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ABSTRACT

*Ra, *Ra and Ba distributions as well 8Raf**Ra and**Ra/Ba ratios were
measured in seawater, suspended and sinking partatl the DYFAMED station in the
Western Mediterranean Sea at different seasongaf 3003 in order to track the build-up
and fate of barite through time. The study of ffRa./**Rax ratios (Ra, = Ra activities
corrected for the lithogenic Ra) of suspended gasi suggests that Ba(Bax = Ba
concentrations corrected for the lithogenic Ba, thydsarite) formation takes place not only
in the upper 500 m of the water column but alsopdedie., throughout the mesopelagic
layer). Temporal changes in tfféRa./**Ra., ratios of sinking particles collected at 1000 m
depth likely reflect changes in the relative pragor of barite originating from the upper
water column (with a high*®Ra**Ra ratio) and formed in the mesopelagic layer (\&itow
*’Raf*Ra ratio).**Ra./**Rax ratios measured in sinking particles collectethim 1000-m
trap in April and May suggest that barite predomthaformed in the upper water column

during that period, while barite found outside gigtoplankton bloom period (February and

June) appears to form deeper in the water colunembihing ratios of both the suspended



and sinking particles provides information on agagten/ disaggregation processes. High
?2°Ra./Bacx ratios were also found in suspended particleectat in the upper 500 m of the
water column. Because celestite is expected tonbehed in Ra (Bernstein et al., 1998),
acantharian skeletons may contribute to these ftaitibs in shallow waters. The formation of
both acantharian skeletons and barite enriché®fa may thus contribute to the decrease in
the dissolved®Ra activity and*Ra/Ba ratios of surface waters observed betweeruggb

and June 2003 at the DYFAMED station.
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1. INTRODUCTION

Barite (BaSQ@) accumulated in deep-sea sediments have been ywigsdd for
paleoceanographic studies. Because barite forntherwater column, seawater elemental
distribution patterns can be recorded by authigbartte. For instance, sedimentary barite has
been used to reconstruct the paleocomposition afvater, including strontiun®Srf°sr),
oxygen t80/*°0) and sulfur {'S/%S) isotopic compositions (Cecile et al., 1983; Bayt al.,
1993; Martin et al., 1995; Paytan et al., 1998)e#ipts to reconstruct the past Nd isotopic
composition of seawate*fNd/*Nd) have also been made (Martin et al., 1995; Payta
1996). Radium, a chemical analogue of barium,de alcorporated in barite and the decay of
??’Ra (Ty= 1602 y) in sedimentary barite has been usedtima&® sedimentation rates and
date Holocene sediment cores (Paytan et al., 1926aBeek and Reyss, 2001; van Beek et
al., 2002; van Beek et al., 2004). In the wateunwl, particulate Ba was shown to be mostly
associated with barite (Dehairs et al., 1980, 19991; Sternberg et al., 2008). Dymond et al.

(1992) proposed that excess Ba concentrationg)(Babrresponding to the total particulate



barium concentrations corrected for the lithogee fraction, could be related solely to
barite abundance. Several studies conducted eithéghe water column or in marine
sediments have since used.Bas a proxy of barite distribution (e.g. Shimmietdal., 1994;
Gingele and Dahmke, 1994; Sternberg et al., 20@8¢ukt et al., 2008) and empirical
relationships have been established betwegpda particulate organic carbon (POC) fluxes
(Dymond et al., 1992; Francois et al., 1995). Thesktionships have been used to
reconstruct modern and past oceanic productivigeteon the barite fluxes trapped in the
water column or accumulated in the sediment, résmdyg (Dymond et al., 1992; Gingele and
Dahmke, 1994; Shimmield et al., 1994; Francoisl.etl@95; Paytan et al., 1996b; Nurnberg
et al., 1997; Dehairs et al., 2000; Fagel et @022 Fagel et al., 2004; Sternberg et al., 2007).
Finally, the relationship between barite formati@md the bacterial degradation of organic
matter allowed several authors to use.B& a tool to estimate carbon remineralizationsrate
(Dehairs et al., 1997; Cardinal et al., 2005; Jatetial., 2008).

Despite the wide field of applications for barioghemistry, the mechanism of barite
formation is still poorly understood. Since the ldt& oceans were found to be mostly
undersaturated with respect to barite (Church amtgemnuth, 1972; see also Monnin et al.,
1999; Rushdi et al., 2001; Monnin and Cividini, BRpOit was proposed that barite
precipitation takes place in the upper water colwathin supersaturated microenvironments
(Chow and Goldberg, 1960). Such microenvironmeatgdccresult from the decay of organic
matter exported from the euphotic layer (Dehairal ¢t1980; Bishop, 1988; Stroobants et al.,
1991; Dehairs et al., 1990; Dehairs et al., 1994hdirs et al., 1992; Ganeshram et al., 2003).
The dissolution of acantharian celestite (SfS€keletons, enriched in barium, may also
contribute to barite formation (Bernstein et a@87, 1992, 1998; Bernstein and Byrne, 2004).

Based on observations made during the EIFEX exgatirconducted in the Southern Ocean,



Jacquet et al.(2007) concluded that the dissolutioacantharian specimen could contribute
to barite precipitation, but to no more than 20t%hair investigated site.

Studies conducted in the present-day ocean showthbarelationship between Ba
and POC fluxes is subject to large spatial vanetiDymond et al., 1992; Francois et al.,
1995; Sternberg et al., 2007). In particular, PCig/Batios may not be the same in margin
and open-ocean sites (Francois et al., 1995; Sandidal et al., 2005; Sternberg et al.,
2007). Among the processes that could affect th€/B&y relationship, one can invoke i)
lateral advection that may not impact.Band POC distribution similarly; ii) differences in
the mechanisms of barite formation between margid apen-ocean systems, including
differences in the settling speeds of organic aggpes, the amount of bio-available organic
matter, phytoplankton species that may favour &aptecipitation etc... ; and iii) the
saturation state of the ocean with respect to dafiherefore, a better understanding of the
factors controlling barite formation and transgarthe water column as well as the observed
spatial variation in the POC vs gdlux relationship is required before barite canused
with confidence as a quantitative productivity prox

Because Ra is a chemical analogue of Ba, Ra isetfffRa, T,=1602 y ;**Ra,
T1,=5.75 y) are also incorporated in Ba-rich partiteilghases that form in the water column
(i.e. predominantly barite and potentially acantmaskeletons enriched in Ba). Thus, radium
isotopes have been shown to be powerful tracergtestigate the dynamics of barite
formation and transport in the water column (Moared Dymond, 1991 ; Legeleux and
Reyss, 1996 ; van Beek et al., 2007). For instahtm®re and Dymond (1991) showed that
the ?*Ra/Ba ratio in particulate matter could characeermvection of barite transported
laterally from continental margins or resuspendedhfthe seafloor by deep-sea currents. On
the other hand, comparison of tff8Ra’*Ra ratio of suspended and sinking particles with

seawater ratios provides useful information on dlepth of barite formation in the water



column (Legeleux and Reyss, 1996) as well as onegggion/ disaggregation processes that
take place in the water column (van Beek et al0;720This information can be used to better
constrain the key parameters that potentially @brtbarite formation and transport in the
water column (van Beek et al., 2007).

In the framework of the BARMED program (BARium irmet MEDiterranean;
PROOF/ INSU), we measurédRa, **Ra and Ba distributions as well ¥Ra/**Ra and
?2’Ra/Ba ratios in seawater, suspended particles amdng particles collected at the
DYFAMED station (DYnamics of Atmospheric Fluxes tihe MEDiterranean Sea), in the
Western Mediterranean Sea. The DYFAMED station wsited five times during year 2003
(from February to June). The main objective of 8tigdy was to track the build-up and fate of
barite in relationship with the development andageaf the spring phytoplankton bloom. The
determination of"?Ra/*®Ra and?*Ra/Ba ratios in both suspended and sinking pasticle
collected at the same time allows us to providerimftion i) on the depth of barite formation
in the water column, ii) on the transport of bamtehe water column (settling to the bottom ;
lateral transport ; aggregation-disaggregation ¢sses) and iii) potentially, on the
mechanisms of barite formation. This information, turn, should be helpful to better
understand the barite proxy. Additionally, very fetudies have reported analyses of Ra in
particulate phases. Time-series vertical profilebath dissolved and particulate Ra activities
at a given location have never been performed. €fber, the second objective of this study
was to provide information on the oceanic Ra cyaen the analysis of Ra isotopes in both

dissolved and particulate phases.

2. MATERIAL and METHODS

2.1 TheDYFAMED station



The DYFAMED sediment trap time-series mooring wagiated in 1988 and is
located in the north-western Mediterranean Sea2@R° - 7°52'E) approximately 45 km
south of Cape Ferrat, France, in 2,350 m of wakeg.(1). The DYFAMED station is
generally considered to be an open-ocean statiart{Met al., 2002); it is believed to be
isolated from direct coastal inputs from riversthg Liguro-provencal current but receives
significant atmospheric input from the Saharan bigdéorth Africa) and from industrialized
countries around the Mediterranean Sea. Occasiotnasions of waters originating from the
Northern Current have been observed at the DYFAMEdDon (Taupier-Lepage and Millot,
1986; Millot, 1999). Roy-Barman et al.(2002) redgrghowed that the DYFAMED station
may receive significant inputs from the shelveseri@terg et al.(2007) further reported
POC/Bay ratios in particles characteristic of a margire.sidence, whether this station is a
true open-ocean station is matter of debate.

The first study that compared the isotopic Ra digreaof seawater, suspended and
sinking particles was based on a single verticafiler of Ra associated with suspended
particles (Sargasso Sea; van Beek et al., 200&helriramework of the BARMED program
(PROOF/ INSU), seawater samples and suspendecclpartivere collected at the same
location during five repeated visits between Fetyuand June 2003 (Table 1). Sinking
particles collected during the same period in thenework of the DYFAMED sediment trap
time-series were also analyzed. Repeated visgsefibre, allows us to investigate the build-

up and fate of barite in relationship with the gpfankton bloom development.

2.2 Sample Collection
Seawater samples were collected using a CTD rosqtigoped with 12-liter Niskin
bottles. Thirty ml of seawater were collected f@sdlved Ba measurements and between 20

and 50 litres of seawater for dissolved Ra deteatron. Note that samples for Ba and Ra



determination were not collected within the sameDCdasts. Hydrological parameters,
however, show that the water column remained stadéti&@een two successive casts. Back in
the laboratory, Ra isotopes were isolated by cacipitation with a Ba carrier (BaGO
dissolved in HCI), following Schmidt and Reyss (6R9The BaS@precipitate was recovered
by decantation/ centrifugation, rinsed with 8N H&id dried prior to analysis by gamma
counting. The efficiency of Ra extraction by BaJfecipitation was obtained by calculating
the weight ratio of recovered Bas@ introduced BaC&(Schmidt and Reyss, 1996). The
mean efficiency of the extraction protocol was 88 %. Ba(Ra)SQprecipitates were then
transferred to counting vials. Seawater sample®Réboand Ba analyses were collected during
all BARMED cruises, except during BARMED #3 wherorsty conditions precluded
sampling large volumes of seawater for dissolve@faysis.

Suspended patrticles were collected with McLane (WMIi&_.ane Labs, Falmouth Ma,
USA) and Challenger Oceanic (Surrey, United Kingliéange-volumein situ pumps using
0.8-um Versapor filters (acrylic copolymer on aawnylsubstrate; Pall Corporation) with
diameters of 142 mm and 293 mm, respectively. Swdgak particles were also collected by
filtering small volumes of seawater collected, gsiiliskin bottles, through 0.45-pym
polycarbonate filters. Usingn situ pumps, suspended particles were collected with a
relatively good vertical resolution during BARMELR #March) and #4 (May), with 7 and 10
samples collected, respectively, over the watauraal Stormy conditions did not allow us to
deployin situ pumps during BARMED #1 (February). Only two deptimild be sampled
during BARMED #3 (April), again, because of bad thea conditions.

Sinking particles were collected in the framewofkttte DYFAMED sediment trap
time-series using Technicap PPS 5 sediment trapsedat 200 and 1000 m. Analyses were

conducted on dried material collected during peri@$sociated with BARMED cruises



(integrated sampling period of 14 days). Sedimeyg samples were analyzed from both the

200 m and 1000 m depth traps.

2.3 Analytical Methods
2.3.1 Seawater samples

Seawater was analyzed for barium by isotope diutising a***Ba spike at the
Inductively Coupled Plasma Mass Spectrometry (ICP-Macility of Observatoire Midi
Pyrénées, Toulouse, France (Elan 6000 Perkin Elntéere we report dissolved Ba
concentrations only at depths where Ra measuremesis performed. More detailed Ba
profiles can be found in Sternberg (2005).

Radium isotopes incorporated in the BaSg@recipitates were measured at the
underground laboratory of Modane (Laboratoire Swaie de Modane, French Alps). High-
efficiency, low-background, well-type germaniumetgors (215 crh) 430 cni and 980 crf)
were used (Reyss et al., 1995). These detectoshaleled from cosmic radiation by 1700 m
of rock overburden; a very low background is thakieved, allowing the measurement of
very low activities.?*Ra activities were determined using &b (295 keV and 352 keV)
and?“Bi (609 keV) peaks®**Ra activities were determined using the 338 ke\4, 4V and
969 keV peaks of?®Ac. Uncertainties reported f6f°Ra and®®®Ra activities are errors due to

counting statistics (one standard deviation).

2.3.2 Particulate samples

In this study, we propose to compare tffRaf*Ra and***Ra/Ba ratios incorporated
in barite (BaSG@), precipitated in the water column, to the seawed&os. Considering the
small amount of barite within the suspended andirsin particles, it is not possible to

separate barite from the other particles collectgdgin situ pumps or sediment traps, as it



was done with deep-sea sediment samples (Paytah, €1996a; van Beek et al., 2001).

Consequently, particulate ratios reported herebased on bulk analyses. Total Ba and Ra
concentration analyses were performed on the sdspemand sinking particles. These

concentrations were then corrected for the lithagda and Ra contribution in order to

determine excess Ba concentrations (denoteg Bad excess Ra activities (denotéRa.,

and*®Ra,,) according to :

Baex = Baneasuredr (232ThmeasurecP( [Ba-/ZSZTh]upper crust (1)
226R3ex = 226Rameasured' (232Thmeasuredx [238U /232Th]upper crust (2)
228Raex = 228Rameasured' (232Thmeasure)i (3)

where Baeasured *> Raneasure@Nd “®Raneasuredefer to the total concentrations or activitiese W
used the value of 51.4 (ppm/ppm) for the f%%]h]uppe, crustratio, which is the mean ratio for
the upper crust reported by Taylor and McLennar8%19*Ra and**Ra activities were
corrected for the activities in secular equilibriwith lithogenic®*®U and?*Th, respectively.
The?*?Th activities are entirely lithogenic. The lithogeA*®U activities were estimated from
the 23?Th activities, using the upper continental cré®U/*?Th ratio of 0.8 (dpm/dpm ;
Taylor and McLennan, 1985; Anderson et al., 1990hereas oceanic particles may often
contain an authigenic U fraction, their formatienassumed to be too recent to generate a
significant?*°Ra ingrowth. Errors on the excess concentration® wbtained by propagating
the errors of each elemental concentration B%&a, ***Ra as well a$**Th). It should be
stressed, however, that errors associated withusieeof mean lithogenic ratios (Taylor and
McLennan, 1985) to calculate the lithogenic Ba &adfractions may introduce errors in the
calculated excess Ba and Ra concentrations.

Ra isotopes were first measured on intact filteid @n dried sediment trap samples by
gamma counting at the underground laboratory of Ahedas described in section 2.3.1.

Sediment trap material was dissolved following ltdigestion in a microwave oven using a



3:1 HNOyHF mixture. Particles on the Versapor filters wsrdsequently leached, in the
clean laboratory, using one of the two protocolscdeed below. Ba and?Th analyses were
then conducted on the leached phases using theMiE&Racility at Observatoire Midi
Pyrénées (Elan 6000 Perkin Elmer). The dissoluiosuspended particles was performed as
follows:

1) A single-step leaching procedure using the nekthioLanding and Lewis (1991)
aimed at dissolving the suspended particles wakeapio about a third of the samples (Tab.
2). Following this method, filters were first sutjed to a mixture of ultrapure 14N HN@nd
6N HCI and heated on a hot plate at 100 °C for @@utes. Second, ultrapure concentrated
HF was added to the samples, which were placedhwt plate for an additional 90 minutes.
The filters were then rinsed with 6N HCI and ren¥#®m the solution.

2) To obtain additional information on partitioningetween specific particulate
phases, a slightly modified version of the fivepsteeaching procedure proposed by
Ganeshram et al.(2003) was applied to the remaisemgples (Tab. 2). Following this
procedure, the filters were subjected to i) Milliv@ter; ii) dilute nitric acid (1.5N); iii) hot
1IN HCI (following Weast et al., 1966); iv) hot 7.5MNtric acid; and v) total acid digestion
following the protocol of Landing and Lewis (1990)hese sequential leaching steps were
designed to provide information on the Ba &ffdh contents associated with labile organic
matter (steps i and ii), barite (Baf(step iii), refractory organic matter (step iwmda
lithogenic particles (step v). For these latter gkes, the Ba leached in step iii was considered
to correspond to barite (denoted.B& Tab. 2). For samples treated using the five-ste
leaching procedure, the sum of tHéTh contents measured in the five leached phases was
used to estimate the tofdfTh content in the suspended particles, which wasl tis correct

for the ?*Ra and®®Ra associated with the lithogenic fraction. We atsmmpare Bg
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concentrations determined in suspended particléscoed by filtering largei situ pumping)
and small (Niskin bottles; Sternberg et al., 20@8umes of seawater.

Sr analyses were also performed using ICP/MS opesuked particles (small-size samples
collected with Niskin bottles) leached using thegse-step procedure of Landing and Lewis
(1991). Sg« concentrations (excess Sr) were then determinedatdosecting the total Sr
concentrations for the Sr associated with carbendétermined by analyzing the Ca content
of the particles. The Sr content of the carbonasetion was calculated assuming that
carbonates contained 0.17 mol% Sr (Bishop et 8l/7L Previous studies have relategi Sr
concentrations to acantharian specimens that haskeketon made of celestite (Srg§O
(Bishop et al., 1977, 1978; van Beek et al., 2Q&tquet et al., 2007; Dehairs et al., 2008).
Acantharian specimens were observed by SEM onilberst Acantharian skeletons dissolve
readily and their sampling is difficult. Hence, qgtitative sampling of acantharians typically
requires the use of special preservation technidqaeprevent their dissolution (see e.g.
Jacquet et al., 2008). Since we did not use spegréservation protocols and a significant
fraction of the acantharian skeletons likely digedl during sampling and/ or filtration, the
Srex concentrations and the number of acantharian tekedeobserved using SEM should not

be considered as quantitative.

3.RESULTS
3.1 Hydrography
The vertical structure and circulation of water s&ssin the region has been described
by Millot (1999) and references therein. CTD predilcollected on the different BARMED
cruises provided information on vertical structofewater masses that was pertinent to the
samples collected. Temperature, salinity, presaadefluorescence were recorded during both

downcast and upcast of the instrument. The samerwasses were observed during the five
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BARMED cruises. Profiles of temperature, salindgnsity, fluorescence and oxygen for the
five BARMED cruises can be found in Sternberg e(2808). Modified Atlantic Water
(MAW), characterized by a subsurface salinity miam) is found in the upper ca. 200 m of
the DYFAMED water column. Just below the MAW, Letiae Intermediate Water (LIW),
characterized by a salinity maximum (S=38.5) andperature of ca. 13.5°C, is located
between 200 m and 600 m. Below 1000 m depth, &drdsut colder water mass than LIW is
present (Mediterranean Deep Water). Mixed layertidedgound during the BARMED
program ranged from 5 m to 225 m. Mixed layers warallow during BARMED #2, #4 and
#5 (25 m, 15 m, and 5 m, respectively) and muclpeleduring BARMED #1 (225 m; winter
conditions) and BARMED #3 (160 m; stormy conditiprStratification with warmer surface
waters was well established in May and June (BARMEDand #5), with surface waters

reaching 27.2°C in June (BARMED #5).

3.2 Phytoplankton bloom

Satellite pictures (MODIS; at http://oceancoloraysasa.gov/cgi/level3.pl) indicate
that the phytoplankton bloom started at the en&eaifruary 2003 and decreased in intensity
from the end of March 2003 in the Northwestern Ndanean Sea. This was confirmed at
the DYFAMED site by POC flux measurements (Stergledral., 2007; Stewart et al., 2007).
Fluorescence data obtained during BARMED #2 on KWaE8-24 also show that the
phytoplankton bloom was initiated at that time. Bid¢keless, depth-weighted average
concentration of Chl. a during BARMED #3 on April9 is higher than during BARMED
#2. Sternberg et al.(2007) attributed this patterra short-lived bloom, also observed by
Stewart et al.(2007). A secondary peak in POC fas observed in May (Sternberg et al.,
2007; Stewart et al., 2007), which Stewart et D@ associated with fresh phytoplankton.

These authors also identified compounds found &todn aggregates and diatom-enriched

12



fecal pellets as the main constituents of matetiapped in March, whereas samples
recovered in early April consisted of bacterialgdaded material. Therefore, BARMED #1
(mid-February) can be considered as reflectingptteebloom conditions. The phytoplankton
bloom was clearly established during BARMED #2. Tdecay of the main bloom was
initiated at the end of March. Thus, BARMED #3 adcan be associated with the decay of
the main bloom, although short-lived blooms wersoabbserved during these periods.

Finally, BARMED #5 (June) represents post-bloomditans.

3.3 Elemental Concentrations and Ratiosin Seawater

“Ra Activities and Ba : ***Ra activities and Ba concentrations in seawateease
with depth to approximately 700 m depth, reflectungtake during particle formation in
shallow waters and subsequent release to the datep by settling particles (Table 1; Figs. 2
and 3). Although the sampling resolution is lowetov 700 m, our results suggest maximal
22Ra activities at ca. 1000 m depth and slightly loeetivities at greater depths. In contrast,
Ba concentrations below 700 m are constant.

22°Ra activities measured in surface waters range 8dmo 10.6 dpm/ 100 | (Fig. 2).
These values agree with th&Ra data reported by Schmidt and Reyss (1996) fifac
waters in the same area. The single sample calléctdeep waters gives a value of 9.6 dpm/
100 I. Our data suggest tifafRa activities decrease in the upper water colurmm fEebruary
to June (Fig. 2; see the zoom of the upper 250 theofvater column).

High resolution vertical profiles of dissolved Bancbe found in Sternberg (2005). Ba
concentrations reported here range from 54.0 t@ 88wl I*in surface waters and reach 75.8
nmol I in deep waters (Fig. 3). In contrast to ti&Ra activities, the Ba concentrations of
surface waters do not show a significant temporatiation. Using the dissolved Ba

concentrations and the solubility of barite deteri by Monnin et al. (2006), the barite
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saturation index at the DYFAMED site was calcula{&ternberg, 2005). The calculation
reveals that the entire water column is understadraith respect to barite, in agreement with
earlier calculations reported for the Mediterran8aa by Monnin et al.(1999).

“®Ra: In agreement with?®Ra profiles reported from other oceanic basinsifia
activity profile at the DYFAMED site displays a @fig vertical gradient from surface to
intermediate waters (Fig. 2). Dissolv&dRa activities are highest in the upper water column
and decrease rapidly through the permanent pyere@hoore, 1972; Kaufman et al., 1973;
Li et al., 1980; Moore, 1987). The highi'Ra activities in the upper water column reflect
lateral transport of**Ra that diffused from shelf sediments. The lowétitis in intermediate
waters (ca. 500-1800 m) result from the slow vattimixing relative to radioactive decay.
?%Ra activities increase again close to the bottom tdudiffusion from deep-sea sediments.
Little temporal variation in thé’®Ra activities was observed during BARMED, perhaps,
part, because the error bars associated with?fRa activities are larger than those reported
for Ra. Nevertheless, we note that surfa@®a activities were noticeably lower during
BARMED #5 (June; post-bloom conditions) than durB§RMED #1 (February; pre-bloom
conditions).

“®Ra/Ba Ratio : The**®Ra/Ba ratios in the water column of the DYFAMEDtista
was found to be ca. 1.5 dpm pmolWith a slightly lower value in deep waters (13
pumol?; Fig. 3). The?*Ra/Ba ratios measured in the upper 250 m were eaiily lower
during BARMED #5 (June; post-bloom conditions) tltaming BARMED #1 (February; pre-
bloom conditions) (see the zoom of the upper 258hrigure 3).

“Ral”®Ra Activity Ratio : The dissolvedf®Raf*Ra profile exhibits a gradient
similar to that of thé”®Ra activity profile (Tab. 1). Because of the relaly small temporal

variations in the?”Raf*Ra ratios, all the dissolvet®Ra/*®Ra data obtained during the
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BARMED program were plotted on a single verticabfpe, which allows comparison with
the ratios found in particles (Fig. 4).
3.4 Elemental Concentrations and Ratiosin Suspended Particles

Bae : Baey profiles determined from either large or smalluwoks of seawater (using
in situ pumps and Niskin bottles, respectively) are simifag. 4). They are generally lower
in surface waters, peak in subsurface at 185-25{epth and then decrease with increasing
depths. We note, however, that B&oncentrations determined from large volumes are
systematically higher than those derived from smalumes. This is especially true for
samples collected below 500 m depth. Filtratiodanfie volumes of seawater usiirgsitu
pumps is expected to increase the chance to cqgbladicles at depths where they are
relatively scarce. For example, samples colleateslirface waters using situ pumps during
BARMED #4 exhibit a very high Baconcentration, in contrast to the sample collegtetd
Niskin bottles (Fig. 4, panel c.). Note that theeB@alues obtained from the sequential
extraction method of Ganeshram et al.(2003) aresistant with the Bg values obtained by
correcting the total Ba concentrations for thedgenic fraction using Th as the reference
lithogenic element (Fig. 4; Tab. 1). There is adsgood agreement between the,Baofiles
obtained from Niskin bottle samples (particles digsd using the one-step total dissolution
method; Sternberg et al., 2008) and those obtaired in situ pumps (particles dissolved
using either a one-step leaching method or theesd leaching method of Ganeshram et
al., 2003). These observations support the valality efficacy of the Ganeshram et al.(2003)
method.

Basx concentrations and vertical distributions measufemn BARMED #2 to
BARMED #5 (Fig. 4) are similar but significantlyi@r concentrations were obtained during

BARMED #1 (February 2003) (Sternberg et al., 200B)ese latter data (obtained from
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Niskin bottles) are not reported in the presenepdyecause bad weather conditions precluded
us from getting the associated particulate dath misitu pumps.

Raex and “®Rag : ?Ra and ?Ra., activities in suspended particles are two
orders of magnitude lower than the activities irmveater. *Ra,, and “*Ra, activities
compare well with Bg distributions (Fig. 4). They are also generally lm surface waters,
peak at 185-250 m depth and then decrease withdsitrg depth. Maximum values found in
this study are 0.147 dpm/ 100 | f3fRa. during BARMED #2 in March at 185 m depth and
0.036 dpm/ 100 | fof**Ras, during BARMED #3 in April at 100 m depth. Theséivities are
higher than the maximum values reported in suspkpdgicles from the Sargasso Sea, these
latter values being the sole values reported umote with which our data can be compared
(0.06 dpm/ 100 | and 0.0165 dpm/ 100 | #6Ra.x and***Ra.,, respectively; van Beek et al.,
2007).

Peaks of*®Ra, and **Ra., activities reach similar values during BARMED #2
(March) and #4 (May, Fig. 4; Tab. 2). High&Ra., activities were observed during
BARMED #3 (April). Note that four samples were eufled below 700 m during the
BARMED program and only one out of these four saspshowed a significarft®Rax
activity. The?*®Ra,, activity of that sample (1700 m, BARMED #4), howeyvis very low,
being close to zero, with the result that #ffRa./**Ra. ratio carried a large error bar and is
meaningless (Fig. 4).

PRaedRas Activity Ratio : “®Ra./**Ra, activity ratios in suspended particles
are generally close to the seawater ratios dowrD®m depth (Fig. 4 and Tab. 2). In most
cases, thé”®Ra./***Ra, activity ratios measured below 700 m tend to zemtue. Two
samples collected during BARMED #3 in the upperanvaiplumn, however, exhibit values
significantly higher than the seawater ratios (Big.The especially high ratio found at 200 m

depth during BARMED #3 (0.44; higher than the sdawaatio) can be related to the high
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??Ra content of these particles. We also note thas#mple collected during BARMED #4
at 50 m (ie. just below the mixed layer) display$®Ra./**Raratio significantly lower than
the seawater ratio at the same water depth, whetliggwly higher ratios than seawater are
found at depth.

Rae/Bac Ratio : **Ra.,/Bacy ratios in suspended particles generally increesa f
the surface to subsurface depths (~250 m), whexe riach a maximum value, higher than
the seawater ratio (i.e. up to 8.4 dpm pimdlig. 5). The ratios then decrease to ca. 750 m
depth and remain constant below this depth. Peofileh a sufficient sampling resolution
(BARMED #2 and #4) indicate that tHfé°Ra.,/Bac ratios in the upper 500 m were higher
during BARMED #4 (May) than during BARMED #2 (MarctRatios reported during these

two cruises below 500 m depth are similar or lothan seawater ratios.

3.5 Ratiosin Sinking Particles

PRaed”®Rae Activity Ratio : In most cases, th&#Ra,/**Ras activity ratio of
sinking particles collected at 200 m depth is samib that found in seawater and suspended
particles collected at the same depth (Fig. 4; BbThe?*Ra./***Rax ratios of sinking
particles collected at 1000 m depth exhibit a $igant temporal variability, with ratios being
either close to that found in the 200-m trap (Maadld April) or, when no significaft®Ray
activities could be measured, zero (February ande)JuWhen ?*Ra., activities are
measurable, th&#*Ra./***Ra., ratios range from 0.06 to 0.16, which is similarthe values
reported for sinking particles in the Atlantic Ongdegeleux and Reyss, 1996; van Beek et
al., 2007).

RaedBae Ratio : **Ra.,/Baey ratios measured in the traps range from 1.7 to 4.8
dpm pmot* (Fig. 5; Tab 3). Whered$®Ra../Bac ratios exhibit large temporal variations in

the shallow trap (2.1 to 4.8 dpm pmiplTab. 3), they are relatively uniform during atlet
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BARMED cruises in the 1000 m-trap, being ca. 2.0ndpmol*. For samples collected in
February and March, a strong decrease in“tfRa.,/Bas ratio is observed between traps
located at 200 m and 1000 m depth. During thisopedif the year’*®Ra.,/Bacy ratios in the
200 m-trap material are high (> 3.0 dpm pthdle. much higher than the seawater values
reported for the same period). Similar high valuese also observed in the Sargasso Sea
(van Beek et al., 2007). From April to June, ratiosnd in the two traps are similar, with

ratios remaining higher than seawater values regant this study (ca. 2.0 dpm prithl

4. DISCUSSION

4.1 Rag and Bag, Distributionsin Suspended Particles and Open Questions

The occurrence of Baand Ra« peaks in the upper water column (i.e., above 5p0 m
is consistent with observations reported in previgtudies and the postulate that barite
precipitation takes place in the upper 500 m oflager column (Chow and Goldberg, 1960;
Dehairs et al., 1980; Bishop, 1988; Dehairs et 90, 1991, 1992; Legeleux and Reyss,
1996). The presence of barite among the susperatédigs collected in the framework of the
BARMED program was confirmed using Scanning Elattkicroprobe (Fig. 5 in Sternberg
et al., 2008). Quantification of the Ba associatgith barite was also performed using SEM
following Robin et al. (2003). The Baprofiles obtained during the BARMED program were
very similar to the barite profiles reconstructedni SEM observations (Sternberg et al.,
2008). This indicates that barite is the majorsBearrier in the water column at the
DYFAMED site.

Once released from the supersaturated microenveatsmin which it presumably
formed, barite would settle through the water cotlumhe relatively small barite particles
may settle as a component of suspended particidgs r&latively slow settling rates, or may

aggregate onto larger particles that sink moredigpBarite could be released anytime in the
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water column following the breakdown of these lapgeticles. Transformations may also
occur during settling as barite cycles through aggtion/disagreggation processes. Once
released from the supersaturated microenvironmebgsjte may partly dissolve in
undersaturated waters (Monnin et al., 1999; Morama Cividini, 2006). Alternatively,
recrystallization may also take place during swgtlbarite. Finally, barite may precipitate
below 500 m, which would require the presence pessaturated microenvironments at these
depths (van Beek et al., 2007). Barite collectea gitven depth might also have been laterally
transported from more productive areas such asnamal margins or resuspended from the
seafloor by deep-sea currents.

Considering the different scenarios, the decreasonmgentrations/activities of Ba
22Ra. and**®*Ra., below 500 m (Fig. 4) could thus reflect i) a des® in the rate at which
barite is producedh sity, ii) gradual dissolution during settling, iii) &crease in the supply of
fine barite by breakdown of settling particles o) a decrease in the supply of barite
transported laterally from the margins. THtRa,/**Ra. and**Ra./Bae, ratios can provide

some insight into the relative importance of thaaus processes invoked above.

4.2 Origin and Fate of Bae in the Water Column

Because the water column displays a strong vertit®af**Ra gradient, the
28R ad**Ras ratio recorded by suspended and sinking partics be used to provide
information on the origin of Bain the water column, assuming that fAidR e/ *°Rauy ratio
is predominantly determined by the Baomponent of the suspended and sinking particles
(Legeleux and Reyss, 1996; van Beek et al., 20U7$.228R69)J226Raex ratios in suspended
particles collected in the upper 700 m during BARME2, #5 and in most cases during
BARMED #4 are close to the seawater values at Hmaeswater depth (Fig. 4). This

observation is consistent with the idea that béotens in the upper ~700 m of the water
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column, as reported in previous studies (Dehairal.et1980; Bishop, 1988; Dehairs et al.,
1990, 1991; Legeleux and Reyss, 1996; van Beek,e2@7) and suggested by the higher
Ba.x and Raxconcentrations found during the BARMED programha tipper water column
(Fig. 4).

The **Ra./**Rau activity ratios in sinking particles display a astg temporal
variability, a pattern which was also observedtimeo oceanic settings (Legeleux and Reyss,
1996; van Beek et al., 2007). Mass fluxes andy Blaxes also display large variations
throughout the year (Tab. 3), but no significantreation could be identified between the
2R ad”*Ra ratio of sinking particles and any of the downw#uXes (total, Ba, organic
carbon). This could in part be due to the largeemainties in thé**Ra measurements. The
ballasting effect of the lithogenic, carbonate andBio Si particles (Francois et al., 2002)
may also affect the relationship between thg Baxes and other mass fluxes. Ballasting and
rapid sinking of particles would promote the tramsbf organic carbon to the bottom but
would reduce the time needed for barite to formhimitmicroenvironments of decaying
organic matter (Jeandel et al., 2000; Sanchez-\édal., 2005).

In most cases, the similarity between fhiRaf*Ra ratios found at 200 m depth in
sinking particles, suspended particles and seavaitggests that the 200 m-trap intercepted
Baex formed in the upper 200 m. However, we found nignificant “*®Ra, activities in the
200 m traps for BARMED #1 (February; Tab. 3) and@AED #4 (May; Tab. 3 and Fig. 4).
*’Rand”*®Ra, ratios in suspended particles collected uginsjitu pumps were also relatively
low in the upper 200 m during BARMED #4. The lowioa found in the shallow trap could
be explained by the presence of aged barite advéaen other areas or resuspended from
the continental margins.

The “*Ra/**Ray ratios in material recovered from the 1000 m-trdpring

BARMED #3 (April) and BARMED #4 (May) are signifiadly higher than those of

20



suspended particles and seawater at the same degidr. This suggests that the.Baapped

at 1000 m depth in April and May predominantly arages from the upper water column.
Cochran et al. (in press) estimated the settlimgdmf large particles (sinking particles) at the
DYFAMED site at ca. 200 mtduring the MedFlux program that ran concurrentlyttie
BARMED program. At such a settling rate, we do empect a change in tHERa./**°Raux
ratios of the sinking particles between 200 m a@d0lm depth. In contrast, ratios tend to
zero at 1000 m depth during BARMED #1 (FebruanARBIED #2 (March) and BARMED
#5 (June). In the latter cases, the,Batercepted by the 1000 m trap could only origgnat
from waters deeper than ca. 500 m, with very littntribution of Bg from surface/
subsurface waters.

Therefore, we conclude that the Betercepted by the 1000 m-trap in April and May,
periods associated with the decay of the main pigtdton bloom, seem to have been
predominantly formed in shallow waters (BARMED #&l&4). In contrast, the Batrapped
at 1000 m depth outside the bloom period, durireglgoom (BARMED #1) and post-bloom
(BARMED #5) conditions, appears to have been predun deeper waters. Note that even if
BARMED #2 (March) corresponds to the period of pmj&nkton bloom, the Bafound in
the deep trap in March does not originate from lshawaters. We expect that the Ba
formed in shallow waters during the March bloontrggoped at 1000 m depth after some lag
time as it must settle from shallow waters to 100@epth. Alternatively, as suggested by
Jeandel et al. (2000) and Sanchez-Vidal et al.§R0gallasting and rapid sinking of particles
during the early phase of the phytoplankton bloowuld promote the rapid transfer of

organic carbon to greater depths and may thus préagite from forming in shallow waters.

4.3 Lateral Transport of old Barite
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Lateral transport of aged barite, possibly origimatfrom continental margins, would
have experienced significaffRa decay and contribute to decrease’*ffiRa./**°Ra., ratios
of suspended and sinking particles. Lateral ingumaterial originating from continental
margins would also result in higher suspen&®i@h concentrations’*Th being associated
with the lithogenic fraction. Finally, lateral trgport of aged barite, resuspended at the
margins, is expected to lower tf&Ra. /Bas ratio of suspended particles (Moore and
Dymond, 1991).

232Th concentrations at the DYFAMED station are muighér than those reported at
the OFP site in the Atlantic Ocean (Fig. 6; van IBes al., 2007). Like Ba?**Th
concentrations determined from large volume fiitnag are higher than those of small volume
filtration below 500 m. These relatively higiTh concentrations throughout the water
column suggest the presence of material of cont@hesrigin at the DYFAMED site that
could consist either of Saharian dusts (eolian tin@werzoni et al., 1997) or of lithogenic
particles originating from the margins and tranggabrinto the interior by oceanic currents
(Roy-Barman et al., 2002). Peaks %fTh (eg. BARMED #3, Fig. 6) suggest that lateral
transport of lithogenic material cannot be exclydespecially in the upper 500 m of the water
column.?**Th distributions, measured during the MedFlux paogin both the water column
and in sediment trap material, also suggestedathatction was a significant process at the
DYFAMED site (Cochran et al., in press). Peaks efxBoncentrations, however, are not
always associated with a concomitant increasé’ith concentrations. Additionally, tH&“Th
peak that developed in subsurface during BARMED(Fig8. 6) is not accompanied by a
dramatic decrease in tféRa./***Ra. ratios in suspended particles recovered at thee sam
depth (Fig. 4), a decrease that would suggestalatiemsport of aged barite. The suspended
particle sample collected at 50 m during BARMEDa#b displays a I0f*°Ra.¢/***Rax ratio

that could be ascribed to the presence of agetelaainsported laterally but it&°Th content
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is not significantly higher than samples collegiest above (10 m depth) and below (112 m),
samples that do not exhibtRa./**Ra. ratios lower than the seawater ratios (Fig. 4;.Tab
2). The high®®*Th concentrations, observed in the upper 500 maks@ not associated with
low #*Ra.,/Bay ratios. Low?*°Ra.,/Bac, ratios could indicate lateral transport of olditear
resuspended from the margins (Moore and Dymondl)199ence, taken together, these
observations suggest that the lateral transpoaigetl barite may not be a significant process

at the DYFAMED site and likely does not affect fraticulate??®Ra./*?°Ra., profiles.

4.4 1n Situ Production Versus Ageing During Settling

We can predict thé*®Ra. activity profile of suspended particles if all Bavas
producedn situ (i.e. at the depth of sample collection) from tff&Ra., activities measured in
suspended particles Y¢*"*{**Ra,],) and the **Raf®Ra ratios of seawater
(ceaVa9228Raf?Ral,) at the same water depth :

Predi(:teti!228Raex-lZ — MeasurefZZGRaex]Z X Seawate(ZZSRaﬁZGRa)z (4)

With the exception of the two higfi®Ra., activities found during BARMED #3, the
predictions based om situ production fall within the error bars of the d&gfaig. 7),
suggesting that most of the B@ suspension is likely producéd situ (i.e., at the depth of
sample collection). Hence, barite precipitation may be restricted to the upper 500 m of the
water column but could also precipitate deeperhi@ Wwater column (i.e., throughout the
mesopelagic layer). Barite precipitation at thesptkds would require the presence of
saturated microenvironments (ie. remineralizatiborganic matter or dissolving acantharian
skeletons). Deep water barite formation likely @kps why the?”’Ra.,/**Ras ratios of the
material recovered from the deep (~1000 m) sedirtraptare, in some cases, lower than the

ratios of particulates from the 200 m-trap (eg. BAED #2 and #5).
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On the other hand, we can predict fitRa./**Ra.x depth profile that would result
from the settling of barite formed in subsurfaceesgwith an initiaf**Ra#*°Ra ratio of 0.12
(i.e. ratio recorded by barite precipitated at 260- m depth, within the Bamaximum)
according to :
[**Ranl*Rax]. = [*Ranl*Rao EXP (Azs2/ S) (5)

where [?’Ra.,/*Ra]; is the “Ra./**Rax ratio in suspended particles at a given
water depth; ¥ Ra.¢/**Ra]o is the initial**Ra’*°Ra ratio (0.12); S is the settling speed of
suspended particle$”Ra./***Ra., profiles were generated for different settling esfee S
(Fig. 8), including the value estimated by Roy-Bamet al.(2002) (256 m*xbased of*°Th
data of suspended particles from the DYFAMED statMote that this estimate is at the low
end of the range of settling speeds usually regddesuspended particles (ie. 300-1000'm a
1. Krishnaswami et al., 1981; Bacon and Anderso®2i®acon et al., 1985). Therefore, we
also generated a profile for a settling speed @01® &, what we consider to be an upper
limit for the suspended particles. Note that pletianay be exported faster to greater depth if
they aggregate into large particles. The settlatg of large particles was estimated at ca. 200
m d' at the DYFAMED station (Cochran et al., in presgakeham et al., in press). At this
fast settling rate, thé**Ra./**Ra., ratios are expected to remain constant througtiweit
water column, a pattern that is observed in thensmut trap material collected during
BARMED #3. Suspended particles may also be releasdépth following disaggregation of
the large particles. The release of particles patjng from shallower depths is thus expected
to increase thé&Ra./**Rax ratios of suspended particles. THtRa./**Rax ratios can thus
be used to trace aggregation/ disaggregation mesewhen the ratios of suspended and
sinking particles are compared to each other.

The best fit to thé*®Ra./**Rax ratios observed during BARMED #2, BARMED #5

and BARMED #4 (with the exception of the ratio fouat 600 m depth) requires a slow
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settling velocity (approximately 40 m'aFig. 8). This settling speed is well below thaga
of values estimated fromi>°Th data. Additionally, because tHéRa./**°Ra. ratios of
suspended particles are very close (within erros)d@a the seawater ratios, this suggests that
the Bay collected below 500 m depth during these three BIER cruises (March, May,
June) likely consists of Baformedin situ (i.e., at depth of sample collection). This is
especially true for samples collected during BARMED(March) and BARMED #5 (June).

In contrast, thé”’Ra.,/**Ras ratio of the sample collected during BARMED #4 at
600 m, being slightly higher than the seawateoratiight be explained by Baoriginating
from shallower depths (with a high&fRa.,/**Ras, ratio) that settled with a speed of ca. 250
m a’ or that was released by disaggregation of largetigies (Fig. 8). Similarly, the
28R ad**Raxy ratio of sample collected at 250 m in April (BARIDE#3) being well above i)
the seawater ratio at the same depth and ii) tedigiron curves associated with the settling
of suspended particles, is best explained by thagdiregation of large particles originating
from shallower depths. It is difficult to explaihpwever, how particles assumed to form in
the water column exhibit #*Ra./**Ra. ratio higher than the seawater ratio (i.e. sample

collected during BARMED #3 at 100 m).

4.5 What Can We Learn From the “°Ra/BaRatios ?

The #**Ra/Ba ratios found in seawater at the DYFAMED statire much lower than
the ratios reported in other oceanic basins (Ata@tcean, Pacific Ocean, Indian Ocean,
Southern Ocean). TH&®Ra/Ba ratio was found to be very uniform within shedifferent
basins (i.e. 2.3 dpm pmblChan et al., 1976; Foster et al., 2004). Low galbave also been
observed at the OFP site off Bermuda in the Atta@icean, but only in the upper 500 m of
the water column (van Beek et al., 2007). At theFB¥WIED station, low**Ra/Ba ratios are

found throughout the water column.
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22’Ra./Basratios in suspended particles collected in the upp0 m are higher than
the seawater ratios but are lower than seawat@srhelow this depth (Fig. 5). A similar
pattern was found in the Sargasso Sea (van Beeak,e2007). Given that Bernstein et al.
(1998) predicted radium enrichments in celestit&(h), van Beek et al. (2007) attributed the
high *Ra./Bac, ratios in shallow waters to preferential uptake “6Ra over Ba into
acantharian skeletons. Below 500 m depth, whereafsamtharian specimen remain, the lower
than seawatef*Ra./Bac, ratios were interpreted as preferential uptake afd®er Ra in
barite formed in mesopelagic water (van Beek e2807).

During BARMED #4, high Sk concentrations (Sr corrected for the Sr assochattd
carbonates) were found in suspended particles enufiper ca. 150 m (Fig. 5; Sternberg,
2005). They are believed to be related to the pmsef acantharian skeletons. Several
acantharian specimens were observed by SEM amangsubpended particles collected
during the BARMED program (Fig. 9). Although thesdservations do not provide
guantitative information, they clearly confirm theesence of acantharians and their potential
influence on the Ra and Ba distributions at the BMIED site. The maximuni®®Ra.,/Baey
ratios, however, were found at ~250 m depth atDN&AMED site, well below the depth
where acantharians are usually found (Bishop eflQl7; 1978; Michaels, 1988; Michaels et
al., 1995; Bernstein et al., 1992; Jacquet et2808; Fig.5). The high*®Ra./Bac ratios at
depth are more likely related to barite precipdaie microenvironments with a high
?2°Ra./Bacx ratio. The dissolution of acantharian skeletonsspmably enriched in Ra, may
promote the development of such microenvironments @ntribute to barite precipitation.
Based on the observations made during the EIFEXeraxent (artificial Fe fertilization
experiment) conducted in the Southern Ocean, Jaceual. (2007) concluded that the
dissolution of acantharian skeletons could contelia barite precipitation, but no more than

20 %. Further studies performed in natural envirents that include a quantitative sampling
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of acantharian skeletons should allow us to bettecument the relationship between
acantharians, barite and the Ra cycle.

?2°Ra./Baex ratios in the deep and shallow traps are simdathe values reported at
the OFP site, Atlantic Ocean (Fig. 5; van Beeklet2007). The?*Ra./Bac ratios being
higher than the seawater ratios suggest the pressfngarticles enriched iff°Ra relative to
Ba, which could reflect the presence of acanthaslkatetons or barite precipitated following
the dissolution of acantharian skeletoff&Ra./Bac, ratios were especially high in the 200 m
trap during BARMED #1 and #2 (Tab. 3) but remainel@dtively constant with time (ca. 2.0
dpm pmot), suggesting that particles enriched®#Ra (presumably acantharian skeletons)
are not preserved at depth. This observation isistamt with the distribution of these
organisms within the water column : presence ohtzians as deep as 400 m has been
reported but specimen become very rare to inexigtertraps located below this depth
(Bernstein et al., 1992).

Finally, we note thaf?®Ra./Bac ratios in suspended particles are higher during
BARMED #4 (May) compared with BARMED #2 (March, Fi§). This increase in the
particulate’®Ra,/Bacy ratios parallels the decrease in fidRa activity and®®Ra/Baratios
measured in seawater (Figs. 3 and 4). T#ea decrease in surface waters is estimated at
approximately 24 % while Ba concentrations do ndtilgit a significant decrease. Evidence
for seasonal or long-term decrease in the dissdRP&& and/or Ba content has been reported
in previous studies that related these decreasesndceased primary productivity
(accompanied by the removal of Ba &fifRa by barite) : Delaware Estuary (Stecher and
Kogut, 1999), Black Sea (Falkner et al., 1991; Moand Falkner, 1999). From their study
conducted in the Black Sea, Falkner et al. (198fprted a pronounced decrease in“ffilRa
activities and Ba concentrations of surface watlersugh time. Even more interesting was

the observation of a decoupling betwé&Ra and Ba, although they are chemical analogues
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(Falkner et al, 1991; Moore and Falkner, 1999).sEhkatter studies indicate that the slight
divergence in behavior 6fRa and Ba observed at the DYFAMED station may reosb

surprising. The decrease in tfféRa activities and”®Ra/Ba ratios of surface waters at the
DYFAMED station might thus be driven by biologiqaiocesses. These biological processes
likely include barite precipitation and formatiori acantharian skeletons that may impact

both??’Ra and®®®Ra/Ba distributions.

5. CONCLUSION

Our data indicate that barite precipitation is resdtricted to the upper 500 m of the
water column but can also take place deeper imviiter column. These findings agree with a
previous study conducted in the Sargasso Sea (emk Bt al., 2007). The collection of
particles during the repeated visits of the DYFAMERtion at different periods of the year
suggests that the depth of barite precipitationegaseasonally in relationship with the
phytoplankton bloom development. Barite interceed 000 m depth in April and May, in
the months following the development of the maimytpplankton bloom, mainly originates
from the upper water column. In contrast, bariterncepted by the 1000 m-trap during pre-
bloom and post-bloom periods mainly reflects a deegin. This pattern may be associated
with both the availability of organic matter, thepth at which its remineralization takes place
in the water column and where barite precipitat®opromoted. We also found evidence that
barite originating from upper waters was releagedeath following disaggregation of large
particles. This process impacts the Ra signatuseigpended particles.

High ***Ra./Bac ratios (i.e. much higher than the seawater ratws)e found in
suspended and sinking particles collected in theeup00 m of the water column. Such high

ratios are not found deeper in the water columnsamgest that Ra enrichment is associated
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with particles that are not preserved at depths&hegh®**Ra./Baey ratios may constitute a
signature of acantharian skeletons and barite ghatipitated following the dissolution of
celestite skeletons. These particles, enrichéd®®a, may thus contribute significantly to the
226R 226R H

a and a/Ba decreases observed in surface waters fromu&igbto June at the
DYFAMED station. Further studies conducted in natuenvironments, including a
guantitative sampling of acantharian skeletons,ush@llow us to better document the

relationship between acantharians, barite and“fRa cycle.
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Figure 2 **Ra and®®®Ra activities in the dissolved phase. A zoom ofutpper 250 m of the
water column is shown for ti#8°Ra activities. For clarity, we did not report dletdata on the

latter plot. The lower horizontal lines denote depth of the bottom.
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Figure 3 : Ba concentrations affdRa/Ba ratios in the dissolved phase. A zoom ofuibyger
250 m of the water column is shown for th8Ra/Ba ratios. For clarity, we did not report all
the data on the latter plot. The lower horizontad$ denote the depth of the bottom.
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Figure 4 : Excess Ba concentratioh®Ra and®**Ra activities (Ba, *Rax and ***Ra.y)
measured in the suspended particles (panels aBARMED 2 to 5). Ba, concentrations are
reported for samples collected using eitiversitu pumps (denoted ISP) or Niskin bottles
(denoted Niskin)??Ra*°Ra ratios in both suspended and sinking particlescampared to
the seawater ratios. The line in the right figuisethe seawatéf®Ra’*°Ra profile.
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Figure 5 :?*Ra.,/Bacy ratios of both suspended and sinking particles paoed with the
seawatef*Ra/Baratios (BARMED 2 to BARMED 5). The seawatéfRa/Baratios reported
on each plot include all the data from the BARME®@gram. In contrast, th&°Ra./Bacy

ratios of suspended and sinking particles wereiddafrom individual BARMED cruises.

The particulate Q% concentrations (total Sr corrected for Sr assediawith carbonates)

measured during BARMED 4 are also reported ; the @ncentrations are believed to be

related to the Sr associated with acanthariandh@i®t al., 1977, 1978). These latter samples

were collected with Niskin bottles (filtration ofll volumes of seawater).
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Figure 6 :*%Th concentrations in suspended particles collesgiagin situ pumps (denoted

ISP; large volume) and Niskin bottles (denoted Miskmall volume).
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Figure 7 :?**Ra, activities expected in suspended particles as atdrom the**Ra
activities measured in each sample and considehagthe particles acquired the seawater
??Raf*®Ra ratio throughout the water column. Data acquitethg all the BARMED cruises
are reported on the same plot.
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Figure 8 :***Ra./**Ra., ratio expected in suspended particles considatiagthe particles
acquire the seawater ratio of subsurface watet® (0& 0.12 at 200 m depth) and that they
settle at speeds ranging from 256 th (Roy-Barman et al., 2002) to 1000 rt. &Ratios
measured in the suspended particles associatedheitherror bars are shown in solid squares

while the seawater ratios are shown in open circles
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Figure 9 : SEM pictures of acantharian skeletonSC%) isolated from suspended particles
collected at the DYFAMED site during the BARMED gram.
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