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Radiogenic and stable Ce isotope measurements by thermal ionisation mass spectrometry

Techniques for the separation of Cerium (Ce) from silicate matrices and for the analysis of radiogenic (ε 138 Ce) and mass dependent (δ 142 Ce) Ce isotope variations by Thermal Ionisation Mass Spectrometer (TIMS) are presented in this study. We developed a static acquisition method associated with 10 13 Ω amplifiers that allows (i) the precise determination of the 140 Ce peak tailing effect on the lighter Ce isotopes, and (ii) the reduction of the counting time necessary to obtain high precision isotopic composition. The long-term reproducibility obtained for our Ce reference material (Ce-LMV) on the 138 Ce/ 142 Ce ratio is 0.02257053 ± 0.00000061 (27 ppm, 2 s.d., n = 48). The new Ce-LMV has been calibrated against the commonly used AMES reference material (0.02257426 ± 0.00000068 (30 ppm, 2 s.d., n = 25). The static cup configuration also allows a more stable determination of the tailing effect from the 140 Ce isotope peak onto 136 Ce and 138 Ce. Finally, the 10 13 Ω amplifiers permit a better determination of the tailing effect during low voltages measurements. A new method to measure mass dependent Ce isotope variations based on the double spike method has also been developed.

Uncertainty propagation calculations demonstrate that the best spike mixture is a 136 Ce-138 Ce-140 Ce triple spike. We have calibrated an in-house triple spike used to correct for instrumental mass bias effect and fractionation of Ce isotopes during Ce separation. Numerical simulations demonstrate the effect of potential isobaric interferences from Ba, Nd and La and highlight the need for an efficient chemical separation. Two loading techniques were tested for triple spike measurements (oxide and metal). The best reproducibility for δ 142 Ce is obtained for the metal runs and is about ± 0.028 ‰.

Although this technique has been developed for silicate matrices, the mass spectrometry method can be applied to other matrices such as carbonates. The newly calibrated Ce reference material is available to the community upon request.

Introduction

The Rare Earth Elements (REE) are a group of 17 elements (Lanthanides (La to Lu) as well as Scandium and Yttrium), widely used in the geosciences community because of their similar behaviour in natural systems. REE can be found as minor or trace elements in most natural environments and are sometimes more concentrated in some minerals (e.g. monazite) or CeO2 nanoparticles. The main characteristic of the REE group is that their oxidation state in most natural system is REE 3+ except for Ce and Eu. Europium can form Eu(II) ions in reduced conditions and Ce is more stable in Ce(IV) in oxidised conditions. The differences in chemical behaviour between Ce and Eu compared with the rest of the REE have been extensively used in the literature via the positive and negative anomalies. For example, seawater is characterised by a large negative Ce anomaly due to the insolubility of Ce(IV) relative to other REE(III). 1 In this case, Ce is oxidised to Ce(IV) and is removed from seawater leaving the residue Ce depleted and therefore creating a negative Ce anomaly. Cerium anomalies have also been used in high temperature settings such as zircon crystallisation. [2][3][4][5] Indeed, the amplitude of the Ce anomaly in zircon is directly proportional to the redox conditions and can potentially be used as an oxybarometer. 2,3 Cerium is a lithophile element and behaves incompatibly in magmatic systems, meaning that upon melting and/or crystallisation Ce remains in the melt.

Cerium has four stable isotopes, 136 Ce, 138 Ce, 140 Ce and 142 Ce with relative abundance of 0.185 %, 0.251 %, 88.45 % and 11.114 %, respectively (Fig. 1) 6 . Cerium isotopes vary in relative abundance by two orders of magnitude, which makes analyses more challenging than, for example, Nd, which only vary by a factor of five. Indeed, 138 Ce and 136 Ce are about 400 times less abundant than the main Ce isotope ( 140 Ce). The small Ce isotopic variations observed in natural systems mean that high precision measurements are required. Furthermore, 138 Ce is affected by isobaric interferences from 138 Ba, which is the most abundant Ba isotope, and from 138 La, which is the least abundant La isotope. There is also an isobaric interference from 142 Nd onto 142 Ce. Additionally, 136 Ce and 138 Ce are affected during measurement on a TIMS by tailing effect from mass 140 Ce. 7 The measurement of Ce isotopes at high precision is thus challenging. This requires both a good chemical separation between Ce and the isobaric interference elements (mainly Ba and Nd) and a specific analytical setting.

Cerium isotopes have been previously studied for the radiogenic variations of 138 Ce. [8][9][10][11][12][13][14] The La-Ce systematic is based on the β-decay of 138 La to stable 138 Ce. The low abundance of 138 La and its long half-life (β-decay; t 1/2 = 292.5 x 10 9 years, 14) means that the observed variations in 138 Ce/ 142 Ce are small (⁓80-120 ppm) compared to variations in the Sm-Nd systematic (⁓600 ppm). 16 Nevertheless, the La-Ce system has been successfully applied as a geochemical tracer together with other isotopic systems (Rb-Sr, Sm-Nd, Lu-Hf, Re-Os and U-Th-Pb) and for the age determination of rocks. [17][18][19][20][21] It has also been successfully used for terrestrial and lunar basalts, manganese nodules and seawater. [22][23][24][25][26] The Ce isotopes variations can be reported in different notations. 12 In this study, we choose to report the variations in three notations: where 138 Ce/ 142 CeLMV is the ratio obtained for our Ames Ce reference material (Ce-LMV).

Mass dependent Ce isotopic variations have also been recently explored. 27 Due to the chemical behaviour of Ce described above, it has been suggested that Ce isotopes could be used as a redox proxy. 28 Mass dependent Ce isotope measurements have been performed for natural Fe-oxides and absorption experiments. 29 The results suggest that Ce isotopes are fractionated during absorption
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onto Fe-oxyhydroxides and that isotopic fractionation occurring in natural systems could be linked to redox reactions. More recently, CeO2 nanoparticles have also been analysed in order to characterise their impact on natural systems. 30 Several studies have presented analytical techniques to separate and analyse mass dependent Ce isotope variations. 27,30 In these studies, mass dependent Ce isotope variations have been analysed with Multi-Collector Inductively Coupled Plasma Mass spectrometers (MC-ICPMS) using the external doping technique with either Sm 26 or Ba. 30 The Ce isotopic composition is reported as the per mil variation from the Ce isotope reference material LMV using the equation: Ce-140 Ce) method to measure mass dependent Ce isotope variations with a better precision than previous analytical methodologies. (2015) 32 and Bellot et al. ( 2015) 20 . Only a brief description is given here. The chemical separation developed to separate the Ce fraction to silicate matrices involved three columns. The first step was used to separate the REEs from the main cations of the matrix (Fig. 2). In order to achieve this separation, the samples were loaded in 2.5N HCl onto 1 mL of AG50 X8, 200-400 mesh resin in Bio-Rad 10 ml column. Prior to the chemistry, the resin was cleaned with 10 ml 6M HCl. The REE stuck to the resin while the main cations were eluted from the resin. Ba was then eluted in 2M HNO3 and the REE were finally eluted in 6M HCl (Fig. 2a). The second column procedure was designed to separate Ce 4+ from the other REE using LnSpec Eichrom resin (50-100 µm) in 2 ml Bio-Rad columns. 31 The oxidation of Ce from Ce 3+ to Ce 4+ was achieved with 0.5ml of NaBrO3 (20mM) in 10M HNO3. Prior to the chemistry, the resin was cleaned with 5 ml 6M HCl. The samples were loaded onto 0.1 mL LnSpec Eichrom resin in 10M HNO3 + NaBrO3 and Ce 4+ stuck to the resin while the remaining REE 3+ were eluted in the loading solution (Fig. 2b). The Ce fraction was eluted in 6M HCl + H2O2. Finally, the samples were then processed through the first step of the chemistry to make sure the Ce fraction was cleaned of any remaining matrix cations.
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Analytical techniques

Mass spectrometry

Isotopic measurements were performed on a ThermoScientific Thermal Ionisation Mass spectrometer Triton Plus (TIMS) at the Laboratoire Magmas et Volcans. The Ce reference materials were analysed in both oxide and metal forms using the double filament technique. For the oxides analyses, the Ce fraction was loaded in HCl onto outgassed Re filament together with 0.5 µL of 1 M H3PO4. For the metal runs, the Ce fraction was loaded in HCl onto outgassed C-doped zone refined Re filaments. Aquadag was added to outgassed Re filament and the filament was then re-degassed. The carbon acted as a reducer and stopped the emission and ionisation of Ce oxides. During a typical Ce metal measurement the CeO/Ce ratio was always lower than 0.002.

During the course of this study, several cup configurations have been tested (Table 1). Firstly, the Ce-AMES reference material was analysed using the dynamic method previously proposed to measure Ce isotopes. 7,20 This cup configuration requires a multi-static acquisition method. The first line is for measuring Ce, Nd, La and Ba masses with 139 La 16 O in the central cup (Table 1). The tailing is measured on the second line after a -0. The oxide runs were performed in two main cup settings (Table 1). In the first setting (cup configurations #2 and 3), 140 Ce 16 O was not measured and the signal was adjusted to have 10 V (0.1 nA) of 142 Ce 16 O. In the second setting (cup configuration #4, 5 and 6), 140 Ce 16 O was measured in H2. The difference between cup configurations in each setting is the amplifier combination (Table 1). The cup configuration #7 was designed to measure all Ce isotopes and isobaric interferences together with tailing masses. Due to the increased amount of 136 Ce and 138 Ce after spike addition, the 10 11 Ω and 10 13 Ω amplifiers were used for all elemental signals and tailing masses, respectively. The cup configuration #8 was designed to measure Ce and its isobaric interference isotopes in metal form. In this setting, all cups were associated with 10 11 Ω amplifiers and no tailing masses were monitored. Typical runs on the mass spectrometer consist of 27 blocks of 20 cycles with 8.462 seconds integration time. Each block started with a baseline measurement of 30 seconds. The gain calibrations for the 10 10 , 10 11 and 10 12 Ω resistors were performed daily using the ThermoScientific software built in gain routine (at 3.33

V). The gain calibrations for the 10 13 Ω resistors were performed weekly (when used) with Nd signals following the ThermoScientific procedure.

The triple spike technique

The use of an isotopically enriched solution ("double spike") to correct for fractionation of stable isotopes during sample processing and for instrumental mass bias effects has long been recognised as a powerful tool. [33][34][35] This methodology has now been successfully applied to many isotopes systems including Fe, Sr, Zn, Cd and Cr. [36][37][38][39] For Ce, the double spike technique is applicable to both terrestrial and extra-terrestrial samples because the Ce isotope radiogenic and nucleosynthetic variations are small and will not generate a large influence in the spike deconvolution. Moreover, this technique allows the determination of Ce concentration by isotope dilution.

In this study, we explore the best spike composition to measure mass dependent Ce isotopic variations. Three spikes are commercially available: 136 Ce-140 Ce, 138 Ce-140 Ce and 142 Ce. The 142 Ce spike has already been used for isotope dilution measurement in previous studies. In order to optimise carefully the spike composition, a number of mixtures between commercially available spikes have been investigated (Table 2). This requires: (1) establishing the most appropriate spike composition; (2) solving the double spike equations and (3) adding the appropriate amount of spike to the reference material. The optimisation is described by the uncertainty magnification term, γ:

γ = σDS/σnat,
where σDS is the uncertainty obtained from the double spike deconvolution procedure and σnat is the uncertainty of the natural unspiked run. Our calculations are similar to those described by Galer (1999) 40 but we deconvolve the runs using the exponential mass fractionation law. The spike compositions used in the calculations are given in Table 2 and the results of the calculations are presented in Figure 3. Three spike mixtures were investigated: 136 Ce-140 Ce-142 Ce, 138 Ce-140 Ce-142 Ce and 136 Ce-138 Ce-140 Ce. In Figure 3, the lower uncertainty magnification term is obtained for the 136 Ce-138 Ce-

140 Ce triple spike. The best proportion of 136 Ce-140 Ce spike in the triple spike mixture is about 50 %. In order to calculate the optimal spike/sample ratio, the deconvolution program is run using different proportions of spike and sample. We use an ion model based on the one described by Ludwig (1986) 41 to calculate the uncertainty on signal intensity of each isotope which is then propagated to calculate the uncertainty on the double spike deconvolution procedure. The uncertainty magnification term is calculated using Monte Carlo simulation in which the uncertainties of the four Ce isotopes signals are used to generate 540 data points for each analysis. These points have a Gaussian distribution around the mean value. The results obtained after the Monte Carlo simulations (540 cycles) are processed through the deconvolution procedure and the uncertainty (σDS) of the deconvolved data is calculated.

For the triple spike 136 Ce-138 Ce-140 Ce, the uncertainty magnification term is always less than 4. Figure 3b illustrates the optimal spike/sample ratio for the two double spikes ( 136 Ce-140 Ce and 138 Ce-140 Ce)

and the triple spike ( 136 Ce-138 Ce-140 Ce). It is important to note that the two double spikes can produce low uncertainty magnification terms but the proportion of spike required is high (spike/sample ratio = 0.8). The triple spike however has a more flatten uncertainty model curve, which means that not only the uncertainty magnification term is better for almost all mixtures but also that optimal spiking is facilitated. The best spike/sample ratio for the triple spike is 0.33.

An in-house 136 Ce-138 Ce-140 Ce triple spike was prepared from 136 Ce-140 Ce and 138 Ce-140 Ce cerium oxides spikes purchased from IsoFlex ® and their enrichment factors were 42.5 % and 41.6 %, respectively. Two double-spike solutions were made by dissolving the Ce-oxides in 6M HCl-H2O2. The Ce spikes were purchased in oxide form and H2O2 helped to reduce Ce and facilitated the dissolution.

The triple spike was then prepared by mixing the double spikes in the appropriate proportions. The triple spike was calibrated by TIMS at the Laboratoire Magmas et Volcans using the loading techniques described above. The pure Ce-LMV reference material, the pure triple spike and spike/standard mixtures were analysed. The isotopic composition of the triple spike is then calculated by treating the pure triple spike as an unknown. The composition of the triple spike was derived from 26 separate analyses and is reported in Table 3.

Data Processing

The Ce isotopic composition of the samples and reference materials was determined offline but baseline and gain corrections were performed online with the ThermoScientific software. The deconvolution procedures used for unspiked and spiked runs are described in details in the paragraphs below. The deconvolution procedure for both unspiked and spiked runs can be divided in three main steps: tail correction on mass 136 Ce and 138 Ce, oxide corrections and mass bias fractionation corrections.

Tail correction

The large dynamic range in Ce isotopes, with 140 Ce and 138 Ce. Classically, the tailing contribution was calculated with half masses analysis (e.g. 7) in a dynamic sequence (cup configuration #1, Table 1). In this contribution, we developed a simultaneous measurement of the Ce isotopes and of the tailing contribution. Two cups were intercalated between masses 152 and 154 and one cup between 154 and 156 (see Table 1, Fig. 4). This new cup configuration allows the measurement of intensities generated by the large 140 Ce beam on mass 156.5 and 154.6.

The intercalated cup positions were determined by measuring the distance between the cups on large mass scans using a stable Ce beam. This step is critical in order to perform an accurate tail correction.

In order to determine the contribution of the tailing on mass 136 Ce and 138 Ce, we fitted an exponential equation through the measured masses. The increased integration time (from 4s to 8s) compared to our dynamic measurements means that the tailing contribution can be assessed more precisely.

Furthermore, the static run suppresses the need for magnet shift and allows a more stable measurement. The uncertainty induced by small offset in magnet position described in details in Willig and Stracke (2017) 13 can therefore be avoided. The static cup configuration allows a more stable determination of the tail effect (0.6 to 0.9 ε unit) compared to previous studies (0.0 to 1.6 ε unit 42 and 0.15 to 1.8 ε unit 13 ). All 136 Ce and 138 Ce signals mentioned hereafter in the manuscript are tail corrected (unless noted otherwise).

Oxide correction and mass bias correction

During the measurement of Ce isotopes in oxide form, the measured raw signals are the sums of the isotopes of interest and an oxide interference following the equation:

X Ce 16 O = I (X+16) -(X-2) Ce 18 O
where X can be 138, 140 and 142 and I (X+16) is the measured intensities on the mass X+16 corresponding to the three oxide masses. With R = 18 O/ 16 O, equation 6 can be easily expressed as:

X Ce 16 O = I (X+16) -(X-2) Ce 16 O * R
The oxide correction methodology used in this study follows a similar protocol to that of Willig and Stracke (2017) 13 although it is adapted for the triple spike deconvolution procedure.

For the unspiked runs, an iterative process was followed whereby the ratio R is assumed to be where r i sp is the isotope ratio of i in the spike, r i nat and r i mix are the measured isotope ratios of i in the sample and mixture, and Mi and Mref are the true masses of the isotope oxides (i+16). The F i function is a closure function for the spike sample mixture, which must be equal to zero. The equation is solved using an iterative Newton-Raphson procedure that recovers the proportion of spike in the mixture (P ref sp), the fractionation factor for the spike-sample mixture (fmix) and finally the fractionation factor for the sample (fnat). Using the measured 136 Ce 16 O/ 142 Ce 18 O ratio and the mixture fractionation factor (fmix), we calculated a new R value which is then used to correct for oxide interferences. The deconvolution procedure finishes when R value does not change, within 5 ppm, from one iteration (9) (10) step to the other. We then obtain our final fnat value that is used to calculate the isotopic composition of the original sample. The isotope ratios for the Ce-LMV reference material used for referencing our isotope data (to calculate δ 142 Ce) in this study were obtained by TIMS by internal normalisation to 136 Ce/ 142 Ce ratio as described above and was recalculated in the 140 Ce space (i.e. 140 Ce as a denominator). This yielded 136 Ce/ 140 Ce = 0.00212, 138 Ce/ 140 Ce = 0.0248 and 142 Ce/ 140 Ce = 0.12588.

For triple spike runs performed in metal form, the same procedure was used with metal Ce intensities except that no tailing and oxide corrections were performed (see below for details).

Results and Discussion

Separation of Ce from the samples matrix

High precision measurements of Ce isotopes by TIMS require the separation of Ce from the sample matrix in order to minimise isobaric interferences. Several methods have previously been reported to separate Ce from silicate matrices. The main problem with obtaining high precision Ce isotopes measurement, especially in metal mode (see below), is the complete removal of Ba during the chromatography procedure. The efficacy of our Ce separation technique was tested using synthetic multi-elemental solution and a certified basalt reference material (BHVO-2). Figure 2 shows welldefined and separated elution peaks during the chromatography procedure. Importantly, interfering elements such as Ba and Nd are separated from Ce in the first and second step of the column chemistry, respectively. After the three steps column procedure, the Ba/Ce and Nd/Ce ratios are decreased to 0.002 and 0.001 respectively. The total blank of our Ce separation procedure is about 0.5 ng, which is negligible (<0.1%) compared to the amount of Ce processed through the columns (⁓700 ng).

Accuracy and reproducibility of radiogenic measurements

Two Ce reference materials were analysed during the course of this study for their radiogenic Ce isotope composition. The results obtained in the different analytical setups are summarised in Table 4 and Figure 5. Wilbold (2007) 7 demonstrated that Ce isotope measurements in metal form were strongly affected by Ba interference most likely coming from the filaments. We therefore decided to measure radiogenic Ce isotope in oxide form only, testing several cup configurations. Using the multistatic cup configuration, the 138 Ce/ 142 Ce obtained for the CeAMES reference material is 0.0225743 ± 0.0000005 (2 s.d., n = 5). For the static cup configuration without 140 Ce 16 O, the 138 4). There is also a good agreement between our data and the literature values but our reproducibility is better than previously reported. 6,12,[18][19][20] Contrary to earlier studies, the data presented here have not been normalised to a reference session which tends to improve the external reproducibility. In the cup configurations #4, 5 and 6, the 140 Ce/ 142 Ce ratios were also determined and we obtained for our reference materials 140 Ce/ 142 CeAMES = 7.94416 ± 0.00023 (2 s.d., n = 5) and 140 Ce/ 142 CeLMV = 7.94397 ± 0.00018 (2 s.d., n = 7). There is about 100 ppm difference between our value and the value reported by Willig and Stracke (2017) 13 . The difference between these values is possibly due to the use of two different mass spectrometers with variable faraday cups ages 46 and/or due to the different cup configurations ( 140 Ce measured in axial and L1 cups). However, this small difference is negligible for the correction of the contribution of 140 Ce 18 O onto 142 Ce 16 O when 140 Ce 16 O is not measured. Two geological reference materials (BHVO-2 and BCR-2) were also analysed for their Ce radiogenic isotopic compositions. The 138 Ce/ 142 Ce ratios together with the 140 Ce/ 142 Ce ratios are given in Table 1. For BHVO-2, the 138 Ce/ 142 Ce and 140 Ce/ 142 Ce ratios obtained are 0.0225650 ± 0.0000004 (2 s.d., n = 2) and 7.94389 ± 0.00003 (2 s.e., n = 1), respectively. For BCR-2, the 138 Ce/ 142 Ce and 140 Ce/ 142 Ce ratios obtained are 0.0225670 ± 0.0000005 (2 s.d., n = 5) and 7.94362 ± 0.00003 (2 s.e., n=1), respectively.

The 138 Ce/ 142 Ce values presented in this study are in agreement with previous estimates of the 138 Ce/ 142 Ce ratios for these two geological reference materials. 13,19,20 As described above, several cup configurations were tested during the course of this study. Each of those has advantages and inconveniences and we will now try to compare the results with previously published results and highlight the gain of the new technique. In terms of reproducibility, the 138 Ce/ 142 Ce ratio can be measured, using the static cup configuration, at about 25 ppm, which is comparable to the reproducibility obtained for the same reference material during dynamic measurements. However, the run duration is divided by 1.5 and the amount of Ce required also decreases to 700 ng. The main advantage of the method used in this study is the ability to reduce the counting time by 30% to obtain similar internal reproducibility. If the Ce quantity is the same, the signal intensity can be increased and then the internal precision will be better since the counting statistic is the main factor limiting the internal precision. We also performed Ce isotopic measurements with 250 ng of Ce and we could run CeO at about 2.5V (0.025 nA) of 142 Ce 16 O. The reproducibility obtained is about 45 ppm, which is slightly higher than the optimised conditions but still acceptable for many applications. Compared to literature values, our reproducibility is similar or better than recently published Ce isotopes measurements (Table 1). 13 The second advantage of the simultaneous measurement of Ce isotopes and the half masses tailing is that it does not require mass shift during the run. Finally, the main inconvenience of using our new cup configuration is the correction for Ba interference on the 136 Ce and 138 Ce isotopes. The static cup configuration uses the less abundant 134 Ba (⁓2.4 %) whereas the multi-static method used the slightly more abundant 137 Ba (⁓11.2 %). This reduces our ability to measure small amount of Ba by about 4 which could potentially be a problem. However, the chemical separation presented in this study is designed to effectively separate Ba from the Ce fraction to level well below detection limit. Furthermore, due to the high ionization potential of BaO [START_REF] Lide | CRC Handbook of Chemistry and Physics[END_REF] and the likely presence of Ba phosphate, running in oxide mode reduces the amount of emitted Ba, which means that the proposed method enables high precision Ce isotopes measurements.

The utility of 10 13 amplifiers

In previous studies, the faraday cups were always coupled with 10 11 Ω amplifiers and this configuration allows the definition of the tailing from 140 Ce 16 O when routine beams of 10 V (0.1 nA) of 142 Ce 16 O were measured. One of the aims of this study is to develop a new method to measure Ce isotopes at high precision with smaller quantities. To this end, we used 10 13 Ω resistors on the tailing masses. The signal/noise on the 10 13 Ω resistors is supposed to be 10 times better than the typical 10 11 Ω resistors. Thus the new amplifiers allow the measurements of small beams with better precision than typical 10 11 Ω amplifiers. In Figure 6, the intensities measured for the tailing masse 154.5 with two different resistors are shown. The signal measured (0.35 fA) with 10 13 Ω resistor is less noisy by a factor of five compared to 10 11 Ω resistor which is comparable to the predicted improvement of ten.

The standard deviation for a stable beam of 0.35 fA improves from 0.35 fA when using 10 11 Ω amplifier and 4 seconds integration time to 0.25 fA (10 11 Ω amplifier and 8s integration time) and 0.05 fA (10 13 Ω amplifier and 8s integration time). For runs at high intensities (0.1 nA 142 Ce 16 O), the tailing measured with 10 11 Ω resistors is precisely defined (Fig. 4). As expected, the tailing produced during a low intensity Ce isotope measurements (0.03 nA on 142 Ce 16 O) is much smaller than at high intensity although its relative intensity compared to the measured Ce signals is the same (Fig. 4). Using 10 13 Ω resistors, we could define a good tailing where it was more difficult with typical 10 11 Ω resistors. This indicates that it is possible to produce high precision Ce isotopes measurements with lower signals than previously suggested and 250ng Ce (⁓0.03 nA of 142 Ce 16 O) is enough to obtain a precise 138 Ce/ 140 Ce ratio. We also performed a few experiments with 136 Ce and 138 Ce signals with 10 13 Ω resistors using the multi-static cup configuration (#1). The slow response time of these resistors means that after the jump, it was not possible for the signals to go back to the baseline values in a reasonable time. We therefore think that it is currently difficult to use 10 13 Ω resistors in dynamic measurements.

The best cup configurations (#4 and #5, Table 1) for radiogenic Ce isotopic measurements are a combination of 10 10 , 10 11 , 10 The newly developed cup configuration allowed the determination of the tailing effect on masses 136 Ce and 138 Ce. The lack of jump and the longer integration time of the static measurement mean that the tailing is more stable. The long-term tailing correction for the data presented in this study is 0.73 ± 0.13 ε which is slightly better than the reproducibility obtained per session using the multi-static cup configuration #1 (from 0.14 to 0.51). 42 The tailing effect during analysis at low intensity (3 V 142 Ce 16 O) is similar (0.71 ± 0.15 ε unit) in size. This indicates that the newly developed cup configuration allows a more reproducible determination of the tailing effect from 140 Ce 16 O onto masses 136 Ce 16 O and 138 Ce 16 O.

Spike calibrations and mass dependent Ce isotope measurements

The triple spike was calibrated in oxide mode and the results are presented in Table 5 and Figure 7.

Three spike mixtures were analysed and the δ 142 Ce values recovered by the triple spike technique are within uncertainty of 0 ‰ as expected but the overall average value is slightly positive with δ 142 Ce values ranging from -0.015 to 0.023 ‰. The best reproducibility is obtained by the spike/standard mixture ratio of 0.30 and is δ 142 Ce = 0.023 ± 0.052 ‰ (2 s.d., n = 13). However, there is no difference between the three spike-sample mixtures analysed in this study. The internal uncertainty (2 s.e.) of measurements of δ 142 Ce in the standard-spike mixture runs is usually better than 0.015‰. The results were deconvolved with and without tail correction. In this case, the tail correction does not change the deconvolved value suggesting that the increase in intensities due to spike addition is sufficient to make the contribution of tailing on masses 154 and 156 negligible. The large difference between our internal uncertainty and our external reproducibility is difficult to understand. One possibility is that fractionation. The chemical separation is designed to remove the isobaric interference and the small quantities remaining in the Ce fraction is likely to be heavily fractionated.

In order to test the sensitivity of our interference corrections in the spike deconvolution procedure, we have performed some simple numerical calculations. A spiked Ce-LMV solution is "contaminated" with variable amounts of Ba, Nd and La, which have their isotopic compositions that differ from the "natural" composition by -3 ‰ to +3 ‰. These mixtures are then fractionated using the exponential mass fractionation law by the typical amount of TIMS Ce measurement. The resulting compositions are then put through our triple spike deconvolution procedure, which calculates the isotopic composition of the Ce-LMV reference material. These calculations are performed in metal form and the results are presented in Figure 8. The deconvolution procedure recovers a δ 142 Ce of 0 when the natural compositions are assumed for Ba, Nd and La, as would be expected. However, it is important to note that the recovered δ 142 Ce values deviate from zero when non-natural values are assumed. For example, if the contaminant Ba has an isotopic composition that is fractionated from the natural composition by 1 ‰ and the 137 Ba/ 142 Ce = 0.006, then the recovered δ 142 Ce value is +0.1 ‰ (Fig. 8). This non-negligible interference correction should be applied with care. The chemical separation allows a good separation between Ce and its isobaric interferences. Typical silicate samples analysed in this study, after column chemistry, have 138 Ba/ 138 Ce, 143 Nd/ 142 Ce and 139 La/ 138 Ce ratios of less than 0.004, 0.0001 and 0.002 respectively. The uncertainty introduced by the interference correction would be negligible even in the case of non-natural isotopic composition of the contaminants.

Conclusions

A method has been developed that allows effective separation of small quantities of Ce (⁓700 ng) from silicate samples using a three-step column chemistry procedure. This chemical separation procedure allows the effective separation of Ce from Nd and Ba, two isobaric interference elements. 

  tail, oxide and mass fractionated corrected ratio (see text below for details).

𝜀

  136 Ce/ 142 Cenatural is fixed to 0.01688.23 

. 1 .

 1 Chemical separationReference materials and samples were prepared in the clean laboratory in class 100 laminar flow hoods at the Laboratoire Magmas et Volcans (Clermont Ferrand). All acids (HCl, HNO3 and HF) were distilled in the Savillex® acid still DST-1000. PFA Savillex® beakers were cleaned with concentrated HNO3 and HCl on the hotplate at 115 ºC and then rinsed in ultrapure H2O. Our high purity Ce metal reference material was bought from AMES Laboratory and will be thereafter called Ce-LMV. M.Willbold provided the second reference material analysed in this study (Ce-AMES; 6). The Ce reference (4) material (Ce-LMV) was dissolved in HCl on the hotplate for 48 hours. Approximately 50 mg of whole rock basalts reference materials (BHVO-2 and BCR-2) were dissolved using concentrated HNO3-HF-HCl acid mixtures. The fully dissolved sample was evaporated to dryness and then re-dissolved in 2.5 M HCl for chemical separation.The chemical separation method used in this study is modified after Tazoe et al. (2007)31 ,Li et al. 

  Ce/ 142 Ce obtained for the CeAMES and CeLMV reference materials are 0.0225743 ± 0.0000007 (2 s.d., n = 25) and 0.0225705± 0.0000006 (2 s.d., n = 48) respectively. Finally, for the static cup configuration with 140 Ce 16 O, the 138 Ce/ 142 Ce obtained for the CeAMES and CeLMV reference materials are 0.0225746 ± 0.0000001 (2 s.d., n = 5) and 0.0225706 ± 0.0000005 (2 s.d., n = 7) respectively. The 138 Ce/ 142 Ce ratios obtained for both Ce reference materials in all cup configurations are always identical within uncertainty (Table

  12 and 10 13 Ω resistors. If analysed, the main Ce peak ( 140 Ce 16 O) is measured with a 10 10 or 10 11 Ω resistor in high and low intensity runs, respectively. The second most abundant Ce mass ( 142 Ce 16 O) is always measured with 10 11 Ω resistor. The low intensities signals on masses 136 Ce 16 O and 138 Ce 16 O are measured using 10 12 Ω resistors. Finally, the tailing masses in cups L4, L2, L1 and H1 are measured with 10 13 Ω resistors. The best cup configuration used for the triple spike runs is a combination of 10 11 and 10 13 Ω resistors. The Ce masses and the tailing are measured with 10 11 and 10 13 Ω resistors, respectively.
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 2 Figure 2: Elution curves for the first (a) and second (b) steps of the purification protocol used in this study. The first step was performed using AG50 X8, 200-400 mesh in 10 ml Bio-Rad columns. The second step was performed using using LnSpec Eichrom resin (50-100 µm) in 2 ml Bio-Rad columns.
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 3 Figure 3: (a) Uncertainty magnification term (γ) for the deconvolved 142 Ce/ 140 Ce ratio as a function of the proportion of spike A in the spike mixtures. The spike A is the first spike in the legend (for example spike A is 136 Ce in the spike mixture 136 Ce-142 Ce). (b) Uncertainty magnification term (γ) for three spikes (commercially available 136 Ce and 138 Ce spikes and a 50-50% mixing on these two same spikes) versus the proportion of spike in the standard spike mixtures (see text for details). A lower gamma (γ) value indicate a better spike mixture (a) or a better proportion of spike (b).

Figure 4 :

 4 Figure 4: Tailing measured in three analytical settings: green is the tailing with high intensities using 10 11 Ω resistor, blue is the tailing measured at low intensities using 10 11 Ω resistors and red is the tailing measured at low intensities using 10 13 Ω resistors (See text for details). The measured intensities (fA) on the tailing masses were divided by the intensities measured on 142 Ce 16 O for each runs (⁓0.03 nA for green and red and ⁓0.1 nA for blue). All tailing masses were measured on the same masses but for a better visibility of the tailing on the figure, the green and blue points are artificially moved by +0.1 and -0.1 mass unit respectively.

Figure 5 :

 5 Figure 5: Long-term reproducibility of ε 138 Ce for the LMV-Ce (a) and AMES-Ce (b) reference materials. (a) The blue circles, red squares and green diamonds data were obtained with cup configurations #3, #4 and #5. The green diamonds were run at lower intensities. (b) The orange circles, green triangles and red diamonds data were obtained with cup configurations #1, #2 and #4. The solid and dashed lines are the mean and 2 s.d. values for each configuration used in this study.

Figure 6 :

 6 Figure 6: Typical signals measured at the tailing mass 154.5 with 10 11 Ω (blue) and 10 13 Ω (red) amplifiers during two measurements performed with 0.1 nA on 142 Ce 16 O. The signals expressed in voltages have been calculated relative to 10 11 amplifiers.

Figure 7 :

 7 Figure 7: Mass dependent Ce isotopic compositions (δ 142 Ce) for the Ce-LMV reference material. The squares, circles and triangles data points are three standard-spike mixtures run in oxides mode. The orange diamonds are one standard-spike mixture run in metal mode (see text for details). The error bars are internal uncertainties for each run. The solid and dashed lines are the mean and 2 s.d. values for the four standard-spike mixtures, respectively.

Figure 8 :

 8 Figure 8: Effects of "non-natural" isobaric interferences from (a) Barium, (b) Lanthanum and (c) Neodymium on δ 142 Ce as a function of the element/Ce ratio. The changing isotopic compositions for the interfering elements are shown by the different symbols.

  0.00213 and signals measured on masses 154, 156 and 158 are corrected for the contribution of 136 Ce 18 O, 138 Ce 18 O and 140 Ce 18 O respectively following equation 7. The 138 Ce/ 142 Ce and 140 Ce/ 142 Ce ratios (when measured) were corrected for mass bias fractionation using the exponential law and the where 136 Ce/ 142 Cemeasured is the tail and oxide corrected 136 Ce 16 O/ 142 Ce 16 O measured ratio and 136 Ce/ 142 Cetrue is fixed to 0.01688. M 136 Ce 16 O and M 142 Ce 16 O are the atomic masses of 136 Ce 16 O and 142 Ce 16 O, respectively. Using the fractionation factor calculated above, a new R value can be calculated where 136 Ce 16 O/ 142 Ce 18 Omeasured is the measured ratio. The new R value is then used to calculate new oxide contributions on masses 152, 154 and 156. This iterative deconvolution is conducted until the R value reaches a plateau which is usually obtained after three iterations. The β value obtained on the last iterative step is used to calculate the corrected Ce isotopic composition. When 140 Ce 16 O is not measured, a fixed value for the 140 Ce/ 142 Ce ratio is used to correct the contribution of 140 Ce 18 O on

	using the equation:				
		𝐶𝑒 136	16	𝑂
	𝑅 =	𝐶𝑒 142 136 18 𝐶𝑒 𝑂 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑	* (	𝑀 𝐶𝑒 136 𝑀 𝐶𝑒 142	16 𝑂 𝑂 18 )
			142 𝐶𝑒	𝑡𝑟𝑢𝑒
						(6)
	142 Ce 16 O signals.					(7)
	For the triple spiked analysis, we follow the same principle except that mass bias fractionation is
	solved following the equation 10:				
	𝐹 𝑖 (𝑃 𝑠𝑝 𝑟𝑒𝑓 , 𝑓 𝑛𝑎𝑡 , 𝑓 𝑚𝑖𝑥 ) = 𝑃 𝑠𝑝 𝑟𝑒𝑓 𝑟 𝑠𝑝 𝑖 + (1 -𝑃 𝑠𝑝 𝑟𝑒𝑓 )𝑟 𝑛𝑎𝑡 𝑖 ( 𝑀 𝑟𝑒𝑓 ) 𝑓 𝑛𝑎𝑡 -𝑟 𝑚𝑖𝑥 𝑀 𝑖 𝑖 ( 𝑀 𝑟𝑒𝑓 ) 𝑓 𝑚𝑖𝑥 = 0 𝑀 𝑖
	136 Ce/ 142 Ce ratio of 0.01688. 43-45 Using the obtained Ce isotopes intensities the fractionation factor (β)
	is then determined using the exponential mass fractionation law:
		𝛽 =	ln (	𝐶𝑒 𝐶𝑒 136 136 142 142 ⁄ 𝐶𝑒 𝐶𝑒 ⁄ 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑡𝑟𝑢𝑒 ln ( 𝑀 𝐶𝑒 136 16 𝑂 𝑀 𝐶𝑒 142 𝑂 16 )	)	(8)

𝛽

Tables 706 Table 1 :

 7061 Cup configurations used on the Thermo-Scientific Triton plus TIMS at the Laboratoire Magmas et Volcans during the course of this study. The main 707 isotope masses are in bold; the interference masses are in italic. 134 Ba 16 O is also 150 Sm and 150 Nd. 142 Ce 18 O is also 143 Nd 16 O. 708

	Collectors

140 Ce 16 O 142 Ce 16 O

  

											142 Ce 18 O	8.39
			ampli (Ω)	10 13	10 11	10 13	10 13	10 11	10 13	10 11	10	10^12
	spiked	8	1							

134 Ba 136 Ce 137 Ba 138 Ce 139 La 140 Ce 142 Ce

  

										143 Nd	8.39
	ampli (Ω)	10 13	10 11	10 11	10 11	10 11	10 11	10 11	10	10 11
	709									
	710									
	711									
	712									
	713									
											33

Table 5 :

 5 Results for triple spike runs performed using the Ce-LMV reference material.

	743						
		sample name	run type	cup config.	spike/std	δ 142 Ce	2 s.d.	n
		LMV-Ce	oxide	5	0.20	0.008	0.099
		LMV-Ce	oxide	5	0.33	0.023	0.052	13
		LMV-Ce	oxide	5	0.50	-0.015	0.077
	744	LMV-Ce	metal	6	0.33	-0.083	0.028
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this difference originates from the oxide correction applied to the raw data. Further tests are needed to understand this observation.

A standard-spike mixture was also analysed in metal mode. In this case, no tailing correction was performed because of the increase in signal intensities with the spike addition. The main difference with the oxide run is the presence of small amount of Ba. The Ba interference correction is important during analysis in metal form. The cup configuration allows the measurement together with the Ce isotopes of 137 Ba that is slightly higher than 134 Ba. The Ba signals are difficult to control during TIMS measurements and are unpredictable. Several factors seem to favour Ba emission. Among them are a rapid heating and a high ionisation current. However, when the Ba interference is well controlled, the reproducibility obtained on the standard-spike mixture is δ 142 Ce = -0.083 ± 0.028‰, which is better than the reproducibility obtained in oxide mode and in the methods proposed in the literature. 22,25 This value is slightly lighter than the expected δ 142 Ce value of 0. The main reason for this discrepancy is probably the fact that the correction procedure is different between metal and oxide analyses.

Effects of isobaric interferences

In most natural samples, Ce is present as a trace element and Ba and Nd can be present as a minor component (Ba/Ce and Nd/Ce ratios up to 200 and 30, respectively). In some rare cases such as monazite, both Ce and Nd can be present at the percent level. The Ce separation is designed to remove the matrix elements and the main isobaric interference elements but it is nevertheless important to carefully consider the potential effects of isobaric interferences from Ba on 136 Ce and 138 Ce and Nd on 142 Ce. In order to correct for isobaric interferences in both unspiked and spiked runs, two key assumptions are made. Firstly, the instrumental mass bias for Ce, Ba and Nd is assumed to be the same for all elements involved. Secondly, the interfering elements are considered to have natural isotopic compositions because it is not possible to determine simultaneously the Ce, Ba and Nd isotopic compositions. It is well documented that cation exchange chromatography can lead to large isotopic During the course of this study, several cup configurations were tested in order to measure radiogenic Ce isotopes at high precision. The newly developed static acquisition method allows the simultaneous measurement of the four Ce isotopes and their isobaric interferences ( 134 Ba, 139 La and 143 Nd) together with intercalated masses for tailing correction. The reproducibility obtained with two Ce reference materials (Ce-LMV and Ce-AMES) is about 27 ppm which is similar to previous TIMS methodologies. The main advantage of our new configuration is the reduced counting time necessary to obtain high precision data. This also indicates that high precision measurements can be performed with smaller amount of Ce (⁓ 700 ng). The use of the 10 13 Ω resistors to measure the tailing masses allows the measurements of even smaller Ce quantities (⁓250ng) with a reproducibility of about 43 ppm. The new analytical technique allows a more stable determination of the tailing effect on masses 136 Ce and 138 Ce.

A triple spike method has been developed to measure mass dependent Ce isotopic variations. To this end, uncertainty models were calculated on three commercially available Ce spikes and the best mixture is a triple spike containing 136 Ce-138 Ce-140 Ce isotopes. The spike/standard ratio of 0.33 produces the best spiking mixture in order to reduce the uncertainty magnification produced by adding spike to the natural samples. Two analytical methods were used to measure stable Ce isotopes on the TIMS and the runs in metal produce the best reproducibility. The main problem with Ce isotopes measurements in metal is the correction for Ba interferences on 136 Ce and 138 Ce. However, the chemical separation described in this study allows an effective separation of Ba and Ce. We have also performed a number of calculations to characterise the sensitivity of our method to the interferences correction and the fact that we always assume natural compositions for the interfering elements. These calculations show that a small change in the isotopic composition will have a big impact on the recovered δ 142 Ce values. It is therefore fundamental to perfectly isolate Ce from the matrix and the isobaric interference elements in order to produce accurate and precise mass dependent stable Ce isotope measurements.
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