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This paper reports on a novel procedure for determining trace element abundances (REE and Y, Cr, Mn, Co) in seawater by inductively coupled plasma sector field mass spectrometry (ICP-SFMS). The procedure uses a combination of pre-concentration using co-precipitation onto magnesium hydroxides and addition of thulium spike. The validity of the method was assessed onto 25 ml volumes of certified reference materials (NASS-and CASS-4) and in house seawater standard. Procedural blanks were determined by applying the same procedure to aliquots of seawater previously depleted in trace elements by successive Mg(OH) 2 co-precipitations, yielding estimated contributions to the studied samples better than 1.1% for all elements, with the exception of Cr (<3.3%) and Co (up to 8%). The reproducibility of the method over the six month duration of the study was smaller than 11% RSD for all the studied elements. Results obtained for NASS-5 and CASS-4 agree well with published working values for trace elements.

Introduction

During the last decade, there has been increased interest in determining the global distribution of dissolved trace elements in the ocean and understanding the processes that control their concentrations in seawater. This major community effort, which recently led to the establishment of an ambitious international sampling program (GEOTRACES), requires the use of accurate and rapid analytical techniques for the measurement of key trace elements in seawater. In recent years, inductively coupled plasma mass spectrometry (ICP-MS) has become the method of choice for determining trace element abundances in the ocean. ICP-MS techniques are rapid, highly sensitive and exhibit very low detection limits, thereby allowing simultaneous multi-element determination of seawater samples over a wide range of concentration (down to sub ng.kg -1 levels) with high sample throughput. Due to the presence of salts (around 35g.kg -1 ) and to the relatively very low trace element contents in the ocean, the analysis of seawater samples by ICP-MS typically requires an initial step of preconcentration/matrix reduction. A number of methods have been successfully developed in the past for preconcentrating trace elements and separating the salt matrix prior to ICP-MS analysis (e.g. separation using chromatography [1], solid phase extraction [2], liquid-liquid extraction [3,4], ion exchange resins [5][6][7], electrochemical deposition [8], or coprecipitation). For instance, co-precipitation techniques involve the precipitation of solidphases (typically hydroxides), which act as selective scavengers for a number of dissolved species naturally present in seawater, thereby leading to significant trace element preconcentration from the seawater matrix. Various examples of co-precipitation methods can be found in the literature, including co-precipitation onto gallium hydroxides [9], iron hydroxides [10][11][12], magnesium hydroxides [13][14][15][16][17], or onto other mineral phases [18]. Trace element concentrations in seawater can be determined by ICP-MS through external calibration, using certified reference materials or multi-elemental reference standard solutions. Isotope-dilution (ID) ICP-MS techniques are also particularly well suited for measuring high-precision trace element concentrations in seawater. Although ID-ICP-MS has been mainly applied to the measurement of single elements in seawater [19][20][21], a few studies have also reported applications for multi-element determination [13,17,22]. For example, Shaw et al (2003) [13] used a mixed spike cocktail ( 142 Ce, 145 Nd, 161 Dy, 171 Yb) to determine REE concentrations in seawater samples after Mg(OH) 2 co-precipitation. Saito and Schneider (2006) [17] also investigated the suitability of the Mg co-precipitation method for determining Fe, Mn and Co abundances in seawater by ID-ICP-MS.

In addition to providing precise results, one major advantage of using ID techniques for quantifying trace element abundances in seawater is that they do not require quantitative recovery during sample preparation. Recently, a novel method was developed at IFREMER for quantifying trace element abundances in seawater by ICP-MS, which involved pre-concentration using Fe coprecipitation and addition of a Tm spike [10]. The addition of Tm spike in the samples prior to co-precipitation produces a Tm anomaly in the resulting chondrite-normalized REE patterns, which can be used to determine the Tm concentration in the sample solutions and serves as internal standard for the remaining elements [23,24]. This method was shown to be well suited for the determination of precise and accurate concentrations for REE, Y, V, Hf, Zr and Th in seawater. However, the presence of relatively high blank levels (e.g. up to 7 pg for light REEs), due to the addition of Fe for co-precipitation, required analysis of large volume samples (100 ml) and prevented accurate determination of key trace elements (e.g. Mn, Co, Cr, Ni, Cu, Sc). In this study, we have investigated the suitability of combining the Tm addition method with Mg(OH) 2 co-precipitation for determining trace element abundances in seawater. The recommended procedure reported in this study allows simultaneous determination of the REEs + Y and a few other trace elements (Cr, Co, Mn) in small volume (25ml) seawater samples.

Experimental

Reagents

All sample preparations were conducted in a Class 1000 (ISO 6) clean laboratory. Upon opening, chemical solutions were stored within a Class 100 laminar flow bench (ISO 5). Deionized water purified with a Milli-Q system (Millipore ® ) at 18.2 MΩ (herein referred to as MQ-H 2 O) was used for material cleaning and acid dilutions. Polypropylene centrifuge tubes and disposable pipette tips were pre-cleaned thoroughly using diluted HNO 3 acid solutions and MQ-H 2 O. Nitric acid solutions (commercial grade, Merck) were distilled three times using a sub-boiling system. Optima ammonia solution (20-22%) from Fisher Scientific ® (Loughborough, UK) and a thulium mono-elementary solution (custom grade, CGTM1-1, Inorganic Ventures Inc.) were used for co-precipitation experiments. Others monoelementary solutions (custom grade, CGxx1-1, Inorganic Ventures Inc., where xx stands for: Y, Zr, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Yb, Lu, Hf, Th, U, Sc, Ti, V, Cr, Mn, Co, Ni, Cu, Zn or Cd) were also used for recovery calculations.

Seawater samples

An in house seawater standard (Dellec SW) was used for method development and blank preparation. Dellec SW is a coastal surface seawater collected off Brittany (NO France) in acid-cleaned 15-L polyethylene jerry-can like containers, filtered through 0.45µm cellulose membrane filters (Whatman ® , Dassel, Germany) and acidified to ~ pH 1.5 using sub-boiled concentrated HNO 3 . Two certified reference materials (CRMs) purchased from the National Research Council of Canada (NRCC) were analyzed to validate our procedure: CASS-4 (nearshore seawater) and NASS-5 (seawater). These reference materials are certified for a wide range of trace elements (e.g. As, Cd, Cr, Co, Cu, Fe, Pb, Mn, Mo, Ni, U, V, Zn), and are now relatively well characterized for the REEs [5,10,25,26]. In addition to these two CRMS, a certified rock standard (basalt BHVO-2, USGS) was also used to correct for instrumental drift and calibration purpose.

Procedural blanks

For blank determination, a known weight of Dellec SW (about 25 g) was transferred into a cleaned 50 ml polypropylene centrifuge tube. A volume of 600 µl of 20-22% NH 3 solution (aqueous NH 3 ) was added to the tube to increase the pH to ~ pH 9.5, which led to precipitation of magnesium hydroxides. The tube was shaken and allowed to rest for 2-3 minutes, before centrifugation during 5 minutes at 3800 rpm. The supernatant was then transferred into a cleaned 50 ml tube, prior to addition of 100µl of aqueous NH 3 and centrifugation (5 minutes / 3800 rpm). This step was repeated three times using 80, 60 and 50µl of aqueous NH 3 solution, respectively, to form successive Mg(OH) 2 precipitates. A final (sixth) step of co-precipitation was attempted, but with no success (i.e. no formation of Mg(OH) 2 precipitate). At this stage, however, it is very likely that most of the magnesium initially present in the sample had been already removed during the first five coprecipitations. Prior to measurement by ICP-SFMS, the five successive residues of Mg(OH) 2 precipitate were dissolved in 300µl of 20% (v/v) sub-boiled HNO 3 solution, quantitatively transferred into a 15 ml cleaned polypropylene tube and diluted with 2,700µl MQ-H 2 O. The efficiency of successive co-precipitations in scavenging trace elements from a seawater sample was assessed by analysing replicate series of these five residues of Mg(OH) 2 precipitate (see Fig. 1).

Sample preparation

A known weight of sample (about 25 g) was transferred into a pre-cleaned 50 ml polypropylene centrifuge tube, spiked with a known weight (about 50 mg) of Tm solution (957.3 ng.kg -1 ) and shaken. The mixture was then allowed to equilibrate for 15 minutes. Magnesium hydroxides were formed by increasing the pH of the solution to ~ pH 9.5, through stepwise addition of aqueous NH 3 . For each sample, an initial 25-ml aliquot was first used to determine the minimum volume of ammonia required to form Mg(OH) 2 precipitates. For these 'test' samples, 250µl of aqueous NH 3 solution was first added to the sample, followed by 10µl successive increments until a precipitate was detected. Then, considering v -the volume of aquaeous NH 3 added to any sample to obtain Mg(OH) 2 precipitates, a volume v -20 µl of aqueous NH 3 solution was added into a 50 ml polypropylene tube containing another 25 ml aliquot of the same sample. The tube was shaken and left 2-3 minutes to equilibrate before centrifugation (5 minutes / 3800 rpm). The supernatants were discarded and, prior to ICP-SFMS analysis, the Mg(OH) 2 residues were dissolved in ultra-pure diluted HNO 3 solutions (see section Procedural blanks).

Instrumentation

The analyses were performed at the Pôle Spectrométrie Océan (Brest, France) on a Element2 ICP-SFMS (Thermo Electron, Bremen, Germany) equipped with an ASX 100 autosampler (CETAC Technologies, Omaha, NE, USA). The operating conditions and measurement parameters are given in Table 1. Solutions were introduced via a Teflon ® 100 µl nebulizer and a quartz dual cyclonic spray chamber (ESI). A quartz injector and a set of nickel sampler and skimmer cones were used during the course of this study. The Element2 was operated in low (LRM, m/Δm approx. 300) and medium (MRM, m/Δm=4500) resolution modes, depending on the required sensitivity and potential interferences for each element. Measured isotopes in LRM were 89 Y, 90 U. In MRM, 45 Sc, 47 Ti, 51 V, 52 Cr, 55 Mn, 59 Co, 60 Ni, 63 Cu, 66 Zn, 110 Cd, 111 Cd isotopes were measured. Masses were scanned in the E-scan and bi-scan modes.

Interference corrections

Polyatomic oxide and hydroxide interferences on the rare earth elements (REE) were corrected using oxide formation rates determined by analyzing solutions of MQ-H 2 O, Ba+Ce, Pr+Nd and Sm+Eu+Gd+Tb at the beginning of each measurement session [23,24]. Oxide formation rates during the course of this study were generally ~0.1% for BaO + /Ba + , <0.1% for CeOH + /Ce + and ~3% for PrO + /Pr + . Barium ( 135 Ba 16 O + ) and 141 Pr 16 O + interferences on 151 Eu and 157 Gd, respectively, were always lower than 20% for all the studied samples. Neodymium oxide ( 143 Nd 16 O + ) interference accounted for less than 10% of the measured 159 Tb signals. All other interferences were negligible (less than 3%).

Calculation

Elemental concentrations were calculated using the Tm addition method [10,24]. Details on the calculations can be found in Bayon et al. (2009) [23]. Briefly, for each sample, elemental concentrations can be calculated using the sample mass, the amount of Tm added, and by calibrating the raw data acquired during the measurement session against an unspiked (no added Tm) BHVO-2 reference solution (diluted ~ 10,000 times), run after every three samples to correct for the instrumental drift. The BHVO-2 values used for the calculations are given in Bayon et al. (2011) [10].

Results and discussion

Effect of successive Mg(OH) 2 co-precipitations on trace element scavenging

The efficiency of successive co-precipitations in scavenging trace elements from a seawater sample (Dellec SW) is illustrated in a graph representing measured ICP-MS intensities (cps) versus the number n of successive co-precipitations (Fig. 1). The measured intensities in the residual Mg hydroxide precipitates decrease significantly during the first four co-precipitations (e.g. down to ~ 1000 cps for Y and Zr, to ~ 100 cps for La, Ce, Th, Cr and Mn, and to ~ 10 cps for all other elements), clearly showing that the studied trace elements were efficiently removed from the initial solutions. With the exception of a few elements (Th, Co, Y, Zr), the intensity levels measured after four successive co-precipitations for each element are 1) very similar to those obtained for the fourth Mg-precipitates, and 2) comparable to background levels (measured intensities for 2% (v/v) ultra pure HNO 3 solution). Taken together, this indicates that the supernatant left after four successive co-precipitations has been quantitatively depleted in most of the trace elements of interest here, and hence can be considered as suitable for providing an estimate of the total procedural blank in this study.

Limits of detection and method blanks

Our best estimates for the method blanks and the detection limits for our procedure are listed in Table 2. Detection limits were calculated as three times the standard deviation of a series of 24 procedural blanks. The blank levels were < 1 pg for all REE, Hf and Th, and < 6 pg for Y and Zr. Average blanks were higher for Co (20 pg), Mn (26 pg) and Cr (92 pg). Average blank contributions to the studied seawater standards were negligible for Tm and Mn (<0.1%), and always below 1% for Y+REE, with the exception of Eu (1.1% for CASS-4 and Dellec SW) and Ho (1.4% for CASS-4; 1.2% in Dellec SW). Average blank contributions were slightly higher for Hf, Zr, and Th (< 3%), for Cr (< 4%), and for Co (<8%).

Co-precipitation yields

An important requirement prior to using the Tm addition method for calculating elemental abundances in seawater samples is that the elements under interest must be scavenged at levels similar to Tm during Mg co-precipitation (i.e. similar extraction yields). To estimate the co-precipitation yields of our procedure, we calculated elemental concentrations for a series of CRM samples (n = 11) using external calibration, and compared the obtained data to certified values (for Mn, Cr and Co), or recently published high quality values [5,10,13,25,26]. The calibration curve used for calculating concentrations in the studied solutions was derived from the analysis of Mg(OH) 2 residues, co-precipitated from aliquots of seawater samples previously depleted in trace elements by successive co-precipitations (see procedure described in section 2.3) and spiked with various amounts of a multi-element homemade stock solution. The calculated co-precipitation yields are displayed in Fig. 2. Note that co-precipitation recoveries were not determined for Cr. The calculated recoveries of the REEs range from ~ 72 % (for Tb) to 93 % (for Yb). All REE+Y exhibit reproducible co-precipitation yields (mean recovery of 83 ± 14%), which are within error, or close (for Tb, Yb and Lu), to those calculated for Tm (82 ± 5%). In agreement with Shaw et al. (2003) [13], this suggests that Mg co-precipitation does not lead to any significant fractionation amongst the REEs. Importantly, this also validates the use of our Tm addition method for determining REE+Y abundances in seawater samples after Mg co-precipitation. In contrast to the REEs, co-precipitation recoveries calculated for all other studied elements differed from those for Tm. Zirconium and Hf were removed almost quantitatively during coprecipitation (i.e. ~ 100% recovery), whereas Th was less efficiently scavenged from the initial seawater solutions (~ 60%). Importantly, the co-precipitation recoveries of these elements were not reproducible (standard deviation 1s > 15%), showing clearly that our procedure is not well suited for accurate determination of Zr, Hf and Th abundances in seawater. In contrast, co-precipitation yields for Co and Mn, were higher than Tm (i.e. average recovery of 106% and 96%, respectively), but relatively reproducible (respectively 7% and 5% RSD). While the high scavenging efficiency of Mn during Mg(OH) 2 coprecipitation had already been reported previously by Saito and Schneider [17], the coprecipitation yields calculated for Co in our study were significantly higher than those estimated in this earlier work. One possible explanation accounting for the observed differences in cobalt scavenging could be that the apparent recovery efficiencies were calculated using different approaches in the two studies: i.e. direct analyses of certified reference materials (our study), and additions of a mixed (Fe, Mn, Co) standard solution to dissolved Mg(OH) 2 samples [17].

Precision and accuracy -Application to the analysis of NASS-5 and CASS-4

The analytical results for the natural water CRMs used in this study (NASS-5 and CASS-4) and our in house seawater (Dellec SW) are listed in Table 2, together with certified values (for Mn, Co and Cr) and selected literature data (for REE+Y). For each of the three seawater standards, the data presented in Table 2 correspond to the mean values ± 1 standard deviation, acquired over a period of about 6 months. The precision on our series of replicate measurements (n = 17 for NASS-5; n = 11 for CASS-4; n = 20 for Dellec SW) is also expressed as the relative standard deviation (RSD). Note that the elements reported in Table 2 correspond to those that were analysed successfully during our co-precipitation experiments. Other elements that were measured but not reported (Mo, Ba, U, Sc, Ti, V, Ni, Cu, Zn, Cd), presented a bad reproducibility (RSD>15%) and/or error compare to reference value were superior to 15%.

For the REEs, the accuracy of our procedure can be assessed by comparing the obtained Post-Archean Australian shale (PAAS)-normalized values to recently published high quality reference data (Fig. 3). Our measured concentrations for REE + Y are in agreement with values obtained after other pre-concentration methods prior to analysis (e.g. iron coprecipitation [10], solvent extraction [25], chelating resin [5,26]). With few exceptions (i.e. La and Eu), our data agree within 10% error with those obtained using the Tm addition method and iron co-precipitation [10], and liquid-liquid extraction [25]. Our data for La and Eu were slightly lower (11.8% for NASS-5) and higher (11.9% for CASS-4) than those reported after Fe-coprecipitation by Bayon et al. (2011) [10], respectively. One possible explanation for these higher Eu values would be that we under-corrected the contribution of the 135 Ba 16 O isobaric interfence to the 151 Eu signal. However, the efficiency of the Ba separation from the precipitate was significantly improved during Mg(OH) 2 precipitation compared to the Fecoprecipitation procedure, as already discussed by Shaw et al. (2003) [13]. This is shown clearly by the much lower Ba/REE ratios in CASS-4 and NASS-5 (i.e. Ba/Eu cps ratios of ~ 8 after Mg-coprecipitation and ~ 100 after Fe-coprecipitation; results not shown here), which suggests that our new Eu values for these reference materials may be more accurate than those obtained by Bayon et al. (2011) [10]. Over the 6-month period of measurement, the precision for the REEs was always better than 10% for the three studied seawater standards (Table 2), with the exception of Eu (14% RSD) and Tb (11% RSD) in CASS-4. Our measured concentrations for Mn and Co agree well (within 10%) with the CRM certified values: 954 ± 51 ng.kg -1 and 2587 ± 192 ng.kg -1 for Mn in NASS-5 and CASS-4 (certified values: 897 ± 57 ng.kg -1 and 2715 ± 190 ng.kg -1 , respectively); 10 ± 1 ng.kg -1 and 23 ± 2 ng.kg -1 for Co in NASS-5 and CASS-4 (certified values: 10 ± 3 ng.kg -1 and 25 ± 3 ng.kg -1 , respectively). The precisions for these three elements were better than 10% (RSD), with the exception of Co in CASS-4 (11%). This provides assurance that these two elements can be successfully measured in seawater samples using our recommended procedure, despite the fact that they exhibit co-precipitation yields slightly different than those for the REEs. Similarly, our measured concentration for Cr in NASS-5 (110 ± 7 ng.kg -1 ) is in agreement with the certified value (107 ± 15 ng.kg -1 ) and other published high-quality Cr data [27,28]. Additional analyses would be needed to further validate whether total Cr in seawater can be routinely measured using our recommended procedure (e.g. determination of coprecipitation yields, analyses of other CRMs). However, the evidence that the long-term reproducibility obtained on our Cr measurements (~6 % RSD for NASS-5) is similar to the precision achieved using ID-ICP-SFMS (~ 5 % RSD; [28]) suggests that our method is well-suited for determination of Cr abundances in seawater.

Conclusions

To summarize, we showed that the Mg coprecipitation technique combined with addition of a Tm spike allows simultaneous determination of the REEs and other trace elements (Y, Mn, Co, Cr) in seawater by ICP-SFMS. Our recommended procedure provides low blanks (mostly < 1% for the REEs, Y and Mn, and < 5% for Cr and Co) and achieves a good reproducibily for 25-mL samples (typically lower than 10% over the six-month duration of the experiments, with the exception of Eu 14%). In addition, its short preparation time (about 10 minutes) makes it particularly well-suited for high sample throughput and routine measurements of seawater samples. The average percent recoveries were calculated using both NASS-5 (n=7) and CASS-4 (n=4) after one Mg co-precipitation experiment. The shaded area corresponds to the range of yields calculated for the REEs, from ~ 72 % for Tb to 93 % for Yb, with a mean recovery of 83 ± 14% (dashed line). Error bars represent 1 standard deviation. (Taylor and McClennan, 1985 [29]) REE patterns for NRCC water reference materials (NASS-5, CASS-4) and in house coastal seawater Dellec SW. Note that the Sm anomaly observed in NASS-5 and CASS-4 does not correspond to a natural oceanic feature, but reflects instead contamination during reference material preparation [25].
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 1 Figure 1. Effect of successive Mg(OH) 2 co-precipitations on trace element scavenging. The efficiency of successive co-precipitations in scavenging rare earth and other trace elements (Hf, Th, Cr, Co, Mn, Y and Zr) from our in house coastal seawater standard (Dellec SW) is illustrated as measured ICP-MS intensities (cps) versus the number N of successive co-precipitations.There were 24 replicate samples (n=24) analysed for the first coprecipitation experiment (N1); n=6 for N2; n=6 for N3; n=6 for N4 and n=24 for the last series of successive coprecipitation experiments (N5). In each panel, the thick line indicates the mean background intensity obtained during the course of our experiments for a 2% subboiled HNO 3 solution.
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 2 Figure 2. Co-precipitation yields during Mg co-precipitation.
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 3 Figure 3. Post-Archean Australian Shales (PAAS)-normalized(Taylor and McClennan, 1985 [29]) REE patterns for NRCC water reference materials (NASS-5, CASS-4) and in house coastal seawater Dellec SW. Note that the Sm anomaly observed in NASS-5 and CASS-4 does not correspond to a natural oceanic feature, but reflects instead contamination during reference material preparation[25].
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