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Introduction

Marine particles and sediments play a key role in the global cycles of chemical elements in the ocean. Chemical elements such as thorium (Th), uranium (U), rare earth elements (REE) and hafnium (Hf), as well as their isotopes, are used to study marine particles and sources, evolution and interactions with seawater. U and Th isotope series are used to determaine th sinking velocity of marine particles and to determine the age of marine sediments [START_REF] Henderson | The U-series Toolbox for Paleoceanography[END_REF]. The progressive change in the geochemical properties of the fifteen REE allows their relative abundance (REE "patterns") to be used as a signature of their origin [START_REF] Zhang | Dissolved rare earth elements tracing lithogenic inputs over the Kerguelen Plateau (Southern Ocean)[END_REF]). Among REE, neodymium (Nd) has a specific isotopic signature because 143 Nd is produced by radioactive decay of 147 Sm (samarium) which has a half-life of 1.06×10 11 y. Hence, the 143 Nd/ 144 Nd ratio is a powerful source tracer [START_REF] Lacan | Neodymium isotopes as a new tool for quantifying exchange fluxes at the continent-ocean interface[END_REF]. Hf has also a specific isotopic signature, because 176 Hf is produced by radioactive decay of 176 Lu which has a half-life of 3.71×10 10 y. Lutetium (Lu) is a REE.

Hence, the 176 Hf/ 177 Hf ratio has the potential to provide information complementary to Nd isotopic signatures [START_REF] Rickli | Hafnium and neodymium isotopes in surface waters of the eastern Atlantic Ocean: Implications for sources and inputs of trace metals to the ocean[END_REF].

Unfortunately the lack of precise knowledge on the lithogenic and authigenic phases carrying these elements limits the understanding of the chemical processes controlling their behavior in marine particles and sediments. In continental igneous rocks such as granites, ~70-90% of U, Th, REE and Hf are locked in U-Th-REE-Hf rich "accessory" minerals such as monazite, zircon, allanite, xenotime and apatite [START_REF] Bea | Residence of REE, Y, Th and U in Granites and Crustal Protoliths; Implications for the Chemistry of Crustal Melts[END_REF]. Until now, no inventory on the contribution of these accessory minerals had been reported in deep sea sediments. The systematic identification and analysis of these micron-size phases in very fine grained sediments require the analysis of thousands of grains, a very tedious task that cannot be achieved manually.

In this work, we used a scanning electron microscope equipped with an automated counting and analysis system [START_REF] Robin | Direct barite determination using SEM/EDS-ACC system: implication for constraining barium carriers and barite preservation in marine sediments[END_REF] to determine the nature, composition, abundance and size distribution of the U-Th-REE-Hf rich minerals in marine sediments. We have obtained the first inventory of these minerals in deep sea sediments and evaluate their contributions to the bulk concentration of U, Th, REE and Hf in the sediments. We focused on sediments from the DYFAMED (DYnamique des Flux Atmosphériques en MEDiterranée) station in the Ligurian Sea where an unexpected variability of the U/Th ratio in the material collected by sediment trap had been observed (Roy- Barman et al., 2009). Dissolved Th and Nd budgets in the western Mediterranean Sea also suggest a significant release of these elements by lithogenic phases [START_REF] Henry | Particulate and dissolved Nd in the western Mediterranean Sea: sources, fate and budget[END_REF][START_REF] Roy-Barman | Thorium isotopes in the western Mediterranean Sea: an insight into the marine particle dynamics[END_REF]. Determining which fraction of U, Th and REE are locked in refractory minerals should provide valuable information on the impact of mineral sorting on the trace element content of sediments [START_REF] Marmolejo-Rodriguez | Thorium accumulation in the sedimentary environment of the Vigo Ria (NW Iberian Peninsula)[END_REF] and on the fraction of these elements which is available for dissolution in seawater (Firdaus et al., 2012).

Material and methods

Site and sample description

The DYFAMED site is located in the Ligurian Sea (43°24.61'N, 7°51.68'E, in the north-western sector of the Mediterranean Sea), ~50 km off the coast of continental France (Fig. 1). The DYFAMED site is located at the end of the Var sedimentary system. The Var river drains various lithologies ranging from sedimentary rocks to granites (Fig. EA1 in Electronic appendix and [START_REF] Féraud | Trace elements as geochemical markers for surface waters and groundwaters of the Var River catchment (Alpes Maritimes, France)[END_REF]. At the end of the Var sedimentary system, the Var canyon has a narrow shelf and steep continental slope. During intense flooding and major incidents, this topography favors sediment gravity flows [START_REF] Migeon | The Var turbidite system (Ligurian Sea, northwestern Mediterranean)-morphology, sediment supply, construction of turbidite levee and sediment waves: implications for hydrocarbon reservoirs[END_REF]. However, the water column is often assumed to be (at least partly) isolated from direct coastal river inputs by the presence of the ligurian current [START_REF] Schmidt | Radium as internal tracer of Mediterranean Outflow Water[END_REF]. The sedimentation in the water column is usually dominated by biogenic particles produced in the surface water, significant aeolian deposits of Saharan dusts and continuous inputs of anthropogenic aerosol from European countries [START_REF] Guieu | Atmospheric input of dissolved and particulate metals to the northwestern Mediterranean[END_REF][START_REF] Guerzoni | The role of atmospheric deposition in the biogeochemistry of the Mediterranean Sea[END_REF]. However most of the DYFAMED sediments come from the Var sedimentary system, because the sediment accumulation rate exceeds by an order of magnitude the pelagic flux measured by sediment traps [START_REF] Miquel | Dynamics of particle flux and carbon export in the northwestern Mediterranean Sea: a two decade time-series study at the DYFAMED site[END_REF].

Surface sediments were collected at a depth of 2350 m in September 1994 (core KT43-4, see [START_REF] Gehlen | Drastic changes in deep-sea sediment porewater composition induced by episodic input of organic matter[END_REF]. The first two slices of the core were 0.5 cm thick and then at 1 cm thickness down to a depth of 5 cm. Sediments were composed mostly of clayey-silts with some very thin sandy laminae diluted within finer sediments [START_REF] Martín | Recent accumulation of trace metals in sediments at the DYFAMED site (Northwestern Mediterranean Sea)[END_REF]. The sedimentation rate at DYFAMED is estimated to be 0.40 ± 0.01 mm.y -1 [START_REF] Martín | Recent accumulation of trace metals in sediments at the DYFAMED site (Northwestern Mediterranean Sea)[END_REF] so that the samples studied are less than ~130 years old.

Bulk sediment analysis

Samples of about 1 g of freeze-dried sediment were taken from depths of 0-0.5 cm, 0.5-1, 1-2, 2-3, 3-4 and 4-5 cm. They were ground and homogenized in an agate mortar. They were analyzed for major and trace elements in routine analyses in the SARM -CRPG -CNRS à Vandoeuvre lès Nancy -France (more details are available in Carignan et al., 2001 and in Table EA1 in the electronic appendix). During this process an aliquot (300 mg) of sample is fused in Pt crucible along with 900 mg of ultra-pure LiBO 2 at 980 •C in an automatic tunnel oven. This step is crucial, because it ensures a complete dissolution of the refractory minerals such as zircon.

U-Th-REE-Hf rich mineral grain counting and analysis

Sample preparation

All samples, bulks and separated phases, were prepared following the procedure described by [START_REF] Robin | Direct barite determination using SEM/EDS-ACC system: implication for constraining barium carriers and barite preservation in marine sediments[END_REF]. One or more aliquots of 100-200 µg powdered bulk sediment were dispersed in ethanol using an ultra-sonic bath and filtered on a Nucleopore filter (porosity: 1 µm; surface of filtration: 200 mm 2 ). The filters were then mounted on a carbon sample holder and coated with carbon for Scanning Electron Microscope/Energy Dispersive Spectrometer (SEM/EDS) analyses.

Additional steps described below were implemented on sediment aliquots in order to concentrate large and/or dense particles (Fig. EA2 in the electronic appendix):

-The U-Th-REE-Hf rich minerals have high densities (> 3.0 g/cm 3 ), so that they can be concentrated by heavy liquid separation. A few mg of powdered sediments were added to diiodomethane (density = 3.3 g/cm 3 ) blend with acetone to obtain a density of 3.0 g/cm 3 . Heavy mineral grains were concentrated by centrifugation in the "sink" while the major phases (carbonates, silicates and organic matter) remained mostly in the "float". Heavy mineral concentrates were then recovered and prepared for SEM/EDS analyses as described above.

-Large size fractions (≥ 5 µm and ≥ 25 µm) were obtained by sieving about 70 mg of powdered sediment on a 25 µm sieve. Both size fractions (below and above 25 µm) were then recovered on a 5 µm nucleopore filter and prepared for SEM/EDS analyses as described above.

Cumulative size distribution of U-Th-REE-Hf rich mineral grains

The cumulative size distribution of U-Th-REE-Hf rich mineral grains was determined by counting and sorting particles larger than 0.5 µm by size and composition. A JEOL 840 Scanning Electron Microscope (SEM) was used. X-ray micro-analyses were achieved using electron-induced X-Ray Emission (µXRE) at 15 kV and 1 nA current. Multi-element spectra were obtained using an Energy Dispersive Spectrometer (EDS) equipped with a high purity germanium and digital pulse processing detector (HPGe) supplied by Princeton Gamma Tech (PGT). The resolution is 125 eV at 10,000 counts per second for the Mn Kα-line. All multielement spectra obtained from the SEM/EDS-ACC system at 15kV were compared to a series of pure reference spectra acquired in the same operating conditions. X-ray absorption and fluorescence effects were corrected using the ZAF program supplied by PGT.

Automated Chemical Classification (ACC) system

The SEM/EDS assemblage is equipped with an Automated Chemical Classification (ACC) system. The ACC system works as follows [START_REF] Robin | Direct barite determination using SEM/EDS-ACC system: implication for constraining barium carriers and barite preservation in marine sediments[END_REF]:

-An image was first recorded from the backscattered electron beam. Typical image resolution is 1024 × 1024 pixels and magnification ×1000, parameters well suitable for the detection of particles ranging from 0.5 µm up to 30 µm. The image was then digitized, filtered and a threshold was applied, using the back-scattered electron detector, to remove the most abundant particles-calcareous, siliceous and clay rich minerals from the image of a reference sample. A total of about 300 images per sample randomly dispersed over the filter were acquired.

-In the first step, the location and shape parameters of the detected particles were determined and stored. The particle size was then defined by its area-equivalent diameter (AED), that is the diameter of a circle having equivalent area to that of the particle (AED = [4A/π] 1/2 with A the measured particle area). The AED provides an average value of the particle diameter and was used to determine the particle size and mass distributions.

Particle counting and size measurements are sensitive to variations of the electron beam intensity, particularly for small size particles. Therefore, the stability of the electron beam was controlled with a laboratory standard composed of DYFAMED sediment mixed with Mn-rich synthetic crystals. Since all U-Th-REE-Hf rich minerals are denser than Mn-rich synthetic mineral, the latter was affected first by a decrease of the electron beam. The abundance and size distribution of the Mn-rich synthetic crystals in the reference sample were measured before and after each sample analysis. Sample analyses were considered accurate when measurements are within 2σ error bars of the reference values.

-In the second step, an X-ray spectrum was acquired during 5 seconds using the HPGe detector attached to the SEM. This was done for particles with AED > 0.5 µm, the minimum particle size required for X-ray spectrum acquisition at 15 kV. U-Th-REE-Hf rich mineral grains were identified from U-Mα, Th-M, La-L, Ce-L, Y-L and Zr-L lines. Typical detection limit of these elements in a 5 seconds spectrum is ~0.5 wt%.

Mineral grains were then sorted using P-KLa-L and Ce-L lines for monazite; P-K, Al-K, La-L and Ce-L lines for florencite; Al-K, Si-K, Ca-K, La-L and Ce-L lines for allanite; P-K and Y-L lines for xenotime; Si-K, and Zr-L lines for zircon; P-K and Ca-K lines for apatite. Using this technique, several hundred particles were counted and sorted by size and composition in a few hours.

Abundance and mean mass of U-Th-REE-Hf rich mineral grains

These results were used to determine C cumul (x), the cumulative size distribution of each type of mineral grains. C cumul (x) is the number of grains per g of sediment with an AED larger than x. C cumul (0) is the total number of grain (of a given mineral) per g of sediment.

For each type of mineral grains, C cumul (x) is modeled by the sum of two exponential functions [START_REF] Robin | Direct barite determination using SEM/EDS-ACC system: implication for constraining barium carriers and barite preservation in marine sediments[END_REF]. Minimum and maximum cumulative size distributions (C cumul (x) min and C cumul (x) max ) are computed taking into account the error bars on the measured particle size distribution.

The numerical abundance of mineral grains > 0.5 µm, i.e., the number of particles per µg (grain/µg), is given by:

S m S C    µm) 0.5 ( C cumul number (1)
Where S is the ratio of the filtered surface (200 mm 2 ) to the analyzed surface (typically a few percents of the filtered surface) and m s the mass of filtered sediment (µg).

The mass abundance (µg/g) is given by: number mineral mass

C M C  (2)
Where M mineral is the mean mass (pg) of particles > 0.5 µm. It is expressed as a function of the cumulative size distribution of mineral grains according to the following equation:
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With ρ = the mean density of mineral grains and Two differential mass distributions, dM mineral (x) min and dM mineral (x) max are then calculated from the minimum and maximum differential size distributions, dC cumul (x) min and dC cumul (x) max . The mean mass of mineral grains M mineral is obtained by integrating Eq.(3) over both differential mass distributions and by averaging M mineral (x) min and M mineral (x) max .

Chemical composition of U-Th-REE-Hf rich mineral grains

In order to improve the precision on elemental abundances compared to the grain counting step (section 1.3.2), multi-element spectra were acquired during 200 seconds at 15 kV and 10,000 counts per second (beam diameter: 1 m) for mineral grains previously identified with the SEM/EDS-ACC system. This enabled quantitative analyses of major and minor elements simultaneously. Detection limits range from less than 0.1 wt% to 0.4 wt%, depending on the intensity and the energy of the measured element, as well as potential interferences (e.g., experimental detection limit are ~0.15 wt% for U and ~0.1 wt% for Th).

Similar results are obtained on zircons comparing LA-ICPMS and SEM for REE (Halel et al., 2004). Comparable detection limits are reported for other REE-rich minerals [START_REF] Sjöqvist | Three Compositional Varieties of Rare-Earth Element Ore: Eudialyte-Group Minerals from the Norra Kärr Alkaline Complex[END_REF]. To demonstrate the capability of SEM/EDS to determine concentration at levels < 1%, we analyzed a set of USGS and IAEA certified standards by SEM/EDS (Fig. EA3a in the electronic appendix). Analyses were done on pressed powder pellets with a primary electron beam defocussed over a surface of 1mm*1mm. The concentrations measured by SEM/EDS agree within analytical uncertainties with certified values, including for elements at concentrations <1 wt% (K, Ca Mg, Mn and Ti). The calibration even holds for Mg, Mn and Ti that are present at concentration < 0.1 wt%. We did not measure the U, Th or REE concentrations of these standard materials because they are too low to be detected by SEM/EDS.

A few analyses were performed at 30 kV and 30,000 counts per second for 1600 seconds.

This enabled the detection of high energy Sr, Y and Zr K lines as well as Hf, Th and U L lines and an improved detection limit.

Quantitative analyses are performed on grain mounts, not on polished sections. This may result in two types of analytical artifacts. 1) X-ray absorption and fluorescence effects on irregular-shaped grains are difficult to constrain. This may affect their correction and hence the estimation of the mineral elemental abundances. 2) Only the outermost part of the mineral grain is analyzed, which may not reflect the composition of the whole grain. These analytical artifacts become significant only for crystals larger than 1-2 µm, which is close to the maximum penetration depth of the electron beam at 15 kV.

The impact of the "grain effects" on the data accuracy has been previously quantified on spinel by analyzing polished and unpolished grains up to a few microns [START_REF] Molina | Chronostratigraphy, composition, and origin of Ni-rich spinel from the Late Eocene Fuente Caldera section in Spain: one impact or more[END_REF]. The lack of systematic compositional differences between both types of grains indicates that unpolished grain analysis provides reliable results.

The "grain effect" for the analysis of single zircon grains can be modelled with the DTSA-II Monte Carlo model provided by the NIST [START_REF] Ritchie | Using DTSA-II to Simulate and Interpret Energy Dispersive Spectra from Particles[END_REF]. The model simulates the spectrum recorded by the EDS detector during the SEM analysis and it calculates the concentration of elements with the program used on our SEM/EDS system. There is no statistical difference between the "true" concentrations prescribed to the model and the concentration obtained with the modelled EDS spectrum of grains of different sizes (Fig. EA4 in the electronic appendix). The average value obtained with modelled analysis of grains is similar to the modelled concentration of a large polished zircon. To demonstrate the validity of this modelling approach, we compare modelled concentrations of the analysis of the certified standards previously analyzed (for real) by SEM/EDS (Fig. EA3b). Modelled and measured concentrations are statistically identical including for elements with concentration <0.1 wt%.

Contribution of U-Th-REE-Hf rich minerals to the bulk sediment composition

The fractional contribution of each U-Th-REE-Hf rich mineral to the bulk sediment concentrations is calculated from the abundance and mean mass of grains > 0.5 µm, according to the following equation [START_REF] Robin | Direct barite determination using SEM/EDS-ACC system: implication for constraining barium carriers and barite preservation in marine sediments[END_REF]:

total mass C C C f E E   (4)
With f E the fractional contribution of a given mineral to the total concentration of element E (wt%); C E the average concentration of element E (wt%) of a given mineral; C total the total concentration of element E (wt% or µg/g); C mass the mass abundance of mineral grains > 0.5 µm (µg/g).

The average concentration C E was determined in two ways: firstly by calculating the mean of the individual concentrations and secondly by calculating the mean when grain concentrations are weighted by mass. The first method returns an average concentration dominated by the small grains that are far more numerous than the large ones. By contrast, the second method reflects the contribution of the larger grains. Clearly both methods will give the same results if all grains have equivalent concentrations. Otherwise, an average value is calculated separately for small and large grains.

Results

Composition of DYFAMED sediments

The composition of the DYFAMED sediments are given in electronic appendix (Tab.

EA1

). These sediments are a mixture of mainly detrital material, carbonates and sea salts. The large loss on ignition is due to the presence in each sample of about 40% of CaCO 3 and of a smaller proportion of sea salt, organic matter and water bound to clay minerals [START_REF] Heiri | Loss-on-ignition as a method for estimating organic and carbonate content in sediments: reproducibility and comparability of results[END_REF][START_REF] Barillé-Boyer | Correction for particulate organic matter as estimated by loss on ignition in estuarine ecosystems[END_REF]. The organic matter content of the samples presented here was not measured, but it does not exceed ~2% of the total in DYFAMED sediments [START_REF] Martín | Recent accumulation of trace metals in sediments at the DYFAMED site (Northwestern Mediterranean Sea)[END_REF]. The sediment heterogeneity can be estimated by the range of composition determined on the different layers sampled within the sediment core. Thus, in the following, we will propagate the variability of the sediment composition contribution of minerals to the tracer concentration in the bulk sediment. Not surprisingly, Hf and Zr concentrations have the largest variability.

The Hf, Zr, REE, U and Th concentrations compare well with concentrations measured in carbonate-rich fine grained sediments from the Angola and Cape Basins in the South Atlantic Ocean [START_REF] Bayon | Hf and Nd isotopes in marine sediments: Constraints on global silicate weathering[END_REF]. Compared to Upper Continental Crust (UCC, Taylor and

McLennan 1995), the REE pattern is relatively flat (La/Yb ≈ crustal ratio) with however a slight enrichment of the middle REE. The U/Th (U/Th ≈ 0.266) ratio is close to the crustal ratio (U/Th ≈ 0.261). In contrast, the Lu/Hf ratio of DYFAMED sediments (Lu/Hf ≈ 0.78-0.10) is higher than the crustal ratio (Lu/Hf = 0.55). The high Lu/Hf ratio and the Hf and Zr depletion compared to UCC (Fig. 2a) indicate that a large fraction of the zircons are missing and were most likely lost due to grain sorting during transport.

Composition of U-Th-REE-Hf rich minerals

The SEM/EDS-ACC system has identified five major carriers of U, Th and REE in DYFAMED sediments: zircon, xenotime, monazite, allanite and florencite. Apatite and Ti oxides (rutile), which are known as potential U-Th-LREE carriers [START_REF] Laenen | The variation of the trace-element content of fossil biogenic apatite through eustatic sea-level cycles[END_REF][START_REF] Chu | Apatite Composition: Tracing Petrogenetic Processes in Transhimalayan Granitoids[END_REF], are quite abundant in all investigated samples but U, Th and REE remain below detection limit, with the exception of one apatite grain showing detectable concentrations (> 0.5 wt%) of La, Ce, U and Th. Th-rich silicate (thorite) as well as U and Th oxides (uraninite, thorianite) were not detected. A total of 300 zircons, 41 xenotimes, 148 monazites, 67 allanites and 356 florencites were analyzed (Tab. 1). UCC normalized elemental abundances (Fig. 2b-f) are generally consistent with compositions previously reported for the same mineral phases in granite [START_REF] Bea | Residence of REE, Y, Th and U in Granites and Crustal Protoliths; Implications for the Chemistry of Crustal Melts[END_REF] and sandstones [START_REF] Rasmussen | Removal of oceanic REE by authigenic precipitation of phosphatic minerals[END_REF].

Some REE were below the detection limit (e.g., LREE and Lu in zircon or HREE in monazite, allanite and florencite). Others were measured with a large uncertainty (e.g., Lu in xenotime). In order to constrain the contribution of these "missing" REE to the global budget, we assumed that for each accessory mineral in the sediment, the REE profile has the same slope than the average profile of the same mineral in granites [START_REF] Bea | Residence of REE, Y, Th and U in Granites and Crustal Protoliths; Implications for the Chemistry of Crustal Melts[END_REF], see also Fig. 2) or in sandstone for florencite [START_REF] Rasmussen | Removal of oceanic REE by authigenic precipitation of phosphatic minerals[END_REF]. For example, we estimated the concentration of Lu in zircon as follow:

Lu estimated for DYFAMED zircon = Yb measured in DYFAMED zircon * (Lu/Yb) zircon in granite ( 5)

Numerical values of estimated elements are given in electronic appendix (Tab. EA2). These calculated concentrations are represented by empty circles on figure 2b to 2f.

Zircon (ZrSiO 4 )

Zircon is the most ubiquitous accessory mineral in granitoids showing a broad range of composition [START_REF] Bea | Residence of REE, Y, Th and U in Granites and Crustal Protoliths; Implications for the Chemistry of Crustal Melts[END_REF]. At DYFAMED, zircon contains in average about 2 wt% Y and 1.3 wt% Hf with a small amount of REE (REE < 2 wt%), U and Th (0.2-0.5 wt%). The average REE concentration of the DYFAMED zircons is in the higher compositional range of granitoid zircons (Fig. 2b). HREE are enriched compared to LREE that remain below detection limit (< 0.1 wt%). Small zircons (< 5 µm) have significantly higher U and Th concentrations (U = 0.43 ± 0.09 wt% and Th = 0.48 ± 0.15 wt%) than large zircons (U = 0.20 ± 0.12 and Th = 0.27 ± 0.17 wt%), with a mean concentration for all grains of 0.38 ± 0.18 and 0.31 ± 0.13 wt% respectively. However, as stated in the analytical methods, EDS analysis reflects the composition of the grain surface (first µm) and not that of the whole grain.

Whether the outer part only or the whole grains are depleted in U-Th is thus questionable.

Note that compositional zoning which is common in zircon [START_REF] Hoskin | The Composition of Zircon and Igneous and Metamorphic Petrogenesis[END_REF] could account for the observed differences between small and large grains. Hereafter, we assume that zircons > 5 µm in diameter have lower U-Th concentrations than those < 5 µm. U and Th concentrations vary widely from one grain to another, not necessarily in the same proportions, leading to a wide range of U/Th ratios (0.1 to > 3). However, in both size ranges, the average ratios are roughly equivalent, with a mean value for all grains of ≈ 0.8 ± 0.5. For grains with very low Th content, the uncertainty on the U/Th ratio is very large. A more accurate value of 0.95 ± 0.08 is obtained by considering only those grains having better than 30% precision on the U/Th ratio (≈ 20% of total grains analyzed). We note that only considering data with measurable Th content may lead to a bias of the if Th-rich and Th poor zircons have distinct U/Th ratios.

Xenotime (YPO 4 )

Xenotime composition at DYFAMED is in the range of compositions of granitoid xenotime (Fig. 2c), showing the same enrichment of HREE relative to LREE (REE ≈ 18 wt%; La/Yb ≈ 0.1 or 7×10 -3 times the crustal ratio) and the same range of Zr, U, and Th concentrations. As for zircon, U and Th concentrations vary widely among the population of grains but no significant variation is observed with the particle size. On the average, U and Th concentrations are comparable to those measured for zircon (0.23 ± 0.08 and 0.44 ± 0.10 wt%, respectively) with a similar or even slightly higher U/Th ratio (≈ 2 ± 1 for all grains and 1.48 ± 0.15 for ≈ 20% of them, i.e., those whose precision on the U/Th ratio is better than 30%). Lu was not measured precisely. Therefore, in the following, we calculate the Lu concentration by using equation 5, the measured Yb concentration and the average Lu/Yb ratio given by [START_REF] Bea | Residence of REE, Y, Th and U in Granites and Crustal Protoliths; Implications for the Chemistry of Crustal Melts[END_REF]. Using the Lu/Yb ratio of xenotimes analysed in granites, we assume that there was no fractionation between Lu and Yb during transport and weathering.

Monazite (REEPO 4 )

Monazite composition at DYFAMED is within the range of compositions of granitoid monazite with the exception of U and Th whose concentrations are significantly lower (Fig. 2d). No variation is observed with the particle size. Allanite composition is within the range of compositions of granitoid allanite with the exception of Th whose concentration is distinctly lower (Fig. 2e). No variation is observed with the particle size. Allanite is the second most important REE carrier after monazite (REE ≈ 15 wt%). It is enriched in LREE relative to HREE with a flat LREE normalized pattern. Most of the grains (40-75 %) have U and Th content below the detection limit (average of 0.12 ± 0.09 wt% and 0.06 ± 0.05 wt%, respectively). As a consequence, the U/Th ratio is poorly constrained (≈ 2 ± 2 for all grains and ≈ 1.0 ± 0.8 with grains (≈ 10% of them)

having U/Th ratio measured with an uncertainty better than 100%).

Florencite ((REE)Al 3 (PO 4 ) 2 (OH) 6 )

Florencite is a minor, but ubiquitous, diagenetic mineral previously reported in marine sandstones [START_REF] Rasmussen | Removal of oceanic REE by authigenic precipitation of phosphatic minerals[END_REF]. Its composition at DYFAMED is similar to the composition of florencite in sandstones, with the exception of U and Th whose concentrations are distinctly higher (Fig. 2f). No variation is observed with the particle size. REE concentrations are comparable to those of allanite (REE ≈ 20 wt%) although with a distinctly higher enrichment of LREE over HREE. Sr and Ca are present as minor substitutes of REE. Most of the grains (≈ 80%) have detectable Th concentrations (0.45 ± 0.11 wt%) but U remains close to the detection limit (0.15 ± 0.12 wt%). This results in a low and poorly constrained U/Th ratio of 0.34 ± 0.27 for all grains (0.33 ± 0.13 for ≈ 10% of them, i.e., those whose precision on the U/Th ratio is better than 50%).

Size distribution and mean mass of U-Th-REE-Hf rich crystals

Bulk samples, sieved and filtered size fractions as well as heavy mineral concentrates were used to define a typical cumulative size distribution for each type of mineral grains (Fig. 3). These samples allow characterizing different size fractions:

-Grain counting on bulk sample provide the absolute abundance and size distribution of the smallest grains (< 3 µm), which are far more numerous. Larger grains are too rare to have a significant probability to be detected in bulk samples.

-Grain counting on sieved and filtered size fractions (> 5 µm and > 25 µm) constrains the abundance of large grains. If no large grain is detected, it provides an upper limit to their abundance. Due to their scarcity and to the difficulty to achieve quantitative filtration/sieving on fine sediments, the size distribution of large particles remains poorly constrained by this method.

-Heavy mineral concentrates obtained by density separation provide strong constraints on the size distribution. This is best illustrated by comparing florencite and allanite. For these 2 minerals, no grain larger than 3 µm was detected on bulk counting and no grain larger than 5 µm was obtained by filtration for both minerals. In contrast, dense mineral countings reveals the occurrence of allanite grains as large as 15 µm, whereas no florencite grain larger than 5 µm was detected. Dense mineral counting support that there is a continuous size distribution between the small and the largest grains. However, the yield of the heavy liquid separation is unknown and so does not provide an absolute cumulative size distribution. In addition, for particles < 2 µm, the slope of cumulative size distribution of the mineral concentrate is not as steep as the slope of cumulative size distribution of the bulk sample. This is because the density separation yield decreases rapidly for particles < 2.5 µm. Above 2.5 µm, the slopes of the 2 distributions become similar, indicating a constant yield of the mineral separation. Therefore, the cumulative size distribution of the heavy mineral concentrate was adjusted to obtain a good fitting between 3 µm and the largest filtered size fraction available.

The mean mass of each type of mineral grains (expressed in pg or 10 -12 g), as well as the numerical and mass abundances of each type of mineral grains, are given in Table 2. No systematic variation of the particle abundance was observed between 0 and 5 cm in the sediment core (Fig. EA5 in the electronic appendix). Therefore, abundances reported here are average values of all analyzed samples.

Florencite is numerically the most abundant phase in the bulk sediment (5.3 ± 0.6 grain/µg) followed by zircon (2.9 ± 0.4 grain/µg) and monazite (1.1 ± 0.2 grain/µg). Allanite is relatively scarce (0.46 ± 0.07 grain/µg) and xenotime is particularly rare (0.13 ± 0.02 grain/µg). Even though florencite is one of the most numerically abundant phases, it has the lowest abundance in term of mass (17 ± 3 µg/g) since it appears as very small grains (< 5 µm in diameter) of low mean mass (3.2 ± 0.7 pg) which account for > 90% of the total mass.

Monazite, allanite, and xenotime have higher mass abundances (25-31 µg/g), despite lower numerical abundances, because the size distributions extend to larger grains (> 5 µm), which are much more massive (mean mass ranging from 28 to 211 pg) than the small ones thus contributing largely to the total mass (70-95% of total contribution). Zircon is by far the most abundant phase in term of mass (166 ± 62 µg/g), due to a high numerical abundance of zircon grains and to a high proportion of large grains in the 5-35 µm size range (the mass of a 24 µm zircon is of 23000 pg!).

For all the minerals mentioned above, we found grains in the 0.25-0.5 m range. These very small grains were not included in the cumulative size distribution, because their detection is semi-quantitative. However, it stresses that accessory phases do occur as submicron grains.

Contribution of the U-Th-REE-Hf rich phases in DYFAMED sediments

The fractional contribution of each U-Th-REE-Hf rich mineral to the total concentrations of U, Th, REE and Hf in the bulk sediments is calculated using equation ( 4).

These contributions vary strongly from an element to the other (Tab. 2, Fig. 4).

Zircon can account for the total budget of Zr (79 ± 32%) and Hf (78 ± 34%) in DYFAMED sediments. Due to its very low alterability, zircon is expected to be probably the only phase containing Zr in the sediment indeed [START_REF] Poitrasson | The current state and future of accessory mineral research[END_REF]. Therefore, the high contribution of zircon to the Zr content supports the validity of the method proposed here to estimate the size and mass distributions of the minerals.

The high contribution of zircon and xenotime to the Y, HREE content of DYFAMED sediments are similar to those obtained in granites [START_REF] Bea | Residence of REE, Y, Th and U in Granites and Crustal Protoliths; Implications for the Chemistry of Crustal Melts[END_REF]. These two minerals explain a large fraction of Y (73 ± 27%) and HREE. As a consequence of their REE patterns (Fig. 2), the contribution of zircon and xenotime increases from Gd to Lu (Fig. 4), explaining more than 80% of the total amount in sediments from Er to Lu (90 ± 37% for Lu).

By contrast, only a small fraction of the total U, Th and LREE is carried by the analyzed phases in DYFAMED (Tab. 2) while monazite and allanite contain always more than 50% and up to 90 % of the total LREE and Th in granites. Together with zircon, they also carry most of the U in granites.

In DYFAMED, zircon and xenotime account for only a few percent of the total Th (respectively 6.3 ± 5.5% and 0.8 ± 0.7%) and U (respectively 19 ± 16% and 6.0 ± 4.5%).

Monazite only explained ≈ 7% of U, ≈ 10% of Th and ≈ 15% of LREE. Allanite contributes to ≈ 3-5% of the LREE and is a minor carrier for U and Th. Florencite also contains a small fraction of LREE, U and Th.

Discussion

Impact of weathering on U-Th-REE-Hf-rich phases

The detrital fraction of the DYFAMED sediments is made of Var River particles (and of Saharan dusts to a lesser extent) that are produced by erosion of a large variety of rocks (magmatic, metamorphic and sedimentary). Accessory U-Th-REE-Hf rich phases are considered to be very resistant to alteration [START_REF] Morton | Processes controlling the composition of heavy mineral assemblages in sandstones[END_REF][START_REF] Poitrasson | The current state and future of accessory mineral research[END_REF][START_REF] Moreno | Geochemical variations in aeolian mineral particles from the Sahara-Sahel Dust Corridor[END_REF]. However, U-Th-REE-Hf rich phases of granites can be substantially transformed during hydrothermal [START_REF] Hecht | Hydrothermal alteration of monazite in the Precambrian crystalline basement of the Athabasca Basin (Saskatchewan, Canada): Implications for the formation of unconformity-related uranium deposits[END_REF][START_REF] Papoulis | Monazite alteration mechanisms and depletion measurements in kaolins[END_REF], metamorphic [START_REF] Rasmussen | Reactions destroying detrital monazite in greenschistfacies sandstones from the Witwatersrand basin, South Africa[END_REF] and pedologic [START_REF] Braun | Solid/liquid REE fractionation in the lateritic system of Goyoum, East Cameroon: The implication for the present dynamics of the soil covers of the humid tropical regions[END_REF] processes. The comparison of the contribution of each mineral to the total trace element content of granites (crustal rocks) and marine sediments (end product of erosion) provides an integrated view of the weathering effect on these accessory minerals.

The very low alterability of zircon and xenotime can be deduced from their very high contribution (around 100%) to the Zr, Hf and Y inventories in both granites and marine sediments and the similar levels of U, Th and HREE in zircons and xenotimes from DYFAMED sediments and magmatic rocks [START_REF] Bea | Residence of REE, Y, Th and U in Granites and Crustal Protoliths; Implications for the Chemistry of Crustal Melts[END_REF]. It must be noted that the U, Th and HREE concentrations in zircons from the present study is on the high side of the values reported by [START_REF] Bea | Residence of REE, Y, Th and U in Granites and Crustal Protoliths; Implications for the Chemistry of Crustal Melts[END_REF] and much higher than the concentrations measured in large (~100 m) zircons by LA-MC-ICPMS or SIMS for U-Th-Pb dating or Lu-Hf studies [START_REF] Yang | Episodic crustal growth of North China as revealed by U-Pb age and Hf isotopes of detrital zircons from modern rivers, Geochim[END_REF], including zircons from the Argentera crystalline massif that is the likely source of zircons deposited at DYFAMED. High U-Th concentration in zircon can be due to their disequilibrium crystallization during the rise and final emplacement of the magma (Wang et al., 2011) and to zircon alteration (Žáček et al., 2006). As large zircons from the Argentera massif have generaly a low U and Th content, we speculate that small (~1 m) zircons are more prone and sensitive to alteration leading to their enrichment in U-Th. The case of HREE will be discussed in section 4.3..

In contrast, monazite and allanite contain most of U-Th-LREE in granites, but the contribution of these minerals to the total content of U, Th and LREE in marine sediments is rather low (~ 30%). The LREE contents of monazite and allanite normalized to the continental crust are identical in DYFAMED sediments and in granites, whereas the U and Th content of monazite and allanite normalized to the continental crust are depleted in DYFAMED compared to granites (Fig 2b). The low U and Th content of sedimentary monazite and allanite could be due to the preferential leaching of these elements with a possible enhancement of the alteration by metamictization, or just be related to the nature of the primary unaltered material only. Florencite, an alteration product of monazite in soils [START_REF] Braun | Solid/liquid REE fractionation in the lateritic system of Goyoum, East Cameroon: The implication for the present dynamics of the soil covers of the humid tropical regions[END_REF], is present in the DYFAMED sediments. It contains less than 5% of the LREE, U and Th of the sediment, so it cannot account for the "missing" U, Th and LREE that are not on monazite and allanite.

In granites, thorium silicates (thorite and huttonite, ThSiO 4 ) contain ~10-40 % of the total Th and uraninite (or more complex U minerals) can also be major U carrier. They were not detected in the DYFAMED sediments suggesting that they are completely lost during weathering. In the case of U, a preferential loss of large zircons during transport can also contribute to the low contribution of accessory minerals in the sediment (see section 4.2.)

The loss of monazite and the uptake by other phases of the released elements can be illustrated by the good agreement between the bulk sediment and a mixture of the contribution of all the U-Th-REE-Hf rich phases with 165 µg/g of extra monazite in the detrital fraction (Fig. 5). The budget of all the trace elements is balanced except for U and Th (≈ 60% each element missing) that might have been carried by thorianite, thorite and uraninite in the pristine magmatic rock. Uraninite is not stable under oxic conditions [START_REF] Finch | The corrosion of uraninite under oxidizing conditions[END_REF]. While Th is known to be a relatively immobile element, thorite may be destabilized by metamictization (Berger et al., 2009) and organic ligands can induce thorite and thorianite solubility [START_REF] Braun | Solid/liquid REE fractionation in the lateritic system of Goyoum, East Cameroon: The implication for the present dynamics of the soil covers of the humid tropical regions[END_REF].

The question of the nature of the phase(s) bearing the 60-80% of Th, U and LREE not located in U-Th-REE-Hf rich phases remains. U, Th and LREE may be present at low concentrations in other phases. Apatite and Ti oxides are abundant in DYFAMED sediment, but in these minerals, U, Th or REE were below detection limit. To put an upper bound on the contribution of these phases, we assumed that all phosphorus (P) in the sample was in apatite (4000 µg/g of apatite) and all titanium (Ti) was in rutile (3000 µg/g). Using an average Th concentration of 50 µg/g in apatite [START_REF] Laenen | The variation of the trace-element content of fossil biogenic apatite through eustatic sea-level cycles[END_REF][START_REF] Chu | Apatite Composition: Tracing Petrogenetic Processes in Transhimalayan Granitoids[END_REF] and a few µg/g in rutile, we obtain only a contribution of 2% of the total Th. Similar conclusions are obtained for U. As for Nd, apatite REE patterns and concentrations vary strongly depending on the origin of the mineral (lithogenic or authigenic). However, apatite can contribute to up to 20% of the LREE but never balanced totally the budget. Therefore, U, Th and LREE must be present at low concentrations in other phases such as clay mineral, Mn or Fe oxides, or organic matter [START_REF] Tachikawa | Microscale neodymium distribution in sedimentary planktonic foraminiferal tests and associated mineral phases[END_REF].

Implication for U/Th/REE behavior in sediments

The different size distribution of U and Th bearing minerals could explain the U/Th fractionation observed in the marine particles collected in the DYFAMED sediment traps compared to UCC (Roy- Barman et al., 2009). U is significantly carried by large zircons and xenotimes with high U/Th ratios, whereas Th is carried by smaller phases such as monazite, florencite (and possibly clays, Fe oxides…) with a lower U/Th ratio. Grain sorting during the transport of dust by wind or of particles by currents will tend to remove preferentially the phases with high U/Th ratios, producing sediments with U/Th ratios lower than the average continental crust.

The present study confirms that the lack of correlation between Zr-Hf and Th-LREE often observed in riverine and marine sediments [START_REF] Mclennan | Geochemical and Nd-Sr isotopic composition of deep sea turbidites: Crustal evolution and plate tectonic associations[END_REF][START_REF] Bouchez | Grain size control of river suspended sediment geochemistry: Clues from Amazon River depth profiles[END_REF] is due to the relatively small fraction of Th and LREE associated to large accessory minerals, whereas Zr and Hf are carried by zircon. Previous studies suggested that the HREE budget in shales is controlled by both zircon and an undetermined refractory phase [START_REF] Mclennan | Rare earth element-thorium correlations in sedimentary rocks, and the composition of the continental crust[END_REF][START_REF] Gromet | The "North American shale composite": Its compilation, major and trace element characteristics[END_REF]. Here, we clearly identify this phase as xenotime. Fractionation between LREE and HREE resulting from grain sorting during sediment transport could alter the REE pattern. Preferential loss of large zircons and xenotimes would decrease the LREE/HREE ratio of the fine sediments.

Until now, it was not clear if Th and LREE were carried by small abraded accessory grain or if they were redistributed on other phases such as clay or organic matter [START_REF] Patchett | Hafnium/rare earth element fractionation in the sedimentary system and crustal recycling into the Earth's mantle[END_REF]. Here, we clearly demonstrate that small accessory minerals contain only a small fraction of the sediment Th and LREE, implying that the remaining fraction must have been chemically redistributed on other phases. More generally, there seems difficult to define a single "best" lithogenic tracer [START_REF] Chase | Comment on "On the importance of opal, carbonate, and lithogenic clays in scavenging and fractionating 230Th, 231Pa and 10Be in the ocean[END_REF][START_REF] Luo | On the importance of opal, carbonate, and lithogenic clays in scavenging and fractionating 230Th, 231Pa and 10Be in the ocean[END_REF], as each of them will have particular carriers with particular size distribution.

Dissolution of lithogenic elements occurs in the Mediterranean Sea, most likely at its margins [START_REF] Henry | Particulate and dissolved Nd in the western Mediterranean Sea: sources, fate and budget[END_REF][START_REF] Roy-Barman | Thorium isotopes in the western Mediterranean Sea: an insight into the marine particle dynamics[END_REF][START_REF] Tachikawa | Neodymium isotopes in the Mediterranean Sea: comparison between seawater and sediment signals1[END_REF]. Together with the enhanced scavenging of insoluble elements at ocean margin, it leads to "boundary exchange", a process still poorly understood [START_REF] Lacan | Neodymium isotopes as a new tool for quantifying exchange fluxes at the continent-ocean interface[END_REF][START_REF] Roy-Barman | Modelling the effect of boundary scavenging on Thorium and Protactinium profiles in the ocean[END_REF].

We show that only a limited fraction (20%, Tab. 2) of Th and Nd are locked in very insoluble accessory minerals such as zircon and monazite. This is a very different situation compared to Hf (see section 3.5). It has been suggested that phosphate precipitates control the REE solubility in seawater [START_REF] Byrne | Rare earth precipitation and coprecipitation behavior: The limiting role of PO43-on dissolved rare earth concentrations in seawater[END_REF]. While phosphate minerals (monazite, florencite or apatite) are present in the DYFAMED sediments, they contain only a small fraction of the LREE present in the bulk sediment.

Implication for Lu-Hf systematics

Hf and Nd isotopic compositions of most terrestrial rocks display a broad correlation, called the "terrestrial array" because the Lu-Hf and Sm-Nd isotopic systems behave similarly during magmatic processes within the Earth's lithosphere [START_REF] Vervoort | Relationships between Lu -Hf and Sm -Nd isotopic systems in the global sedimentary system[END_REF].

Surprisingly, seawater and Fe-Mn nodules also plot on a well-defined correlation, but with a clear offset towards radiogenic Hf signature compared to the terrestrial array [START_REF] Patchett | Hafnium/rare earth element fractionation in the sedimentary system and crustal recycling into the Earth's mantle[END_REF][START_REF] Albarede | A Hf-Nd isotopic correlation in ferromanganese nodules[END_REF][START_REF] Rickli | Hafnium and neodymium isotopes in surface waters of the eastern Atlantic Ocean: Implications for sources and inputs of trace metals to the ocean[END_REF]. This offset is explained by incongruent erosion of the continental crust. Zircons have high Hf concentration but low Lu concentration.

Because zircons are highly resistant to physical and chemical erosion, they store large quantities of unradiogenic Hf, while other phases with higher Lu/Hf ratios are more readily dissolved and deliver more radiogenic Hf to the ocean [START_REF] Bayon | The control of weathering processes on riverine and seawater hafnium isotope ratios[END_REF]. Ultimately, zircons are thought to be deposited in coarse sediments (sands) plotting on a "zircon-bearing sediment array" with slightly less radiogenic Hf signature than the terrestrial array. Sands have low Lu/Hf ratios (< 0.65) and generally high Hf contents (> 5 µg/g). Finer sediments ("muds") are depleted in zircon and Hf and plot along a "zircon free sediment" array that is intermediate between the seawater and the terrestrial arrays. Muds have high Lu/Hf ratio (> 0.65) and generally low Hf content (< 5 µg/g). While zircons are known to be concentrated in sands, their presence/absence in marine muds had not been directly checked until now and no other potential carrier has been identified for Zr and Hf in muds.

Here, the low Hf content (≈ 2.3-3.2 µg/g) in the bulk sample, comparable to values reported by [START_REF] Bayon | Hf and Nd isotopes in marine sediments: Constraints on global silicate weathering[END_REF], for fine grained sediments of the Angola and Cape basins and high Lu/Hf ratio (Lu/Hf = 0.10) of DYFAMED sediments place them clearly in the "zirconfree" fine grained sediments represented by the distal turbiditic muds of the Congo and Angola basins [START_REF] Bayon | Hf and Nd isotopes in marine sediments: Constraints on global silicate weathering[END_REF]. Nevertheless, at least 47% of (if not all) the Zr content of DYFAMED sediment is due to zircons of different sizes (see section 3.1). Even the fine grain fraction contains sub-micron to micron size zircons (Fig. 3) as suggested previously [START_REF] Pettke | Radiogenic Hf isotopic compositions of continental eolian dust from Asia, its variability and its implications for seawater Hf[END_REF][START_REF] Rickli | Hafnium and neodymium isotopes in surface waters of the eastern Atlantic Ocean: Implications for sources and inputs of trace metals to the ocean[END_REF]. It suggests that the so called "zircon-free" sediments are rather "zircon-depleted" by differential loss of the largest zircons (Fig. 2a), but that the remaining Zr and Hf is still significantly carried by small zircons. This would imply a low solubility Hf even in the fine sediments.

Lu was not measured precisely in zircons but we can estimate its concentration to 0.06 ± 0.02% based on the Yb content of DYFAMED zircons and the average Lu/Yb ratio of zircons determined by [START_REF] Bea | Residence of REE, Y, Th and U in Granites and Crustal Protoliths; Implications for the Chemistry of Crustal Melts[END_REF] (equation 5). It yields an average 176 Lu/ 177 Hf ratio of ~0.00648 in zircons, which is one order of magnitude higher than the signature of global fluvial zircons measured using LA-ICP-MS (averaged at ~0.00056 e.g., [START_REF] Chen | Zircon effect alone insufficient to generate seawater Nd-Hf isotope relationships[END_REF] or bulk analysis of zircon collected in placer deposit of the Rhone River that erodes similar lithology than the Var River [START_REF] Garçon | Beach placer, a proxy for the average Nd and Hf isotopic composition of a continental area[END_REF]. Saharan zircons have an average higher 176 Lu/ 177 Hf ratio (~ 0.0016, [START_REF] Avigad | Coupled U-Pb-Hf of detrital zircons of Cambrian sandstones from Morocco and Sardinia: Implications for provenance and Precambrian crustal evolution of North Africa Gondwana[END_REF] but still below our average value.

The reason for these high HREE concentrations is unclear. Zircons can contain xenotime inclusions (Barbey et al, 1995) or in solid solution [START_REF] Förster | Composition and origin of intermediate solid solutions in the system thorite-xenotime-zircon-coffinite[END_REF] and xenotime overgrowth on zircons are common [START_REF] Drost | Chemical and structural relations of epitaxial xenotime and zircon substratum in sedimentary and hydrothermal environments: a TEM study[END_REF]. Zircons and zircon-xenotime intermediates containing up to 0.2-0.4% of Lu have been described [START_REF] Bea | Residence of REE, Y, Th and U in Granites and Crustal Protoliths; Implications for the Chemistry of Crustal Melts[END_REF][START_REF] Hoshino | Characteristics of zircon suitable for REE extraction[END_REF]. One possibility could be that SEM analyses highlight the presence of HREE-rich xenotime overgrowth on micron-size zircons (the electron penetration depth is of the order of 1-2 m), whereas laser ablation analysis (used for Lu-Hf systematics in zircons) samples mostly the core of large polished zircons. The occurrence of xenotime overgrowth is supported by the high Y content (≈ 2 wt%) of the zircons analyzed in the present study compared to [START_REF] Bea | Residence of REE, Y, Th and U in Granites and Crustal Protoliths; Implications for the Chemistry of Crustal Melts[END_REF]. If it is due to xenotime overgrowth, the 2 wt% of Y should be associated to 1 wt% of Phosphorus (P). The presence of P in zircon could not be confirmed, because there is a major interference of Zr on P with the SEM/EDS method. Nevertheless, we note that the Yb/Y ratio in zircons (Yb/Y = 0.14 ± 0.5) is not significantly different from the the Yb/Y ratio in xenotimes (Yb/Y = 0.86 ± 0.04). It supports the idea that the high HREE content of microns size-zircons are due to xenotime overgrowths. In any case, the high contribution of zircons to the Lu budget is not a general features applicable to other locations or to large zircons.

An important finding is that a large fraction of Lu (based on the Yb content to obtain a better precision, see result section) in the sediment is carried by xenotime (51 ± 26%, Tab. 2).

Xenotime is a well-known Lu-rich and Hf-poor phase [START_REF] Bea | Residence of REE, Y, Th and U in Granites and Crustal Protoliths; Implications for the Chemistry of Crustal Melts[END_REF][START_REF] Scherer | Calibration of the lutetium-hafnium clock[END_REF], but until now it had not been considered as a significant Lu and radiogenic Hf carrier in marine sediments [START_REF] Bayon | The control of weathering processes on riverine and seawater hafnium isotope ratios[END_REF][START_REF] Bayon | Hf and Nd isotopes in marine sediments: Constraints on global silicate weathering[END_REF]. The uncertainty on the total Lu budget leaves open the possibility that some Lu may be present in other phases such as Fe oxides or apatite [START_REF] Bayon | The control of weathering processes on riverine and seawater hafnium isotope ratios[END_REF][START_REF] Bayon | Hf and Nd isotopes in marine sediments: Constraints on global silicate weathering[END_REF]. Nevertheless, since xenotime is considered as a rather insoluble accessory mineral, it could act as a "trap" for radiogenic Hf.

Conclusion

By the systematic determination of their size distributions and compositions, we have established the first quantitative inventory of the contribution of accessory U-Th-REE-Hf rich phases to the total content of U, Th, REE and Hf in deep sea sediments. Using an automated SEM, we were able to analyze very small grains (our primary goal) but with a somewhat high detection limit. Further developments will be necessary to fully characterize minute accessory minerals. Although the association between Zr, Hf and zircon is well established in crustal rocks, Lu-Hf systematics in the ocean somewhat challenged this view with putative "zirconfree" sediments. The present study shows that zircon remains a significant (if not the only) Zr-Hf carrier in fine deep sea sediments because it occurs as very fine grains. Similarly, xenotime is a well-known HREE-rich mineral, but until now its role as a major Lu carrier had not been taken into account in the Lu-Hf budgets of marine sediments. By contrast, only a limited fraction of U, Th and LREE is stored in accessory minerals due to the easier alteration of monazite and allanite compared to zircon and xenotime. The remaining LREE seems to be stored in phases with "monazite like" REE pattern, suggesting that only a limited Sm/Nd fractionation occurs within the sediment. By establishing the role of heavy minerals in U-Th-REE-Hf budgets in marine sediments, this work is a step towards the determination of all (lithogenic and authigenic) U-Th-REE-Hf carriers in marine sediments and marine particles. are given in parentheses. For elements below detection limit in a mineral, we assumed that the REE profile of this mineral in the sediment has the same slope than the profile of the same mineral in granites [START_REF] Bea | Residence of REE, Y, Th and U in Granites and Crustal Protoliths; Implications for the Chemistry of Crustal Melts[END_REF]. We then used the concentration of the most abundant REE to extrapolate the concentration of least abundant REE (see text for details). These estimated concentrations are represented by empty circles. Extreme enrichment compared to the UCC are obtained for some REE when they are major elements of the accessory minerals. UCC data are from Taylor and McLennan 1995. The grey areas represent the range observed in similar minerals analyzed in granitoids (zircon, monazite, allanite and xenotime from [START_REF] Bea | Residence of REE, Y, Th and U in Granites and Crustal Protoliths; Implications for the Chemistry of Crustal Melts[END_REF] and sandstones (Florencite from [START_REF] Rasmussen | Early diagenetic REE-phosphate minerals (florencite, gorceixite, crandallite, and xenotime) in marine sandstones: a major sink for oceanic phosphorus[END_REF]. Values in italics are calculated by extrapolating the REE patterns of heavy minerals from the data available in the literature [START_REF] Bea | Residence of REE, Y, Th and U in Granites and Crustal Protoliths; Implications for the Chemistry of Crustal Melts[END_REF][START_REF] Rasmussen | Removal of oceanic REE by authigenic precipitation of phosphatic minerals[END_REF]. See equation 5 and electronic appendix. * 1 pg = 10 -12 g. The uncertainty on the total contribution of the minerals is
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, where 𝜎 𝑖 is the uncertainty on the contribution of mineral i. LOI: Loss on ignition. Major-and trace-element analyses were carried out by ICP-AES and ICP-MS, respectively, at the SARM (CRPG-Nancy) as described by [START_REF] Carignan | Routine Analyses of Trace Elements in Geological Samples using Flow Injection and Low Pressure On-Line Liquid Chromatopgraphy Coupled to ICP-MS: A study of Geochemical Reference Materials BR, DR-N, AN-G and GH[END_REF]. Samples were prepared by fusion with LiBO 2 followed by HNO3 dissolution. Repeated analyses of international standards (BR, DR-N, UB-N, AN-G and GH) demonstrate that the accuracy is better than 1-2% for major elements. For REE and Y, accuracy is generally better than 5%, whereas it is better than 10 % for U, Th, Hf and Zr. 
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  Monazite has the highest concentrations of REE (REE ≈ 50 wt%) of all investigated carriers and strong enrichments of LREE relative to HREE. Its REE normalized pattern is flat with LREE concentrations equals to ≈ 3000 times the crustal concentration. Monazite has a distinctly higher Th content (2.47 ± 0.08 wt%) compared to the other phases and an U content (0.46 ± 0.13 wt%) similar to zircon and xenotime. The mean U/Th ratio is well constrained with a value of 0.19 ± 0.06 for all grains measured.

	Allanite (Ca,

Table 1 : Average composition of U-Th-REE-Hf rich minerals (in wt%).

 1 Concentrations are reported with 1σ error bars. Values in bold are averages obtained from EDS analysis at 15 kV (number of analyzed grains between brackets). Underlined values are averages obtained from EDS analyses at 30 kV for 10 zircons, 3 xenotimes, 20 monazites and 7 florencites. REE is the sum of all the measured REE concentration in the mineral. Mean U/Th ratios are given for: a) all grains measured at 15 kV; b) only grains whose precision on the U/Th ratio is better than 30%. All ratios are calculated as concentration ratios.

	Al

± 0.2 17.9 ± 0.6 52.2 ± 0.4 14.3 ± 0.2 21.9 ± 0.2 a 0.81 ± 0.50 0.90 ± 0.34 0.74 ± 0.64 1.94 ± 0.98 0.19 ± 0.06 2.0 ± 2.1 0.34 ± 0.27 b 0.91 ± 0.08 0.93 ± 0.08 0.83 ± 0.09 1.48 ± 0.15 0.22 ± 0.02 1.1 ± 0.5 0.35 ± 0.09 U/Th

  

			Zircon		Xenotime	Monazite	Allanite	Florencite
		Total	AED < 5µm AED > 5µm				
	# grains	[300]	[263]	[37]	[41]	[148]	[67]	[356]

Table 2 : Abundance, mass and contribution of U-Th-REE-Hf rich minerals.

 2 

		Zircon	Xenotime	Monazite	Allanite	Florencite	Total
	ρ (g/cm 3 )	4.65	4.8	5.15	3.6	3.44	
	C number (grain/µg) 2.9 ± 0.4 0.13 ± 0.02 M mineral (pg * ) 58 ± 23 211 ± 113	1.1 ± 0.2 28 ± 12	0.46 ± 0.07 54 ± 21	5.3 ± 0.6 3.2 ± 0.7	
	Mean size (µm) 2.9 ± 2.1	4.7 ± 3.9	2.2 ± 1.6	3.1 ± 2.3	1.2 ± 0.7	
	C mass (µg/g)						
	<5µm	16 ± 2	1.1 ± 0.1	7 ± 1	3 ± 0	16 ± 3	
	>5µm 150 ± 62	25 ± 14	24 ± 12	22 ± 9	1 ± 1	
	total 166 ± 62	27 ± 14	31 ± 12	25 ± 9	17 ± 3	
	Contribution of the minerals to the total content (in wt%)			
	Y	20 ± 8	51 ± 26	1.8 ± 1.2	0.5 ± 0.2	0.04 ± 0.03	73 ± 27
	Zr	79 ± 32	0.1 ± 0.0	0.02 ± 0.02		0.00 ± 0.00	79 ± 32
	La 0.1 ± 0.1	0.3 ± 0.2	15 ± 6	3.0 ± 1.2	3.9 ± 0.7	22 ± 6
	Ce 0.2 ± 0.1	0.1 ± 0.1	17 ± 7	3.9 ± 1.5	4.2 ± 0.8	26 ± 7
	Pr 0.3 ± 0.2	0.1 ± 0.1	21 ± 8	5.5 ± 2.2	4.8 ± 1.0	31 ± 9
	Nd 0.4 ± 0.3	0.3 ± 0.3	16 ± 6	3.4 ± 1.3	3.1 ± 0.6	23 ± 6
	Sm 1.8 ± 1.4	2.7 ± 1.8	14 ± 6	3.0 ± 1.3	1.5 ± 0.4	23 ± 6
	Eu 2.8 ± 2.2	1.5 ± 1.0	5.9 ± 3.8	0.06 ± 0.04	1.1 ± 0.8	11 ± 5
	Gd 5.9 ± 4.5	17 ± 9	11 ± 7	2.2 ± 1.4	1.0 ± 0.7	37 ± 12
	Tb 8.7 ± 6.8	32 ± 19	8.3 ± 5.4	2.0 ± 1.3	0.3 ± 0.1	51 ± 21
	Dy 8.5 ± 4.1	42 ± 22	4.4 ± 2.1	1.4 ± 0.9	0.07 ± 0.02	56 ± 22
	Ho	15 ± 10	51 ± 31	3.6 ± 1.7	1.3 ± 0.8	0.04 ± 0.01	72 ± 33
	Er	24 ± 16	64 ± 35	2.1 ± 1.0	1.0 ± 0.6	0.017 ± 0.005	92 ± 38
	Tm	32 ± 24	55 ± 31	1.8 ± 0.8	0.9 ± 0.6	0.011 ± 0.003	90 ± 40
	Yb	32 ± 20	48 ± 27	1.5 ± 0.7	0.6 ± 0.4	0.007 ± 0.002	82 ± 34
	Lu	39 ± 25	48 ± 27	2.0 ± 0.9	0.5 ± 0.3	0.005 ± 0.001	90 ± 37
	Hf	78 ± 34	1 ± 1				79 ± 34
	Th 6.3 ± 5.5	0.8 ± 0.7	10 ± 4.3	0.2 ± 0.2	1.0 ± 0.4	18 ± 7
	U	19 ± 16	6.0 ± 4.5	7.3 ± 4.9	1.5 ± 1.6	1.3 ± 1.3	35 ± 17

EA2: Flow chart for sample processing
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Calibration curves for some elements using 8 USGS (A1, P1, BHVO1, STM1, GXR1, RGM1, SCo1, QLo1), one AIEA (S7) and one obsidian certified standards (standard values). Measured concentration were obtained using the same SEM and EDS detector as for the analysis of U-Th-REE-rich grains.
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Figure EA3b: Simulated calibration curve for EDS analysis of international glass standards.

Calibration curves modelled for the same elements and the 8 USGS (A1, P1, BHVO1, STM1, GXR1, RGM1, SCo1, QLo1), one AIEA (S7) and one obsidian certified standards as for the figure EA3a. Modelled concentrations were obtained using the DTSA-II program for a SEM/EDS detector comparable to the instrument used in this study.
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Figure EA.4: Modeling of the grain size effect on the determination of elemental concentrations in zircon

The grain size effect on the determination of Zr, Si, Th, U, Yb and Er in zircon is tested using the DTSA-II Monte Carlo model of a sphere on a bulk, homogeneous substrate (free software available at: http://www.cstl.nist.gov/div837/837.02/epq/dtsa2/). The model simulates electron/sample and X-ray sample interactions and the X ray spectrum obtained during the analysis of zircon spheres of different sizes on a carbon substrate. Simulated analytical conditions (electron beam intensity, counting time and detector geometry) are similar to those used for the real EDS analysis presented in this paper. Reference spectra of standard material, i.e., pure ThO 2 , Zr metal, U-rich glass, YbF 3 , ErF 3 and CaSiO 3 from AGAR, are also simulated using DTSA-II Monte Carlo model of a bulk, homogeneous material. Concentrations are determined by comparing simulated spectra of zircon grains to the simulated reference spectra and X-ray absorption and fluorescence effects are corrected using the ZAF program for rough particles analysis supplied by PGT (the same program we used for real spectra).

Each point corresponds to a simulation for a given grain size. The error bar includes the counting statistics of the grain analysis and the uncertainties associated to the analysis of standard material. "Polished sample" corresponds to the simulation for a polished section of a very large zircon grain (ideal case without grain size effect). It is simulated using the DTSA-II Monte Carlo model of a bulk, homogeneous material. For each simulation, individual grains and polished sample are assumed to contain 49.32 wt% of Zr, 15 wt% of Si, 0.35 wt % of Th, 0.30 wt% of U, 0.25 wt% of Yb and 0.15 wt% of Er (dashed line). The average concentrations of all simulations and the associated 1sigma standard deviations are 49.33 ± 0.33 wt% of Zr, 14.96 ± 0.19 wt% of Si, 0.31 ± 0.08 wt% of Th, 0.31 ± 0.08 wt% of U, 0.22 ± 0.09 wt% of Yb and 0.18 ± 0.10 wt% of Er. It appears that within the statistical uncertainty, the modeled concentrations of zircon are quite consistent with the real ones, even for concentrations as low as 0.15 wt%. In addition, it is not possible to detect a difference in concentration between small and large grains or with the polished sample, showing that the grain size effect remains insignificant. 
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