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Carbohydrates are among the most abundant organic molecules in both aquatic and terrestrial ecosystems; however, very few studies have addressed their isotopic signature using compound-specific isotope analysis, which provides additional information on their origin (δ 13 C) and fate ( 14 C). In this study, semi-preparative liquid chromatography with refractive index detection (HPLC-RI) was employed to produce pure carbohydrate targets for subsequent offline δ 13 C and  14 C isotopic analysis. δ 13 C analysis was performed by elemental analyzer-isotope ratio mass spectrometer (EA-IRMS) whereas  14 C analysis was performed by an innovative measurement procedure based on the direct combustion of the isolated fractions using an elemental analyzer coupled to the gas source of a mini carbon dating system (AixMICADAS). In general, four successive purifications with Na + , Ca 2+ , Pb 2+ , and Ca 2+ cation-exchange columns were sufficient to produce pure carbohydrates. These carbohydrates were subsequently identified using mass spectrometry by comparing their mass spectra with those of authentic standards.

The applicability of the proposed method was tested on two different environmental samples comprising marine particulate organic matter (POM) and total suspended atmospheric particles (TSP). The obtained results revealed that for the marine POM sample, the δ 13 C values of the individual carbohydrates ranged from -18.5 to -16.8‰ except for levoglucosan and mannosan, which presented values of -27.2 a -26.2‰, respectively. For the TSP sample, the δ 13 C values a g f m -26.4 -25.0‰. The galactose and glucose  14 C values were 19 and 43‰ p c ly, for the POM sample.

On the other hand, the levoglucosan a ca b alu wa 33‰ f h SP ampl .

These results suggest that these carbohydrates exhibit a modern age in both of these samples. Radiocarbon HPLC collection window blanks, measured after the addition of phthalic acid ( 14 C free blank), ranged from -988 to -986‰ f h ab mentioned compounds, indicating a very small background isotopic influence from the whole purification procedure. Overall, the proposed method does not require derivatization steps, produces extremely low blanks, and may be applied to different types of environmental samples.

Introduction

Carbohydrates are among the most ubiquitous organic molecules and have been recorded in all geochemical systems, including terrestrial [1,[START_REF] Opsahl | Characterization of carbohydrates during early diagenesis of five vascular plant tissues[END_REF], marine [START_REF] Panagiotopoulos | Molecular level characterization of methyl sugars in marine high molecular weight dissolved organic matter[END_REF][START_REF] Repeta | Chemical characterization and cycling of dissolved organic matter[END_REF], and atmospheric organic matter [START_REF] Theodosi | Sugars in atmospheric aerosols over the Eastern Mediterranean[END_REF][START_REF] Fu | Seasonal variations of sugars in atmospheric particulate matter from Gosan, Jeju Island: Significant contributions of airborne pollen and Asian dust in spring[END_REF]. Although previous investigations have provided a wealth of information on their concentrations and distributions in all geochemical systems [START_REF] Oades | Soil organic matter and structural stability: mechanisms and implications for management[END_REF][START_REF] Panagiotopoulos | The composition and flux of particulate and dissolved carbohydrates from the Rhone River into the Mediterranean Sea[END_REF][START_REF] Pakulski | Abundance and distribution of carbohydrates in the ocean[END_REF][START_REF] Fu | Molecular characterization of marine organic aerosols collected during a round-the-world cruise[END_REF][START_REF] Sempéré | Distribution and bacterial availability of dissolved neutral sugars in the South East Pacific[END_REF], very less is known about their sources and fate, which have not been thoroughly studied using carbon isotopes. Such information, obtained from carbon isotope examination at the molecular level, may help trace the origin of the different components of organic matter and explain its reactivity during long-range transport [START_REF] Beaupré | The Carbon Isotopic Composition of Marine DOC[END_REF].

Bulk carbon isotope analysis generally reflects the average of the isotopic composition of the whole panel of organic molecules inside the sample [START_REF] Hobbie | Intramolecular, compound-specific, and bulk carbon isotope patterns in C 3 and C 4 plants: a review and synthesis[END_REF][START_REF] Hwang | Carbon isotope ratios of organic compound fractions in oceanic suspended particles[END_REF][START_REF] López-Veneroni | The stable carbon isotope composition of PM2.5 and PM10 in Mexico City Metropolitan Area air[END_REF][START_REF] Bataille | Influence of provenance and preservation on the carbon isotope variations of dispersed organic matter in ancient floodplain sediments[END_REF][START_REF] Zigah | An investigation of size-fractionated organic matter from Lake Superior and a tributary stream using radiocarbon, stable isotopes and NMR[END_REF][START_REF] Roland | Sources of molecularly uncharacterized organic carbon in sinking particles from three ocean basins: A c upl Δ14C a δ13C app ach Ma[END_REF]. Further extraction of the sample with acids or organic solvents produces "purified" fractions (e.g. sugar-or lipid-like fractions) and aids in the determination of the isotopic composition of the hydrophilic and hydrophobic components of the sample [START_REF] Roland | Sources of molecularly uncharacterized organic carbon in sinking particles from three ocean basins: A c upl Δ14C a δ13C app ach Ma[END_REF][START_REF] Wang | Radiocarbon studies of organic compounds classes in plankton and sediment of the northeastern Pacific Ocean[END_REF][START_REF] Hwang | Lipid-Like Material as the Source of the Uncharacterized Organic Carbon in the Ocean?[END_REF]. For example, previous studies on dissolved organic matter (DOM) have reported  13 C values for carbohydrate-like fractions in the ranges -29 to -25‰ in river estuaries [START_REF] Wang | Sources and transport of dissolved and particulate organic carbon in the Mississippi River estuary and adjacent coastal waters of the northern Gulf of Mexico[END_REF] and -21.5 to -20.3‰ h Atlantic and Pacific Oceans [START_REF] Loh | Variable ageing and storage of dissolved organic components in the open ocean[END_REF]. These  13 C values are typical for terrestrial and marine ecosystems, respectively. Moreover, the reported  14 C values for carbohydrate-like fractions in marine high molecular weight DOM showed a wide range of values spanning from 7 to -406‰, further implying that the age of carbohydrates spans from modern to very old (4180 yr BP) [START_REF] Loh | Variable ageing and storage of dissolved organic components in the open ocean[END_REF]. However, the bulk isotope analysis approach does not completely address the isotopic diversity of the individual molecules inside the sample.

In contrast with bulk isotope analysis, the compound-specific isotope analysis (CSIA) of the individual sugars offers valuable information on the origin ( 13 C) and age ( 14 C) of the single molecules [START_REF] Van Dongen | Carbon isotope variability in monosaccharides and lipids of aquatic algae and terrestrial plants[END_REF][START_REF] Glaser | Compound-specificstable-p (δ13C) a aly l c c[END_REF][START_REF] Sang | Stable carbon isotope ratio analysis of anhydrosugars in biomass burning aerosol particles from source samples[END_REF][START_REF] Zhu | Optimizing sample pretreatment for compound-specific stable carbon isotopic analysis of amino sugars in marine sediment[END_REF][START_REF] Repeta | Radiocarbon analysis of neutral sugars in highmolecular-weight dissolved organic carbon: Implications for organic carbon cycling[END_REF]. The CSIA technique is not a new approach; however, it requires high analytical skills for the purification and extraction of individual molecules from the sample. This step is crucial and might strongly affect the results. The two most commonly employed techniques for the stable carbon isotope analysis of carbohydrates are gas and liquid chromatography coupled with isotope ratio mass spectrometry (GC-IRMS and LC-IRMS, respectively). Since carbohydrates are not volatile, derivatization steps (silylation or alditol acetate derivatization) are required for GC-IRMS analysis. This further necessitates carbon corrections on the carbohydrate isotopic signatures [START_REF] Van Dongen | Carbon isotope variability in monosaccharides and lipids of aquatic algae and terrestrial plants[END_REF][START_REF] Derrien | Measurement of the 13C/12C ratio of soil-plant individual sugars by gas chromatography/combustion/isotoperatio mass spectrometry of silylated derivatives[END_REF][START_REF] Teece | Stable carbon isotope biogeochemistry of monosaccharides in aquatic organisms and terrestrial plants[END_REF][START_REF] Moerdijk-Poortvliet | Comparison of gas chromatography/isotope ratio mass spectrometry and liquid chromatography/isotope ratio mass spectrometry for carbon stable-isotope analysis of carbohydrates[END_REF]. Another disadvantage of the GC-IRMS technique is that two different monosaccharides (e.g. glucose and fructose) can produce the same alditol (e.g. glucitol) during the reduction step of the derivatization procedure, thereby causing a loss of compositional information [START_REF] Panagiotopoulos | Analytical methods for the determination of uga ma ampl : A h cal p p c and future directions[END_REF].

LC-IRMS is a good alternative to GC-IRMS because it does not require any derivatization steps [START_REF] Moerdijk-Poortvliet | Comparison of gas chromatography/isotope ratio mass spectrometry and liquid chromatography/isotope ratio mass spectrometry for carbon stable-isotope analysis of carbohydrates[END_REF][START_REF] Moerdijk-Poortvliet | LC/IRMS analysis: A powerful technique to trace carbon flow in microphytobenthic communities in intertidal sediments[END_REF][START_REF] Boschker | A versatile method for stable carbon isotope analysis of carbohydrates by high-performance liquid chromatography/isotope ratio mass spectrometry[END_REF][START_REF] Basler | Compound-p c f c δ13C a aly f m accha from soil extracts by high-performance liquid chromatography/isotope ratio mass spectrometry[END_REF]. However, this technique does not target all the sugar components of the sample; for example, neutral sugars, amino sugars, alditols, and anhydrosugars cannot be separated in a single run [START_REF] Rinne | Evaluation of a liquid chromatography method for compound-specific δ13C a aly f pla carbohydrates in alkaline media[END_REF][START_REF] Sevcik | Rapid analysis of carbohydrates in aqueous extracts and hydrolysates of biomass using a carbonatemodified anion-exchange column[END_REF]. Moreover, both the GC-IRMS and LC-IRMS techniques cannot be used for  14 C determination on single carbohydrates due to their low sensitivity toward the 14 C isotope. To date, very few radiocarbon data exist on single carbohydrates comprising neutral sugars, alditols, and anhydrosugars. Alditols and anhydrosugars are important tracers of terrestrial vegetation [START_REF] Bauer | Arabitol and mannitol as tracers for the quantification of airborne fungal spores[END_REF][START_REF] Medeiros | Sugars as source indicators of biogenic organic carbon in aerosols collected above the Howland Experimental Forest, Maine[END_REF] and burning biomass processes [START_REF] Simoneit | Biomass burninga review of organic tracers for smoke from incomplete combustion[END_REF], respectively. Thus, their isotopic study may help to evaluate their long-range transport from land to sea and more importantly, to assess their reactivity in long time scales (fate) in the marine environment. Although a significant amount of work was done on the compoundspecific radiocarbon analysis of individual lipids over the past 20 years [START_REF] Eglinton | Gas Chromatographic Isolation of Individual Compounds from Complex Matrices for Radiocarbon Dating[END_REF][START_REF] Eglinton | Composition, age, and provenance of organic matter in NW African dust over the Atlantic Ocean[END_REF][START_REF] Ingalls | Ten Years of Compound-Specific Radiocarbon Analysis[END_REF][START_REF] Makou | Plant Wax n-Alkane and n-Alkanoic Acid Signatures Overprinted by Microbial Contributions and Old Carbon in Meromictic Lake Sediments[END_REF] and more recently, on amino acids [START_REF] Bour | Radiocarbon Analysis of Individual Amino Acids: Carbon Blank Quantification for a Small-Sample High-Pressure Liquid Chromatography Purification Method[END_REF], a well-established technique for single carbohydrate purification from environmental samples for subsequent radiocarbon measurements has not been reported to date.

An interesting approach to produce pure carbohydrate targets for δ 13 C and  14 C analysis is the use of semi-preparative high-performance liquid chromatography with refractive index detection (HPLC-RI) on cation-exchange columns. Pure carbohydrates can be analyzed by an elemental analyzer-isotope ratio mass spectrometer (EA-IRMS) for δ 13 C and/or an accelerated mass spectrometer for  14 C analysis. HPLC-RI is a simple and well-established method for carbohydrate analysis; however, in environmental studies, it has been less explored [START_REF] Repeta | Radiocarbon analysis of neutral sugars in highmolecular-weight dissolved organic carbon: Implications for organic carbon cycling[END_REF][START_REF] Panagiotopoulos | Characterization of methyl sugars, 3-deoxysugars and methyl deoxysugars in marine high molecular weight dissolved organic matter[END_REF] than traditional GC-MS or high-performance anion-exchange chromatography with pulsed amperometric detection (HPAEC-PAD) techniques [START_REF] Theodosi | Sugars in atmospheric aerosols over the Eastern Mediterranean[END_REF][START_REF] Panagiotopoulos | The composition and flux of particulate and dissolved carbohydrates from the Rhone River into the Mediterranean Sea[END_REF][START_REF] Fu | Molecular characterization of marine organic aerosols collected during a round-the-world cruise[END_REF][START_REF] Sempéré | Distribution and bacterial availability of dissolved neutral sugars in the South East Pacific[END_REF][START_REF] Panagiotopoulos | Analytical methods for the determination of uga ma ampl : A h cal p p c and future directions[END_REF][START_REF] Medeiros | Analysis of sugars in environmental samples by gas chromatography-mass spectrometry[END_REF][START_REF] Cheng | Simultaneous analyses of neutral carbohydrates and amino sugars in freshwaters with HPLC-PAD[END_REF].

This study employs HPLC-RI to demonstrate that four successive purifications on Na + , Ca 2+ , Pb 2+ , and Ca 2+ cation-exchange columns are sufficient to produce pure carbohydrates for compound-specific carbon isotope determination. In previous investigations, the isolated fractions were measured after combustion in evacuated quartz tubes and the produced CO 2 was purified on vacuum lines. This was followed by graphitization for solid measurements or transfer in glass ampoules for gas measurements. On the other hand, this study employs an alternative procedure [START_REF] Bard | AixMICADAS, the accelerator mass spectrometer dedicated to14C recently installed in Aix-en-Provence, France[END_REF] based on the direct combustion of isolated fractions using an elemental analyzer coupled to the gas source of a mini carbon dating system (AixMICADAS) for  14 C analysis. Compared to the time-consuming vacuum line method, this procedure is la ly fa a ca b a ap f ampl ma ≤10 g C with moderate precision.

The applicability of the method was tested on two different environmental samples, namely marine particulate organic matter (POM) and total suspended atmospheric particles (TSP).

Materials and Methods

Chemicals and reagents

All the carbohydrate standards used in this study were purchased from Sigma-Aldrich or Interchim at the purest available grade (>98% Three portions (17.34 cm 2 each) of the filter were extracted with 18 mL ultrapure water in an ultrasonic bath for 1 h and then filtered through a Pasteur pipette packed with quartz wool (both pre-combusted at 450 ˚C for 6 h) to remove any remaining particles [START_REF] Theodosi | Sugars in atmospheric aerosols over the Eastern Mediterranean[END_REF]. Finally, the sample was freeze-dried and stored in a freezer at -35 °C until chromatographic injection.

Chromatography

The carbohydrates were analyzed using an HPLC system (Thermo Scientific UltiMate 3000) equipped with a vacuum degasser and a 100-µL loop auto-injector. The carbohydrates were detected with a refractive index detector (Shodex RI-101) and eluted in isocratic mode with ultrapure water, which was previously degassed with high purity N 2 for 30 min.

Three cation-exchange analytical columns packed with a polymeric resin (sulfonated polystyrene-divinyl benzene) were used to purify the carbohydrates (Table S placed after the RI detector. The system was controlled via Chromeleon chromatography software (Thermofisher).

The detection limit of the HPLC-RI system was ~1 µM at a signal-to-noise ratio (S/N) of three for all the carbohydrates on the three tested columns; this was in agreement with previous results reported in the literature [START_REF] Cheng | On-line desalting and carbohydrate analysis for immobilized enzyme hydrolysis of waste cellulosic biomass by columnswitching high-performance liquid chromatography[END_REF]. The precision of the method was evaluated by calculating the relative standard deviation (RSD%) for six replicate HPLC-RI injections of the standard mixture of the 14 carbohydrates at the 5 µM level. The RSD was <10% for the peak area and <1% for the retention time for all the columns tested. Additional details on the system optimization are included in the supplementary information (section S1 and Fig. S1).

Isotopic measurements

EA-IRMS

Prior to EA-IRMS processing, the samples were acidified with HCl (final concentration, 0.01 M) to avoid any errors related to the isotopic signature of inorganic carbon mainly from atmospheric CO 2 absorbed in the sample [START_REF] Gordon | Sources and distribution of terrigenous organic matter delivered by the Atchafalaya River to sediments in the northern Gulf of Mexico[END_REF]. The samples were placed in a tin capsule (5 mm × 9 mm; light; Santis) and dried under a N 2 stream. The stable carbon isotope composition and the carbon content of the purified carbohydrates were measured using an elemental analyzer (Flash EA 1500; Thermo Finnigan, Germany) coupled with an isotope ratio mass spectrometer (IRMS Delta plus , Thermo Finnigan, Germany). Briefly, this technique measures the 13 C/ 12 C ratio of total carbon of the dried sample as follows: in a continuous helium flow, the sample is oxidized at 1000 °C in the presence of O 2 and catalysts; the resulting CO 2 is separated from the other combustion products and transferred by the helium flow to a gas source, magnetic sector, triple collector mass spectrometer. The latter determines the 13 C/ 12 C ratio of CO 2 -carbon. The stable carbon isotope composition is conventionally expressed as δ 13 C values according to the formula:

where VPDB is the Vienna Pee Dee Belemnite standard.

International Atomic Energy Agency (IAEA)-CH-7 polyethylene (δ 13 C = -32.2‰) and IAEA-CH-6 sucrose were used as the calibration standard and control, respectively [START_REF] Coplen | Af w ca a c a ch f h VPDB δ13C cal Rapid[END_REF]. The latter yielded a mean value of -10.5‰. The δ 13 C and carbon content of the samples were corrected for the contribution of carbon in the tin capsules. The δ 13 C standard deviations were determined from replicated measurements of the IAEA-CH-6 standard and were ± 0.2‰ ± 0.2‰ ± 0.4‰ and ± 0.7‰ f samples containing 20, 10, 5, and 2 µg C, respectively. The precision on the carbon content (precision on the absolute amount of carbon analyzed) was ± 0.1 µg C.

EA-AixMICADAS

Direct radiocarbon measurement of the CO 2 gas was carried out, after combustion, using an elemental analyzer (EA) coupled to the gas interface system (GIS) of the AixMICADAS system [START_REF] Bard | AixMICADAS, the accelerator mass spectrometer dedicated to14C recently installed in Aix-en-Provence, France[END_REF]. Briefly, the main characteristic of the EA is that it works with a combustion tube filled with tungsten oxide heated to 1050 °C to allow the introduction of silver boats containing the sample material. The purified extracts were recovered in ultrapure water without acidification, transferred into silver capsules (4 mm × 8 mm, Elemental Microanalysis Ltd), and dried at 80 °C on a hotplate under a N 2 stream. The silver capsules were baked at 800 °C for 3 h prior to use to eliminate any organic contamination [START_REF] Tuna | Development of small CO2 gas measurements with AixMICADAS[END_REF][START_REF] Fagault | Radiocarbon dating small carbonate samples with the gas ion source of AixMICADAS[END_REF]. The CO 2 produced by the EA is captured in the zeolite trap inside the GIS. The CO 2 is then released by heating the zeolite trap to 450 °C and is mixed inside the syringe with a helium flow in order to obtain 5% CO 2 in the gas mixture, which is sputtered into the ion source. The CO 2 is injected from the GIS into the ion source through a small fused silica capillary continuously fed by the syringe, which is driven by a stepping motor controlled by the GIS software. A carbon flow of 2.80 μg C min -1 keeps the total pressure constant inside the syringe (filled to 1300 mbar), allowing the ion source to produce stable currents. The tuning procedure and main operation parameters used in the gas configurations are described in the literature [START_REF] Bard | AixMICADAS, the accelerator mass spectrometer dedicated to14C recently installed in Aix-en-Provence, France[END_REF]. The measurements were normalized with the oxalic acid 2 standard (~100 g C;

OxA2 SRM 4990 C, National Institute of Standards and Technology) and corrected for blanks using phthalic anhydride acid (F 14 C = 0.0027; n = 3) prepared from the same protocol as that used for OxA2 (i.e. silver capsules measured by EA-GIS).

The samples were blank corrected with procedural blanks of the same size (section 3.3) and a conservative uncertainty of 30% of the blank value was propagated in the final error calculation. The samples were in the size range 50-150 g C, which translates to a precision of ~1% for a modern sample. However, samples down to 10 g C could be measured with less precision. The accuracy of 14 C measurements of small samples (< 100 µg C) with the gas ion source of AixMICADAS has been tested with numerous measurements on various standards (NIST 4990C, IAEA-C1, IAEA-C2, inhouse carbonate standards) [START_REF] Tuna | Development of small CO2 gas measurements with AixMICADAS[END_REF][START_REF] Fagault | Radiocarbon dating small carbonate samples with the gas ion source of AixMICADAS[END_REF]. For example, the analysis of oxalic acid NIST 4990C was replicated 132 times over 2.5 years, giving an average F 14 C of 1.3403 and a a a a (SD) f 0.0078 ( . . 6‰). h a hm c m a a a c a error (std error = 0.0007) are compatible with the weighted mean (1.3405) and the weighted error (0.0008), and closely agree with the NIST reference value of 1.3407 ± 0.0005.

The 14 C a aly w p a ∆ 14 C corrected for decay [START_REF] Stuiver | Reporting of C-14 data -Discussion[END_REF][START_REF] Reimer | Discussion: Reporting and calibration of post-bomb C-14 data[END_REF] according to the formula:

where A SN is the normalized sample activity, A ON is the normalized standard activity,

x is the year of formation or growth, and λ C = (1/8267) yr -1 .

Identification of purified monosaccharides

The identification of the isolated purified monosaccharides was checked with Liquid Chromatography coupled with Time-of-Flight Mass Spectrometry (LC-Q-TOF-MS)

Agilent 6500 system. The chromatographic separation was performed with a Luna HILIC c lum (100 mm × 2.00 mm I.D. 

Results and discussion

Cation-exchange column selection and purification procedure

Cation-exchange chromatography allows the separation of poly-, oligo-, and monosaccharides based on their degree of polymerization [START_REF] Panagiotopoulos | Characterization of methyl sugars, 3-deoxysugars and methyl deoxysugars in marine high molecular weight dissolved organic matter[END_REF][START_REF] Angyal | The separation of sugars and of polyols on cation-exchange resins in the calcium form[END_REF]. The chromatographic resolution and selectivity can be modulated by changing the cation-exchange column.

The separation mechanism is based on the strength of the complex formed between the hydroxyl groups of the carbohydrate and the metal (e.g. K + , Na + , Pb 2+ , Ca 2+ , Cd 2+ , and Cu 2+ ).

In this study, Na + , Ca 2+ , and Pb 2+ columns were selected for optimum purification of the set of studied carbohydrates. The Na + column is ideal to separate polysaccharides from oligosaccharides and monosaccharides, whereas the Ca 2+ and Pb 2+ columns provide further and complementary separation among the different monosaccharides (e.g. neutral monosaccharides, alditols, anhydrosugars; Fig. 1 a-c). Compared to NH 2 columns (also employed for sugar preparative chromatography), Na + , Ca 2+ , and Pb 2+ columns have the advantage of running with ultrapure water as eluent instead of acetonitrile. This considerably reduces the organic carbon contamination delivered by the eluent, while ultrapure water is easily removed by evaporation with a minimum organic carbon background left behind.

Because carbohydrates in environmental samples can also be polymers (polysaccharides and oligosaccharides) and acid hydrolysis is not always 100% effective [START_REF] Panagiotopoulos | Spectrophotometric and chromatographic analysis of carbohydrates in marine samples[END_REF], an initial purification on a Na + column was necessary to separate the polymers from the monosaccharides [START_REF] Nobre | Comparison of adsorption equilibrium of fructose, glucose and sucrose on potassium gel-type and macroporous sodium ion-exchange resins[END_REF]. The next step was the sequential purification of the monosaccharides on the Ca 2+ , Pb 2+ and again, when necessary, on the Ca 2+ columns. This provided further and complementary separation among the different monosaccharides (e.g. neutral monosaccharides, alditols, anhydrosugars; Fig. 1 b-c) [START_REF] Vente | Comparison of sorption isotherms of mono-and disaccharides relevant to oligosaccharide separations for Na, K, and Ca loaded cation exchange resins[END_REF]. In summary the purification procedure flowchart proposed in this study is: 

Na + → Ca 2+ → Pb 2+ → Ca 2+ .

Monosaccharide standards purification and recovery yields

The analytical procedure flowchart established in the previous section was tested on monosaccharide standards (neutral monosaccharides, alditols, and anhydrosugars; initial concentration of 50 µM) to evaluate the separation and peak isolation of the single monosaccharides. The monosaccharide standards were sequentially purified on Ca 2+ and Pb 2+ columns and if necessary, again on a Ca 2+ column. Note that for the purpose of this exercise the Na + column was not included because the polysaccharides and oligosaccharides were not considered in the standard (section 3.1).

The first separation was achieved on a Ca 2+ column (Fig. S2 It is worth noting that fractions in the time periods between the two adjacent peaks were also collected and their purity was checked after injection into the Pb 2+ column. The monosaccharide(s), if any, obtained in such a way was (were) further pooled with fraction(s) that contained the same monosaccharide to increase its recovery.

Following the second purification, 10 peaks were obtained corresponding to fractions F 1 -F 10 . The last purification was performed on a Ca 2+ column to ensure the collection of ultrapure monosaccharide targets (Fig. S2 c).

The obtained results revealed that the recovery yields after three successive purifications (Ca 2+ → Pb 2+ → Ca 2+ ) of the standard mixture ranged from 12.38 ± 0.01% to 36.32 ± 0.02% (n = 3), with the highest values observed for glucose, mannosan, levoglucosan, and mannitol and the lowest for arabinose (Table S2). Notably, for environmental sample analysis (section 3.5), the monosaccharides xylose, fucose, and rhamnose were also included in the standard (in total 14 monosaccharides) despite the fact that their recovery yield was not estimated via this exercise.

Chromatographic system blanks and background isotopic signature

The blanks were run on the HPLC-RI system with ultrapure water and the amount of carbon released from the chromatographic columns (column bleeding) and isotopic signature were evaluated (Table 1). Column blanks were recorded during the whole run for each column: 50 min for the Na + column, 30 min for the Ca 2+ column, and 45 min for the Pb 2+ column. Subsequently, the amount of carbon released from these three columns was measured via EA-IRMS. The obtained values were significantly close for the Ca 2+ and Pb 2+ columns (4.84 ± 0.25 and 2.80 ± 0.21 µg, respectively), while those of the Na + column were much higher (28.64 ± 1.57 µg). Despite these differences, all the blanks resulted in a similar δ 13 C signature ranging from -28.4 ± 0.4 to -27.8 ± 0.4‰

(Table 1).

The next step was to estimate the total carbon release after sequential purification on the Na + → Ca 2+ → Pb 2+ → Ca 2+ columns. The obtained results indicated that the purification procedure produced a blank that contained 19.76 ± 1.80 µg carbon (Table 1) with a δ 13 C value of -27.9 ± 1.1‰; these results were similar to those observed for each column. Blanks corresponding to the collection time window of the three monosaccharides (glucose, galactose, and levoglucosan) after Na + → Ca 2+ → Pb 2+ → Ca 2+ purification were also run. The respective carbon inputs and the δ 13 C signatures after Na + → Ca 2+ → Pb 2+ → Ca 2+ purification were 0.58 ± 0.004 µg a -24.4 ± 2.9 ‰ for glucose a 0.54 ± 0.15 µg a -26.7 ± 1.5‰ f l gluc a ( abl 1).

Because of the elevated cost of radiocarbon analysis, radiocarbon blanks were only run for the collection time trap of the three monosaccharides (glucose, galactose and levoglucosan) measured in this study. Moreover, as the amount of carbon delivered for the whole purification procedure (Na + → Ca 2+ → Pb 2+ → Ca 2+ columns) for each of the these monosaccharides was too small for a reliable  14 C measurement, phthalic acid ( 14 C free blank sample) was added to the final collected blank and the sample was processed as the monosaccharide sample (i.e. transferred into Ag capsules with ultrapure water and combusted by the EA coupled to the gas interface of AixMICADAS). The amount of phthalic acid was adjusted according to the size of the sample to correct for constant contamination offsets. The results revealed that the radiocarbon blanks exhibited values ranging from -988 to -986‰ ( abl 1).

These  14 C values are slightly higher than those observed for the phthalic acid samples ( -997‰) m a u c ly af a to the silver capsules (i.e. without any transfer from the collection tube to the silver cups). This suggests that little exogenous carbon was added to the sample from HPLC purification (column bleeding and organic residues), glassware contamination (collection vials, Pasteur pipets) and airborne particle deposition during sample collection and transfer. Moreover, the  14 C alu (-989.7 ± 3.5‰) and carbon amounts (0.52 ± 0.34 µg C) of the ultrapure water samples (10 mL corresponding to ~10 times the volume of the collection window of a pure monosaccharide) indicated that the addition of exogenous carbon from the eluent was also negligible. Ultrapure water (n = 3) 0.52 ± 0.34 -21.9 ± 5.9 -989.7 ± 3.5 ND: Not determined * Measured for the whole HPLC -RI run time for each column (Table S1) ** Measured for the whole purification procedure (Na + → Ca 2+ → Pb 2+ →Ca 2+ ) § n = 4 † Measured with EA-AixMICADAS ‡ n = 2 Despite the significantly low amount of contaminants (< 1% for both the glucose and levoglucosan samples from the estimated carbon content of the retention time window) and the low  14 C procedural blanks, the results presented in this study were blank corrected. Finally, it is worth noting that the direct combustion of the small silver cups via an elemental analyzer allows a low background (equivalent age of 46 000 yr BP) and is therefore a good alternative to the time-consuming conventional method based on purification with a vacuum line.

Overall, the above results clearly suggest that the proposed purification procedure does not induce any significant contamination in the samples or affect their isotopic signature.

Hydrolysis effects

The marine sample was submitted to hydrolysis (1 M HCl) prior to its chromatographic purification (Section 2) to release the monosaccharides from the biopolymer macrostructure. Moreover, additional experiments were performed on the standard mono-and polysaccharides to investigate whether the hydrolysis conditions affect the isotopic composition of the released monosaccharides. The three levoglucosan standard solutions (90 µg C each) presented similar δ 13 C levo values, namely -11.2 ± 0.2‰ (n = 3) and -11.2 ± 0.1‰ (n = 3) before and after hydrolysis, respectively. Similar results were obtained by Wang et al. [START_REF] Wang | Radiocarbon studies of organic compounds classes in plankton and sediment of the northeastern Pacific Ocean[END_REF] for the glucose standard (δ 13 C glc = -9.8‰ a δ 13 C glc = -9.9‰ before and after processing, respectively); however their study included additional purification steps comprising anion and cation-exchange resins.

In another set of experiments a polysaccharide standard (laminarin) containing glucose units was submitted to acid hydrolysis and the isotopic signature of the released glucose was compared to that of the original laminarin. The results indicated that glucose and laminarin exhibited similar isotopic signatures in terms of δ 13 C (δ 13 C glc = -10.4‰ a δ 13 C lam. = -13.0‰; n = 1) and  14 C ( 14 C glc = -85.4‰ a  14 C lam. = -84.90‰; n = 1) indicating few differences between the isotopic composition of the original polysaccharide and its monomeric constituent (Repeta; unpublished results).

Application to environmental samples

The purification procedure, including sample preparation, employed in this study is briefly summarized in Fig. 2. Two distinct environmental samples, namely, a marine POM and a TSP sample were considered. The choice of samples was made with respect to the opportunities and the logistics set to obtain them but more importantly of their high carbohydrate content. 

Marine POM

The hydrolyzed marine sample was processed on a Na + column and the collected fractions (F 3 -F 6 ), corresponding to the monosaccharides, were further purified on Ca 2+ → Pb 2+ → Ca 2+ columns (Fig. 3). The results indicated that after four sequential purifications the major monosaccharides obtained were: galactose (368 µg), glucose (273 µg), mannose (65 µg), xylose (38 µg), and fucose/arabinose (16 µg). It is worth noting that levoglucosan (1.8 µg) and mannosan (1.5 µg) were also collected for the first time from marine POM; however, in very low amounts. The presence of the abovementioned anhydrosugars in the hydrolyzed marine sample was also confirmed by high-performance anion-exchange chromatography (Nouara et al., submitted). Finally, although rhamnose and galactosan were detected in the marine POM sample they yielded very small recovered amounts (< 0.5 µg), which were insufficient for isotopic measurement.

The results revealed that the marine POM sample exhibited a δ 13 C alu f -19.6 ± 0.6‰ which is typical of marine origin and consistent with the δ 13 C values reported for the surface coastal sinking POM (range: -23 to -20 ‰) [START_REF] Roland | Sources of molecularly uncharacterized organic carbon in sinking particles from three ocean basins: A c upl Δ14C a δ13C app ach Ma[END_REF][START_REF] Druffel | Cycling of dissolved and particulate organic matter in the open ocean[END_REF]. The δ 13 C signature of the POM hydrophilic extract (fraction comprising most of the hydrophilic components of the sample including monosaccharides) was slightly enriched (-17.2 ± 0.5‰) compared to that of the bulk POM and agreed well with the δ 13 C values recorded for glucose, galactose, mannose, xylose, a fuc / ham (-18.5 to -16.8‰; Table 2).

The δ 13 C signature recorded for these individual monosaccharides agrees well with the isotopic values measured for the individual monosaccharides in marine highmolecular-weight dissolved organic matter (HMWDOM) [START_REF] Repeta | Radiocarbon analysis of neutral sugars in highmolecular-weight dissolved organic carbon: Implications for organic carbon cycling[END_REF], and thereby pointing toward a marine origin. The slight depletion of the δ 13 C values of the bulk POM relative to its individual carbohydrate component may be due to the presence of other organic compounds (e.g. amino acids and lipids) in the sample, which may have a lighter stable carbon isotope signature than that observed for carbohydrates [START_REF] Hwang | Lipid-Like Material as the Source of the Uncharacterized Organic Carbon in the Ocean?[END_REF][START_REF] Loh | Variable ageing and storage of dissolved organic components in the open ocean[END_REF]. Regardless, further molecular level isotopic analysis on individual amino acids and/or lipids is warranted to test this hypothesis.

On the other hand, the levoglucosan (-27.2‰) a ma a (-26.2‰) isotopic signatures exhibited depleted δ 13 C values when compared to those of the other monosaccharides, indicating the different origin of these two monosaccharides (Table 2). Indeed, these sugars are well known tracers of terrestrial biomass burning processes [START_REF] Simoneit | Biomass burninga review of organic tracers for smoke from incomplete combustion[END_REF], and thus their presence in marine POM indicates an external terrestrial input probably via atmospheric deposition [START_REF] Theodosi | Sugars in atmospheric aerosols over the Eastern Mediterranean[END_REF][START_REF] Fu | Molecular characterization of marine organic aerosols collected during a round-the-world cruise[END_REF] from C3 land plant tissue (δ 13 C: -32 -20‰; mean: -27‰ [START_REF] O' | L a y Ca b I p Ph y h :F ac a ch ques may reveal new aspects of carbon dynamics in plants[END_REF]). The presence of levoglucosan and mannosan in the POM sample is not surprising since the sampling site was located a few kilometers offshore from the Lima area (section 2.2). The radiocarbon results of this study indicated that relatively to its hydrophilic fraction ( 14 C = 124 ± 5‰), the marine POM sample was depleted ( 14 C = 28 ± 8‰).

This agrees very well with previous investigations, which have reported similar results for a wide variety of environmental samples comprising sediments, sinking POM, planktons [START_REF] Wang | Radiocarbon studies of organic compounds classes in plankton and sediment of the northeastern Pacific Ocean[END_REF][START_REF] Wang | Radiocarbon and stable carbon isotope compositions of organic compound classes in sediments from the NE Pacific and Southern Oceans[END_REF] including riverine, and marine HMWDOM [START_REF] Loh | Variable ageing and storage of dissolved organic components in the open ocean[END_REF][START_REF] Wang | Variability in radiocarbon ages of biochemical compound classes of high molecular weight dissolved organic matter in estuaries[END_REF]. Intermediate radiocarbon values were recorded for glucose and galactose ( 14 C glc = 43‰ and  14 C gal = 19‰; Table 2) and are consistent with the radiocarbon monosaccharide signature reported for surface marine HMWDOM [START_REF] Repeta | Radiocarbon analysis of neutral sugars in highmolecular-weight dissolved organic carbon: Implications for organic carbon cycling[END_REF]. Overall, the above radiocarbon data indicate a modern age for the purified monosaccharides that further support the hypothesis that these monosaccharides are incorporated into a common family of polysaccharides (acylpolysaccharides) present in all terrestrial and aquatic ecosystems [START_REF] Aluwihare | A major biopolymeric component to dissolved organic carbon in surface sea water[END_REF][START_REF] Repeta | Chemical characterization of high molecular weight dissolved organic matter in fresh and marine waters[END_REF]. Nevertheless, more  14 C data on the individual monosaccharides including other environmental matrices (e.g. sediments, and riverine POM and DOM) are warranted before any generalizations can be made.

TSP

The purification of the atmospheric sample was performed, without prior processing, on the Na + column. This was due to the low complexity of the sample and to avoid further possible losses and contamination that may occur during additional manipulation. The purification was conducted in a Ca 2+ column, followed by a Pb 2+ column and again by a Ca 2+ column (Fig. 4). The obtained results indicated that after three purifications the major monosaccharides obtained were: levoglucosan (134 µg), fructose (40 µg), mannosan (38 µg), glucose (36 µg), and mannitol (4 µg). The abundance of these monosaccharides is in agreement with the results generally reported for PM 10 particles [START_REF] Theodosi | Sugars in atmospheric aerosols over the Eastern Mediterranean[END_REF][START_REF] Fu | Molecular characterization of marine organic aerosols collected during a round-the-world cruise[END_REF]. Similar to the abovementioned results galactose, arabinose and galactosan were detected in the TSP sample. However, these were present in very low amounts (< 0.5 µg) and no isotopic measurements were performed.

The δ 13 C value recorded for the TSP sample (-25.9 ± 0.0‰) was similar to that of its hydrophilic extract (-24.8 ± 0.1‰) and within the range of that of the isolated monosaccharides (-26.4 to -25.0‰; Table 2). These results reflect a dominant terrestrial origin from C3 vegetation and/or microorganisms, including fungal spores [START_REF] Fu | Seasonal variations of sugars in atmospheric particulate matter from Gosan, Jeju Island: Significant contributions of airborne pollen and Asian dust in spring[END_REF][START_REF] Bauer | Arabitol and mannitol as tracers for the quantification of airborne fungal spores[END_REF]. The δ 13 C values of levoglucosan and mannosan were in agreement with the values reported by Sang et al. [START_REF] Sang | Stable carbon isotope ratio analysis of anhydrosugars in biomass burning aerosol particles from source samples[END_REF] for hardwood and stalk plant combustion. The δ 13 C values reported in this study are also in good agreement with those measured for n- The final purified compounds (after Ca 2+ →Pb 2+ →Ca 2+ purification) are also indicated with arrows.

The radiocarbon signature of the TSP sample (Table 2) indicated that the bulk sample was highly depleted (-175 ± 5‰; 1545 yr) relative to its hydrophilic component (-64 ± 13‰; 530 yr). This is consistent with the characteristics already observed for the POM sample (section 3.5.1). The purified levoglucosan exhibited a modern radiocarbon age (33‰; Table 2), implying a very recent synthesis of this monosaccharide, which agrees with the radiocarbon signature of contemporary biosphere carbon ( 14 C = 0 to 200‰) and concurs with the radiocarbon monosaccharide data of the marine POM sample. Although this result is a single and unique up-to-date measure of the  14 C of levoglucosan, it can also explain, in part, the lack of stability of levoglucosan in the atmosphere over time since this compound has a modern age [START_REF] Fortenberry | Bulk and Molecular-Level Characterization of Laboratory-Aged Biomass Burning Organic Aerosol from Oak Leaf and Heartwood Fuels[END_REF][START_REF] Bertrand | Evolution of the chemical fingerprint of biomass burning organic aerosol during aging[END_REF]. The radiocarbon signature of the TSP sample (1545 yr) relative to those of the purified water extract (530 yr) and levoglucosan (modern), may be due to the contribution of aged organic material such as black carbon (>50,000 yr). This material is known to be ubiquitous in the atmosphere as a result of fossil fuel emissions. This observation is further supported by the location of the sampling site (Marseille, France), which is characterized by the high influence from anthropogenic emissions and is in agreement with previous radiocarbon data performed on fossil fuels, soot aerosols, and PM 2.5 particles in other areas [START_REF] Bonvalot | Estimating contributions from biomass burning and fossil fuel combustion by means of radiocarbon analysis of carbonaceous aerosols: application to the Valley of Chamonix[END_REF][START_REF] Niu | Source contributions to carbonaceous species in PM2,5 and their uncertainty analysis at typical urban, peri-urban and background sites in southeast China[END_REF][START_REF] Andersson | 14C-Based source assessment of soot aerosols in Stockholm and the Swedish EMEP-Aspvreten regional background site[END_REF].

However, more TSP radiocarbon data in conjunction with compound specific radiocarbon analyses (i.e. monosaccharides, lipids, polyaromatic hydrocarbons) are required to confirm this hypothesis.

Identification of purified monosaccharides: comparison with authentic standards

Isolated monosaccharides recovered after the whole extraction and purification procedure were compared with authentic standards to check their purity. Depending on the amount of carbon recovered and the number of subsequently performed replicate EA-IRMS analysis, only three monosaccharides were further explored: levoglucosan, glucose, and galactose. The results from this study indicated that the mass spectra of the isolated monosaccharides well matched those of authentic standards (Table S3), as revealed by liquid chromatography coupled with quadrupole time-of-flight mass spectrometry (Q-TOF-LC/MS; Fig. S3). These results indicate that this proposed approach is specific, valid and reliable.

Conclusions and Outlook

The approach presented herein proved to be a powerful and robust tool for δ 13 C and  14 C determination of individual carbohydrates in the environmental matrices. Briefly, after four successive purifications on cation-exchange columns, the pure carbohydrates were produced and further assessed by EA-IRMS and/or EA-AixMICADAS. Particular attention was given to the procedural blanks, which were found to be extremely low during the whole cleanup procedure (0.5 μg C per carbohydrate collected).

The applicability of the proposed procedure was tested on two different environmental samples comprising marine POM and TSP and the results revealed that the isotopic compositions of the individual carbohydrates, in terms of δ 13 C, were in good agreement with the data reported in the literature. Unfortunately, the Δ 14 C values for individual carbohydrates are scarce in literature and to the best of our knowledge, only one study, on marine HMWDOM, has been reported to date. Therefore, we could not directly compare the obtained results to Δ 14 C values of similar samples.

Nevertheless, the obtained data suggested that the monosaccharides exhibit a modern age, further implying the recent synthesis of these compounds and their rapid cycling.

Applying this method to a wide variety of environmental samples comprising marine sediments, riverine organic matter, deep water HMWDOM, soils, and rain may substantially help to improve the understanding of the carbohydrate dynamics and organic matter cycling in all geochemical systems.

Finally, the overall approach highlights the high potential of preparative liquid chromatography for application to the purification of specific compounds after selection of the adequate column(s) for subsequent molecular-level isotopic measurements.

Moreover, future research employing two-dimensional cation-exchange chromatography may prove to be a very useful tool to speed up the whole purification procedure. The final purified compounds (after Ca 2+ →Pb 2+ →Ca 2+ purification) are also indicated with arrows. During the optimization step, a systematic large negative peak was always observed in the chromatograms at 18-20 min (Fig. S1). Previous studies indicated that this peak is probably due to the presence of dissolved oxygen in the sample and can mask the eluted compounds at this time window or cause an increase in the baseline noise [1]. The peak intensity somehow decreased after sample degassing (with pure He) but was still significant at low sample concentrations. We overcame this problem by installing a degassing device (RFIC eluent degasser, Thermo Fisher) before the chromatographic column. We found that this device increases neither the back-pressure of the system nor the retention time of the carbohydrates. To shorten the analysis time of the carbohydrates, no guard columns were used in this study. However, as a precaution, an online polyether ether ketone (PEEK) filter equipped with a stainless-steel frit (pore size 0.5 µm) was placed just before the online degasser. The filter frit was cleaned regularly by sonication in a methanol bath, followed by sonication in ultrapure water, once per month and between each sample purification.

Moreover, to maximize the collection efficiency of carbohydrates, the tubing between the RI detector and the fraction collector was minimized. The delay time between the detector and the fraction collector was calculated using 1 mM of vitamin B 12 without an analytical column. Further adjustments of the working flow rates (0.3 mL min -1 and 0.6 mL min -1 for Na + and Ca 2+ /Pb 2+ columns, respectively) were made with a glucose standard (50 µM). We found that the highest recovery (~80%) of the glucose was obtained with a delay time of 110 s for the Na + column, and 60 s for the Ca 2+ and Pb 2+ columns. These delay times were applied for all peak and fraction collections during the purification procedure either of standards or samples. 

Fig. 1 .

 1 Fig. 1. Chromatogram of a standard monosaccharide mixture (1 mM each): (a) Na + column: F 1 (glucose + rhamnose + mannitol)/F 2 (xylitol + sorbitol + fructose + mannose + galactose + xylose)/F 3 (fucose + arabinose + galactosan)/F 4 (levoglucosan + mannosan); (b) Ca 2+ column: F 1 (glucose)/F 2 (xylose + galactose + mannose + rhamnose)/F 3 (fucose + fructose + arabinose)/F 4 (galactosan)/F 5 (mannitol)/F 6 (levoglucosan)/F 7 (sorbitol + xylitol)/F 8 (mannosan); and (c) Pb 2+ column: F 1 (glucose)/F 2 (xylose)/F 3 (galactose + rhamnose)/F 4 (galactosan)/F 5 (arabinose +

  a) and resulted in eight peaks corresponding to fractions F 1 -F 8 , which were collected into 6 mL pre-combusted (450 °C, 6 h) glass tubes. The obtained results indicated that at this stage of the purification process only the F 8 fraction (e.g. mannosan) was pure because it was eluted significantly after the other monosaccharides (Fig.S2 a). Therefore, this monosaccharide was not purified further. The collected fractions F 1 -F 7 were freeze dried, redissolved into 300 µL ultrapure water, and injected individually into the Pb 2+ column (Fig.S2 b).
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 2 Fig. 2. Procedural flowchart of this study with a simplified example of the purification
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 3 Fig. 3. Chromatogram of a marine particulate organic matter (POM) sample on a Na +

  alkanes (C 23 -C 33 : -26.7 to -28.5‰) n-alkanols (C 22 -C 32 : -23.9 to -30.4‰), and longchain n-alkanoic acids (C 22 -C 32 : -22.6 to -27.4‰) h h w Af ca u over the Atlantic Ocean [41].
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 S1 Fig. S1. Comparison of chromatograms with and without online degasser 46
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 S2 Fig. S2: Example of a standard monosaccharide mixture (50 µM each) purification on (a) Ca 2+ column: F 1 (glucose)/F 2 (galactose + mannose)/F 3 (fructose + arabinose)/F 4

Fig. S3 .

 S3 Fig. S3. Extracted ion chromatograms corresponding to the analysis of underivatized

  

  ). The standard stock solutions of the individual (1 mM) and a mixture of 14 monosaccharides (glucose, galactose, mannose, fucose, rhamnose, arabinose, xylose, fructose, xylitol, sorbitol, mannitol, levoglucosan, mannosan, and galactosan, 1 mM and 50 µM each) were

	centrifugation (2000 rpm) was then transferred into a pre-combusted (450 °C, 6 h) glass
	vial and the acid was removed from the sample by three successive lyophilizations. The
	afforded dry powder was weighed (25.61 mg), redissolved in 1 mL ultrapure water and
	prepared by dilution with ultrapure water. The prepared solutions were stored in the filtered through a Pasteur pipette packed with quartz wool (both pre-combusted at 450
	a k a -15 °C until use. HCl (37%, Sigma-Aldrich), diluted with ultrapure water (final °C for 6 h) to remove any remaining particles prior to chromatographic injection.
	concentration of 1 M), was used for sample hydrolysis. The ultrapure water used in this 2.2.2. TSP
	work was produced by a Millipore Milli-Q system (Molsheim, France). The aerosol sample was collected on a pre-combusted (450 °C, 6 h) weighed
	2.2. Sampling and carbohydrate extraction Whatman quartz fiber filter (20.3 cm × 25.4 cm) using an automatic sampler (Tisch
	Environmental USA; flow rate 85 m 3 h -1 ). The sample was collected from the 10th to
		2.2.1. Marine POM			
	17th March, 2016, from the rooftop of the Endoume marine station (Marseille; 43° 16'
	N -5° 21' E). After collection, the sample was dried for 24 h in a desiccator, weighed,
	and then stored in a freezer at -25 °C in pre-combusted aluminum foil (450 °C, 6 h).
	ga c ca b (OC) c	f h pa cl wa	h a g 20-29%. To obtain
	uff c	ma al f	p c a aly	f	p	(40-60 mg ach) f each of the
	five samples obtained from the respective collection chambers of the sediment trap were
	pooled together. This resulted in ~265 mg dry POM powder which was hydrolyzed with
	1 M HCl at 100 °C for 20 h [50]. The acid-soluble fraction recovered after

Sinking particles (marine POM) were collected over seven-day periods from January 6th to March 3th, 2013, in the upwelling system located offshore Lima (Peru) in the Pacific Ocean (12° 02' S -77° 40' W), using sediment traps (PPS3, Technicap) deployed in the oxycline/upper oxygen minimum zone (OMZ) layer at a depth of 34 m

[START_REF] Bretagnon | Modulation of the vertical particles transfer efficiency in the Oxygen Minimum Zone off Peru[END_REF]

. To avoid POM bio-degradation, a solution of seawater with 5% formaldehyde was added to the bottom of the collection chamber. After trap recovery, the living and dead swimmers were carefully removed so that only detrital particles remained in the sample. These detrital particles (marine POM) were stored in the dark at 4 °C in the initial chambers used in the PPS3. On land, the samples were filtered through 25 mm pre-combusted (450 °C, 6 h) Whatman GF/F filters (nominal retention size, 0.7 µm), freeze-dried, and subsequently stored in the dark at 4 °C until further analysis. The

Table 1 .

 1 Carbon content (µg), δ 13 C (‰) a  14 C(‰) alu f h p c u al bla k . Ph hal c acid was added to the collected time window of the three monosaccharide samples and the ultrapure water sample to make the measurement feasible. The mass of phthalic acid was adjusted according to the sample mass of the respective time window of the examined environmental samples.

	Blank	Carbon ± SD	δ 13 C ± SD	 14 C ± SD
	Na + column (n = 3) *	28.64 ± 1.57	-28.3 ± 0.8	ND
	Ca 2+ column (n = 3) *	4.84 ± 0.25	-28.4 ± 0.4	ND
	Pb 2+ column (n = 3) *	2.80 ± 0.21	-27.8 ± 0.4	ND
	Na + → Ca 2+ → Pb 2+ →Ca 2+ columns (n = 3)	19.76 ± 1.80	-27.9 ± 1.1	ND
	Retention time window of glucose (n = 3) **	0.58 ± 0.00	-24.4 ± 2.9	-986.2 ± 5.8 §
	Retention time window of galactose (n = 2) **	< 2 ± 2.0 †	ND	-988.2 ± 3.1
	Retention time window of levoglucosan (n = 3) **	0.54 ± 0.15	-26.7 ± 1.5	-988.2 ± 0.9 ‡

Table 2 .

 2 δ 13 C (‰) ± SD a ∆ 14 C (‰) ± SD values of the examined environmental samples. h ∆ 14 C values of galactose, glucose and levoglucosan are blank-corrected.

	Sample	Bulk OM §	Hydrophilic extract OM §	Pure monosaccharides
		δ 13 C / ∆ 14 C	δ 13 C/ ∆ 14 C		δ 13 C	∆ 14 C ± 1 
		(n = 3)	(n = 3)		(n = 3)
				Mannose	-17.6 ± 0.9
	POM	-19.6 ± 0.6 / 28 ± 8	-17.2 ± 0.5 / 124 ± 5	Xylose Fuc./Ara. § § Galactose Glucose	-16.8 ± 0.2 -18.5 ± 0.5 -16.9 ± 0.1 -17.6 ± 0.1
				Levoglucosan	-27.2 *
				Mannosan	-26.2 *
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Table and Figure captions

Table 1. Carbon content (µg), δ 13 C (‰) a  14 C(‰) values of the procedural blanks.

Phthalic acid was added to the collected time window of the three monosaccharide samples and the ultrapure water sample to make the measurement feasible. The mass of phthalic acid was adjusted according to the sample mass of the respective time window of the examined environmental samples. given in Table S3. [START_REF] Cheng | Simultaneous analyses of neutral carbohydrates and amino sugars in freshwaters with HPLC-PAD[END_REF] Table S1: Columns characteristics and analysis conditions used for the HPLC-RI system. 48

Table S2. Monosaccharide purification yields after three sequential purifications (Ca 2+ → Pb 2+ → Ca 2+ ) of a standard monosaccharide mixture (see text) at 50 µM (n = 3).
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Table S3. Theoretical and measured masses (LC-Q-TOF-MS analysis) recorded as Na + and NH 4 + additives for levoglucosan, glucose and galactose. 49
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all spectra, the molecular ion was detected as a Na + and NH 4 + additive. More details are given in Table S3.