Sea). Mar Pollut Bull, 52(11): 17364

Murozumi, M., Chow, T.J., Patterson, C.C., 1969. Chemical concentrations of pollutant lead aerosols,
terrestrial dusts and sea salts in Greenland and Antarctic snow strata. Geochimica et
Cosmochimica Acta, 33: 124294,

Mutchler, S.R., Fedele, L., Bodnar, R.J., 2008. Analysis Management System (AMS) for reduction of
laser ablation ICPMS data. In: Sylvester, P),(EasetAblationrlCPMS in the Earth Sciences:
Current Practices and Outstanding Issues. Mineralogical Association of Canada Short Course
Series. Mineralogical Association of Canada, Quebec, pf823/L8

Nicolas, E., Ruizpino, D., Buatmenard, P., BethbRx, 1994. Abrupt Decrease of Lead Concentration
in the MediterranearSea- a Response to Antipollution Policy. Geophysical Research Letters,
21(19): 2112122.

35



863
864
865
866
867
868
869
870
871
872
873
874
875
876
877
878
879
880
881
882
883
884
885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902
903
904
905
906
907
908
909
910
911
912
913
914

Nozaki, Y., Thomson, J., Turekian, K.K., 1976. Distributi&fiPbf and**°Po in surface wats of
Pacific Ocean. Earth and Planetary Science Letters, 32(231204

Nriagu, J.O., 1990. The rise and fall of leaded gasoline. Science of The Total Environme2892: 13

Nriagu, J.O., 1998. Tales told in lead (vol 281, pg 1622, 1998). SciencB88RZE51.

Pacyna, E.G. et al., 2007. Current and future emissions of selected heavy metals to the atmosphere
from anthropogenic sources in Europe. Atmospheric Environment, 41(38):355.

Pacyna, J.M., Pacyna, P.E., 2000. Atmospheric emissions luopogenic lead in Europe:
improvements, updates, historical data and projections, Hagan, Norway.

Paraskevopoulou, V. et al.,, 2014. Trace metal variability, background levels and pollution status
assessment in line with the water framework and Marine ®ggtFramework EU Directives
in the waters of a heavily impacted Mediterranean Gulf. Mar Pollut Bull -8)/(323337.

Patterson, C.C., 1965. Contaminated and Natural Lead Environments of Aahives of
Environmental Health: An International Journal,3)1344360.

Perrin, J., 2014. Structure et squelettogenése chez le géorallium AixMarseille Université, 175
pp.

Perrin, J. et al., 2015. Blebk-block and layeby-layer growth modes in coral skeletons. American
Mineralogist, 100(4): 68695.

Rajoh, G., 2012. The Sciacca mystery. Edizioni Scientifiche e Artistiche, 258 pp.

Rosenheim, B.E., Swart, P.K., Thorrold, S.R., 2005. Minor and trace elements in sclerosponge
Ceratoporella nicholsoni Biogenic aragonite near the inorganic endmember?
Palaeogeography Palaeoclimatology Palaeoecology, Z28(109129.

Serrano, O. et al., 2011. The Posidonia oceanica marine sedimentary record: A Holocene archive of
heavy metal pollution. Science of The Total Environment, 409(22)-4&81

Settle, D.M.Patterson, C.C., 1980. Lead in Albacd®aiide to Lead Pollution in Americans. Science,
207(4436): 1164176.

Shannon, R.D., 1976. Revised Effective {8aitii and Systematic Studies of Interatomic Distances in
Halides and Chalcogenides. Acta Crystedioigica Section A, 32(Sepl): 7E37.

Shen, G.T., Boyle, E.A., 1987. Lead in cemksconstruction of historical industrial fluxes to the
surface ocean. Earth and Planetary Science Letters;42gB9304.

Shen, G.T., Boyle, E.A., 1988. Determinatiobead, Cadmium and Other Tradetals in Annually
Banded Corals. Chemical Geology, &)(4762.

Shotyk, W., Le Roux, G., 2005. Biogeochemistry and cycling of lead. Biogeochemical Cycles of
Elements, 43: 239275.

Shotyk, W. et al., 1998. History of aispheric lead deposition since 12,37C yr BP from a peat
bog, Jura Mountains, Switzerland. Science, 281(5383):-1636.

Sinclair, D.J. et al., 2011. Reproducibility of trace element profiles in a specimen of thevateep
bamboo coraKeratoisis spGeochimica et Cosmochimica Acta, 75(18): 531041.

Skeates, R., 1993. Mediterranean coral: its use and exchange in and around the alpine region during
the later Neolithic and copper age. Oxford Journal of Archaeology, 12281

Swart, P.K., 2015. Theeachemistry of carbonate diagenesis: The past, present and future.
Sedimentology, 62(5): 123B304.

Thomson, J. et al., 1986. The Behavior of Manganese in Atlantic Carbonate SedBrentsmica et
Cosmochimica Acta, 50(8): 180818.

Tranchina, L., Micche, S., Bartolotta, A., Brai, M., Mantegna, R.N., 28@sidonia oceanicas a
historical monitor device of lead concentration in marine environment. Environ Sci Technol,
39(9): 300e3012.

Turicchia, E., Abbiati, M., Sweet, M., Ponti, M., 2018. Mass atitgrthits gorgonian forests at
Montecristo Island. Diseases of Aquatic Organisms, 131(885.79

Ulimann, C.V., Korte, C., 2015. Diagenetic alteration inMgwcalcite from macrofossils: a review.
Geological Quarterly, 59(1):20.

Van Achterbergh, E.yBn, C.G., Jackson, S.E., Griffin, W.L., 2001,, 2001. Data reduction software for
LAICRMS. In: Sylvester, P.J. (Ed.), Laser Ablati@PMass Spectrometry in the Earth

36



915
916
917
918
919
920
921
922
923
924
925
926
927
928
929
930
931
932
933
934
935

936

937

Sciences: Principles and Applications. Mineralogical Association of Canada Shed Cour
Series, Ottawa, Ontario, Canada, pp.-233.

Vielzeuf, D. et al., 2010. Multilevel modular mesocrystalline organization in red coral. American
Mineralogist, 95(23): 242248.

Vielzeuf, D. et al.,, 2018. Growth Kinetics and Distribution of Trace Elenmetsecious Corals.
Frontiers in Earth Science, 6.

Vielzeuf, D., Garrabou, J., Baronnet, A., Grauby, O., Marschal, C., 2008. Nano to macroscale
biomineral architecture of red coraCprallium rubrun American Mineralogist, 93(1112):
17991815.

Vielzeuf,D. et al., 2013. Distribution of sulphur and magnesium in the red coral. Chemical Geology,
355: 1327.

von Storch, H. et al., 2003. Four decades of gasoline lead emissions and control policies in Europe: a
retrospective assessment. Science of The Totar@mment, 311(13): 15:176.

Weinbauer, M.G., Brandstatter, F., Velimirov, B., 2000. On the potential use of magnesium and
strontium concentrations as ecological indicators in the calcite skeleton of the red coral
(Corallium rubrum Marine Biology, 13801-809.

Wertime, T.A., 1973. The beginning of Metallurgy: a new look. Science, 1828875

Wu, J.F., Boyle, E.A., 1997. Lead in the western North Atlantic Ocean: Completed response to leaded
gasoline phaseout. Geochimica et Cosmochimica Acta, 6 BAB)3283.

Zibrowius, H., Monteiro Marques, V., Grasshoff, M., 1984. La répartitic@aodallium rubrundans
[(Atlantique Cnidaria: Anthozoa: Gorgonarig. Théthys, 1(2): 16370.

37



