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Abstract

:

We utilized the Neoma™, a recently released MC-ICP-MS platform offered by ThermoFisher Scientific, to assess the behavior of the Lu-Yb-Hf system during laser ablation analyses of various zircon standards as well as solution-based analyses of the JMC-475 Hf standard doped with varying quantities of Yb and Lu. The primary goal of this work was to characterize the behavior of the Yb interference correction on the Neoma™ platform since this is one of the biggest issues in the Hf isotope analysis community and because the Neoma™ platform will supplant the Neptune™ series instrument. During laser ablation analysis, we found that the overall data quality scales proportionally with the total Hf signal intensity, with higher signal analyses producing extremely accurate (within 1 εHf unit) and precise (sub εHf unit within-run standard errors) data. At low Yb signals (<0.1 V 173Yb), we were not able to produce an accurate internal Yb mass bias factor. However, utilizing an empirical approach allows for the application of session-specific relationships between the Yb and Hf mass bias factors, determined by analysis of standards of varying Yb content, to produce accurate εHf values from zircons with higher Yb/Hf ratios even where the total Hf signal intensity is relatively low. Similar behavior was observed in the solution analyses. Lastly, while the behavior of the Yb interference correction on the Neoma™ platform appears comparable to the Neptune™ series MC-ICP-MS, further work will help refine the understanding of the controls on mass bias behavior, oxide formation, session-to-session stability, etc.
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1. Introduction


Advances in analytical chemistry methods and the instrumentation needed to perform the analyses are synergistically linked. For example, ThermoFisher Scientific has recently released the new Neoma™ multi collector-inductively coupled plasma-mass spectrometer (MC-ICP-MS). This new platform has several key improvements over its predecessor (the Neptune™ series MC-ICP-MS) that were designed within the framework of the needs and direction of the analytical community [1]). This new platform will ultimately replace the existing Neptune™ series MC-ICP-MS from this manufacturer, so it is important to understand how the new instrument behaves with regard to the measurements commonly carried out within the analytical community. The Neptune™ series instrument is one of two commercially available MC-ICP-MS systems (the other platform is offered by Nu™) and is therefore widely utilized by analytical laboratories carrying out isotope ratio measurement across a wide range of disciplines (see discussion by [2]).



Within the Earth Science community, one of the most common applications of the Neptune™ is for the measurement of the Hf isotope composition of zircon. There are hundreds of thousands of zircon Hf isotope compositions reported in the literature (see discussion by [3]), and this ever-growing dataset has provided great insights into the evolution of Earth’s lithosphere and beyond.



For the Hf isotope system, the major ratio of interest is the 176Hf/177Hf because 176Hf is produced radiogenically from the beta decay of 176Lu (see discussion by [4]). Therefore, differences in the 176Hf/177Hf between various samples, typically noted in epsilon Hf (εHf) units, which are deviations in parts per 10,000 from the assumed 176Hf/177Hf of the undifferentiated bulk Earth (0.282785 is the value utilized in this study as determined by [5]), can be attributed to geochemical processes resulting in the fractionation of Lu and Hf from one another [6]. This technique has been most commonly applied to the mineral zircon because it typically contains weight % levels of Hf and only ppm levels of Lu, which means that the present-day observed 176Hf/177Hf remains relatively unchanged relative to 176Hf/177Hf acquired at the time of crystallization, thus reducing the impact of uncertainty attributed to a decay correction [7]. Additionally, the analysis of zircon can be readily performed by laser ablation (LA) so large numbers of zircons can be analyzed efficiently, meaning it is comparatively easy to generate a comprehensive dataset addressing whatever geologic problem is being investigated.



In order to perform the 176Hf/177Hf determination, a correction for the presence of the isobaric 176Yb and 176Lu interferences on 176Hf is necessary during the analytical session. This correction has been the subject of debate within the literature (e.g., [8]), with the major issue being how to properly determine a Yb mass bias factor that allows for the 176Yb to be stripped from the total 176Hf+Lu+Yb signal based on the signal intensity of the other Yb isotopes. In some cases, it is possible to directly constrain the Yb mass bias factor from an observed Yb isotope ratio (e.g., 173Yb/171Yb), but in other cases, the use of the directly calculated Yb mass bias factor produces erroneous 176Hf/177Hf ratios. While this behavior can sometimes be attributed to low Yb signal intensity, there are other documented cases where, even at higher Yb signal intensity, the directly calculated Yb mass bias factor produces an incorrect result. In this situation, another approach is to assume that the Yb and Hf mass bias factors are equal to one another. However, while this approach works for low Yb zircons, it has been shown to produce progressively more inaccurate 176Hf/177Hf ratios as the Yb content of the zircon increases (e.g., [9]). The alternative is to use an empirical approach to determine a session-specific relationship between the measured Hf mass bias factor and an inferred Yb mass bias factor that results in the best quality data (e.g., [10]). The 176Lu interference is less of an issue due to the fact that natural Lu is >99% 175Lu (however the correction must still be performed and typically relies on applying the Yb mass bias factor, empirical or observed, to the Lu interference correction calculation).



A key observation of the zircon Hf isotope literature is that the best Yb correction regime seems to be laboratory-specific even where the same laser ablation and MC-ICP-MS systems are utilized. For example, a comprehensive investigation by [11] reveals how instrumental parameters can drastically affect the mass bias regimes taking place during laser Hf analysis of zircon. Additionally, for the empirical approach, the relationship between the Yb and Hf mass bias factors appears to change from session to session (e.g., [9]) on the Neptune™ MC-ICP-MS. Despite these differences, there is a consensus within the community on best practices for processing and reporting data from the widely available zircon standards such that the quality of zircon Hf isotope data can generally easily be assessed for any given study [12].



A recent application note from ThermoFisher [13] presents the 176Hf/177Hf of several zircon standards measured by LA-ICP-MS utilizing the Neoma platform. While the observed values for the standards examined are consistent with their accepted values, the application note does not detail the behavior of the Yb mass bias correction on this new instrument other than to state that they were able to use the internally observed Yb mass bias factor for the Yb interference correction. Here, we investigate the behavior of the Yb (and Lu) interference correction regime during laser ablation as well as solution mode on the new ThermoFisher Neoma™ MC-ICP-MS. We utilize data from several sessions and from a variety of zircon standards with variable amounts of Yb and Lu to ascertain whether there are any obvious differences between the performance characteristics of the Neptune™ and Neoma™ MC-ICP-MS regarding this common measurement.




2. Methods


2.1. Instrument Setup and Different Analytical Modes


The data presented in this study were collected during six sessions (three laser ablation and three solution mode) utilizing two different faraday cup configurations (see Table 1). For the two different cup configurations, the only difference is that one configuration included 180Hf on the ‘highest’ faraday cup whereas the other configuration did not. Otherwise, the other isotopes were collected on the same faraday cups across the duration of the study. For both the laser ablation and solution analyses, one session (each sampling mode) was conducted with the standard cones (H + I), whereas the remaining two were conducted using the Jet + X cones (For a description of the different cone configurations pertinent to zircon LA-ICP-MS Hf analysis, see discussion by [11]). For the laser ablation analyses (all conducted using a 30 µm spot size utilizing an Elemental Scientific NWR 193™ laser ablation system), two different power settings (50% and 90%) were utilized resulting in fluences of ~4.14 and ~8.14 J/cm2 (10 Hz rep rate) at the zircon surface. During laser ablation analyses, the sample gas flow was ~1 L/min He with an additional ~4 mL/min of N added to the system just prior to the introduction of the ablated material into the plasma (we tuned for maximum Hf signal intensity while aiming for the lowest oxide production rate). For the solution analyses, a 50 µL/min nebulizer was utilized to aspirate the various solutions into a standard glass spray chamber. A nebulizer gas flow of ~1.1 L/min was utilized (the sample gas). The various analytical conditions are summarized in Table 2. For the solution analyses (which preceded the corresponding laser session), faraday cup gain and baseline calibrations were performed through the Neoma™ Qtegra instrument control software. Note that each analysis was preceded by a ‘blank’ consisting of data acquisition while the laser was not firing for the laser ablation analyses and aspiration of clean 2% HNO3 for the solution analysis. For the laser ablation analyses, data collection (not including the ‘blank’) lasted 30 s for each analysis which corresponds to the length of time the laser was firing. For all sessions, the instrument was operated in low-resolution mode and utilized a cooling gas flow of ~17 L/min, an auxiliary gas flow of ~1.3 L/min, and a plasma radiofrequency power of ~1600 W.




2.2. Standards


For the laser ablation sessions, shards from five different zircon standards were mounted in epoxy and then polished down to ~1 um utilizing diamond abrasives. The standards utilized included Plesovich (accepted 176Hf/177Hf = 0.282482; [14] who also report 178Hf/177Hf = 1.46720), Penglai (accepted 176Hf/177Hf = 0.282906; [15]), Mud Tank (176Hf/177Hf = 0.282507), 91500 (176Hf/177Hf = 0.282305), and R33 (176Hf/177Hf = 0.282767). Refer to summary Table 1 in [12] for sources of the accepted values of Mud Tank, 91500, and R33. Note that the value for 91500 reported in Fisher et al. (2014) is within error of the value reported in [16] (176Hf/177Hf = 0.282302(8)). While the accepted Hf isotopic composition of the R33 standard is less well constrained than the others (see discussion by [9]), it was included because it is known as a high Yb content standard and thus provides a qualitative assessment of the behavior of the Yb interference correction regime.



For the solution analyses, three standards were utilized: The JMC-475 Hf isotopic standard, as well as 1000 µg/g Lu and 1000 µg/g Yb (concentration standards manufactured by High Purity Standards) Firstly, the JMC-475 Hf isotope standard, having an accepted 176Hf/177Hf of 0.282160 ± 10 [17,18];, was analyzed in its pure form (dissolved in 2% HNO3 + 0.1M HF) at various concentration levels and with varying amounts of Yb and Lu, both prepared from the original 1000 µg/g stock solutions produced by High Purity Standards. While the isotopic composition of these Yb and Lu solutions is not certified, they are both assumed to have natural Yb and Lu isotopic compositions. The accepted 176Hf/177Hf and inferred 178Hf/177Hf, 179Hf/177Hf, and 180Hf/177Hf of the JMC-475 standard are provided in the electronic appendix along with the inferred Yb and Lu isotopic compositions of the HPS solutions utilized for data processing. In order to assess the Yb mass bias behavior at varying Yb contents, the JMC-475 Hf standard, diluted to 1 ppm, was doped with varying proportions of Yb and Lu ranging from 0.1 µg/g Yb and 0.025 µg/g Lu up to 0.5 µg/g Yb (in 0.1 µg/g increments) and 0.1 µg/g Lu in (in 0.025 µg/g increments). The exact proportions of Hf, Lu, and Yb in the solutions are provided with the solution analytical results in the electronic appendix.





3. Results


Data Processing


The raw signal intensities for each cycle of data collection (gain and baseline corrected) were exported directly from the Neoma™ Qtegra instrument control software and then further processed in Microsoft Excel™ for Microsoft 365 MSO (Version 2202 Build 16.0.14931.20494). For the observed signal intensities, a blank correction was applied on a line-by-line basis for the cycles in each analysis. This blank correction was derived by averaging the signal over a several-second period prior to firing the laser onto the zircon surface for the case of the laser ablation analyses, or by averaging the signal intensities over the entire analysis of the clean 2% HNO3 solution prior to each analysis. In practice, we found the blank correction to be negligible. For each cycle of data in an analysis, the Hf beta factor was calculated using the observed 179Hf/177Hf ratio according to the equation ‘beta Hf’ = LN(179Hf/177Hf(true)/179Hf/177Hf(obs))/LN(M179Hf/M177Hf). This beta factor was then used to directly calculate mass bias-corrected 178Hf/177Hf and 180Hf/177Hf (where measured) ratios for each cycle using the equations 178Hf/177Hf(true) = 178Hf/177Hf(obs) × (M178Hf/M177Hf)^(betaHf) and 180Hf/177Hf(true) = 180Hf/177Hf(obs) × (M180Hf/M177Hf)^(beta Hf). The observed 173Yb/171Yb was then utilized to calculate a Yb mass bias factor according to the equation ‘beta Yb’ = LN(173Yb/171Yb(true)/ 173Yb/171Yb (obs))/LN(M173Yb/M171Yb). Note that ‘M’ denotes the isotopic mass of each isotope.



The 176Yb and 176Lu interference corrections on the 176Hf signal were then performed in several ways. The first approach involved assuming the Yb and Lu beta factors are equal to the 179Hf/177Hf beta factor, and then using the equations 176Yb(calc) = 173Yb(obs) × 176Yb/173Yb(true) × (M173Yb/M176Yb)^(beta Hf) and 176Lu(calc) = 175Lu(obs) × 176Lu/175Lu(true) × (M175Lu/M176Lu)^(beta Hf) to calculate the magnitude of the 176Yb and 176Lu signals. The ‘peak stripped’ 176Hf signal was then utilized to calculate the 176Hf/177Hf ratio according to the following equation 176Hf/177Hf = ((176Hf(obs) − 176Yb(calc) − 176Lu(calc))/177Hf(obs) × (M176Hf/M177Hf)^(beta Hf). The second approach involved using the independently calculated Yb beta factor (and assuming that beta Lu = beta Yb) to determine the ‘peak stripped’ 176Hf signal. The 176Hf/177Hf was then calculated as described above. The third approach, referred to as the empirical approach, involved preparing a plot of the final calculated 176Hf/177Hf ratios for each analysis during a session as a function of that analyses average 173Yb signal while simultaneously varying the relationship between the Yb and Hf mass bias factors. The true values utilized in this study are 179Hf/177Hf = 0.7325 [19], 176Yb/173Yb = 0.79618, 173Yb/171Yb = 1.132685, and 176Lu/175Lu = 0.02655 (all from sources reported in [12]). The atomic masses (denoted by ‘M’ in the various equations) are those reported in [20].



Once a beta Yb = X beta Hf was found resulting in the flattest trend on this plot (e.g., no over or under correction of the 176Hf/177Hf with an increasing 173Yb signal), this relationship was adopted for that particular session (the Lu beta factor was also assumed to follow the same relationship with beta Hf). The various isotope ratios calculated for each cycle in an analysis were then averaged together, with the uncertainty associated with these averages calculated represented by the standard error of the mean. These averages were then compiled, which equate to the values contained in Supplementary Tables S1 (laser ablation) and S2 (solution data). Note that a complete dataset (the raw intensities observed at each cycle of data as well as calculations) can also be found in the electronic appendix associated with this study.





4. Discussion


4.1. Data Quality


In Figure 1, the 176Hf/177Hf ratios (±1 se) for each of the laser ablation analyses are shown relative to the accepted values of the various zircon standards. The 176Hf/177Hf ratios in this figure were calculated using the session-specific empirically determined Yb beta factor since this tended to produce the most accurate 176Hf/177Hf ratios at increasingly high Yb contents of the various zircons. This issue will be discussed in greater detail below, but an important observation of Figure 1 is that there is a range of within-run uncertainties as well as accuracy. Examination of Figure 2 reveals that there is an exponentially decreasing level of within-run uncertainty with increasing 177Hf intensity, which is the expected relationship during mass spectrometric analysis. The analyses with the lowest uncertainties are those with the highest 177Hf intensities (within run 1 se of less than 1 εHf unit). However, even at the higher levels of within-run uncertainty, it should be noted that the reported uncertainties are generally on the order of 1 to 2 epsilon Hf units which is consistent with what is observed on the Neoma™ predecessor instrument (the Neptune™ series). Additionally, while the choice of Yb interference correction regimes appears to exert the most control over the accuracy of the 176Hf/177Hf ratio, is also noteworthy that there is a trend towards marked improvement of the 176Hf/177Hf accuracy with increasing 177Hf voltage during the laser ablation analyses (Figure 3). The effects of different Yb interference correction regimes (Figure 4) and mass bias behavior (Figure 5) during the laser ablation analyses will be discussed further in Section 4.2.



For the solution dataset, analyses of the pure JMC-475 solution are associated with very low within-run uncertainties (<0.003%, Figure 6). For these pure solutions, the average 176Hf/177Hf observed across all three sessions is 0.282147(9) (1 sd). This agrees well with the accepted 176Hf/177Hf of the JMC-475 of 0.282160 [18]. However, once Yb and Lu are added to the JMC-475 standard, there is a tendency toward increasing within-run uncertainty as well as a decrease in the accuracy (regardless of which Yb interference correction regime is utilized). The increased within-run uncertainty with increasing proportions of Lu and Yb is not uniform across the three solution-based analytical sessions (Figure 6 and Figure 7), whereas the decrease in accuracy at increasing Yb and Lu is ubiquitous (Figure 8A–C). This is also reflected in Figure 7, where it can be seen that the analyses with higher magnitudes of deviation of the 176Hf/177Hf relative to the JMC-475 standard’s accepted value occur at the lower 177Hf voltages.




4.2. Effect of Different Yb Mass Bias Correction Regimes


In Figure 4A, it is evident that assuming Beta Hf and Beta Yb are equal results in a drastic over correction of the 176Hf/177Hf ratio with increasing Yb content for the laser ablation data. In Figure 4B, it can be seen that the use of an independently calculated Yb beta factor produces accurate 176Hf/177Hf ratios for the analyses with relatively high Yb intensity. This is unsurprising given the relationship between the calculated Yb beta factor and the 173Yb signal intensity depicted in Figure 5A. While the higher 173Yb signal intensities do appear to result in a stable Yb beta factor within a given session, it is clear that lower 173Yb intensities are associated with considerable scatter. While the magnitude of the Yb interference correction decreases with decreasing Yb signal intensity, the high degree of scatter in the Yb factors determined for the low Yb signal intensity analyses still appears to introduce scatter in the final calculated 176Hf/177Hf ratios. In contrast, the use of the session-specific empirical beta factor (Figure 4C) appears to produce the most accurate 176Hf/177Hf ratios regardless of the Yb signal intensity. Similar trends are observed for the solution analyses (Figure 8A–C), except that the magnitudes of the deviation from the true value of the JMC-475 Hf standard are considerably larger than for the laser ablation analyses (especially at higher Yb intensities). This is likely due to the increased Yb/Hf and Lu/Hf ratios in the solution analyses as compared to the laser ablation analyses. Other factors may also be present (e.g., deviation of the actual solution Yb and Lu isotopic compositions from the inferred compositions utilized in the calculations as described in the ‘data processing’ section).
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Figure 4. (A–C) Series of plots illustrating the effect of different Yb mass bias factor determination regimes on the final calculated 176Hf/177Hf ratios determined via LA-ICP-MS over the course of this study versus the average 173Yb voltage observed during each analysis. In (A), beta Yb is assumed to equal beta Hf. In (B), the Yb beta factor is independently calculated using the observed 173Yb/171Yb ratio. In (C), the session-specific Yb beta factor is empirically determined by iteratively finding the Yb = X beta Hf relationship which results in the lowest degree of deviation between the calculated versus true 176Hf/177Hf ratios as a function of the 173Yb signal. Symbols are as described in Figure 2. 
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Figure 5. (A,B) Plots of the calculated Yb (A) and Hf (B) beta factors versus the 173Yb and 177Hf voltages (respectively) for the LA-ICP-MS analyses. Symbols are as described in Figure 2. 
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Figure 6. Plot of the % 1 se internal for the 176Hf/177Hf ratios versus the average 177Hf voltage observed for the solution analyses conducted over the course of this study. Symbols are further explained in Table 2. 
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Figure 7. Plot of the relationship between the 176Hf/177Hf ratios determined by solution ICP-MS (calculated using the empirical Yb mass bias factor) and the ‘true’ value of the JMC-475 Hf standard versus the average 177Hf intensity observed during each analysis. Symbols are as described in Figure 6. 






Figure 7. Plot of the relationship between the 176Hf/177Hf ratios determined by solution ICP-MS (calculated using the empirical Yb mass bias factor) and the ‘true’ value of the JMC-475 Hf standard versus the average 177Hf intensity observed during each analysis. Symbols are as described in Figure 6.
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Figure 8. (A–C) Series of plots illustrating the effect of different Yb mass bias factor determination regimes on the final calculated 176Hf/177Hf ratios determined via solution ICP-MS over the course of this study versus the average 173Yb voltage observed during each analysis. In Figure 4A, beta Yb is assumed to equal beta Hf. In Figure 4B, the Yb beta factor is independently calculated using the observed 173Yb/171Yb ratio. In Figure 4C, the session-specific Yb beta factor is empirically determined by iteratively finding the Yb = X beta Hf relationship which results in the lowest degree of deviation between the calculated versus true 176Hf/177Hf ratios as a function of the 173Yb signal. Symbols are as described in Figure 6. 
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Examination of the Yb and Hf beta factors during the laser ablation and solution analyses (Figure 5A,B and Figure 9A,B) reveals that once the average 173Yb signal exceeds ~0.03V, the Yb beta factor remains relatively stable within a given session (Figure 5A and Figure 9A). While the 177Hf signal always exceeds 0.25V across all of the analyses in this study, it is interesting that the analysis-specific Hf beta factors (Figure 5B and Figure 9B) do exhibit inconsistency within the various sessions. For example, during the solution analyses (Figure 9B) the Hf beta factors exhibit a marked trend toward lower values during one of the sessions whereas, for the other two sessions, the Hf mass bias factor remains consistent across the entire session. A similar observation can be made of the Hf beta factors associated with the laser ablation analyses (Figure 5B). Additionally, for the laser ablation analyses, we did not notice any systematic shifts in either the beta Yb or Hf mass bias factors as a function of pit depth for the various laser conditions. However, a general observation is that the Hf beta factors exhibit considerably less scatter than the Yb beta factors within a given analysis. This observation is consistent with the fact that, for most of the analyses, utilizing the internally calculated Yb beta factor produces an erroneous 176Hf/177Hf ratio.




4.3. Avenues for Future Study


The data collected in this study indicate that, broadly speaking, the Neoma™ performs similarly to the Neptune™ series MC-ICP-MS with regard to the Yb interference correction. Major observations are that at low Yb signal intensities, it is difficult to utilize the observed Yb isotopic composition to calculate accurate 176Hf/177Hf ratios. Assuming that the Yb and Hf beta factors are equal to one another results in a massive overcorrection of the 176Hf/177Hf ratios on the Neoma™ MC-ICP-MS, which is also widely observed in laser ablation datasets collected using the Neptune™ MC-ICP-MS. In contrast, the use of a session-specific empirical Yb beta factor appears to produce the most accurate 176Hf/177Hf ratios regardless of the Yb signal. While these observations indicate that the Neoma™ will be able to perform comparatively to the Neptune™ with regard to the Yb interference correction, there are still some questions that have arisen from the current dataset.



One question pertains to the stability of the Hf mass bias factor. We observed drift and inconsistency in the calculated Hf mass bias factor during one laser session and one solution session. Therefore, it will be important to investigate the effect of different analytical parameters on the mass bias behavior. These parameters could range from different cone combinations, gas flow rates for the sample introduction, plasma power settings, laser ablation parameters, etc. However, it is important to note that even with the evidence for some sporadic instability in the Hf mass bias factors, the final calculated 176Hf/177Hf (as well as other Hf isotope ratios) provide sufficient accuracy for geological applications—especially at higher signal intensities. Therefore, further investigation of the phenomena observed in this study will only strengthen what preliminarily appears to be a robust measurement capability. For example, oxide formation can impact the observed Yb and Hf isotope ratios during zircon analysis (e.g., [21]), so a study dedicated to understanding oxide formation in the plasma of the new instrument will be warranted.



It will also be necessary to develop best practices for data handling and reduction since the Neoma™ software (Qtegra™) has a built-in option for handling laser ablation data (the ‘transient signal’ function). While this software does contain the option to perform a Yb interference correction, it utilizes an observed Yb isotope ratio to calculate a Yb mass bias factor that is then carried through the calculations. While our data demonstrate that this approach can work for zircons with low Yb/Hf ratios, or in situations that have a sufficiently high Yb signal to accurately constrain the Yb mass bias behavior, for zircons with high Yb/Hf ratios, but low overall Yb signal intensity, a different approach is necessary. Therefore, future studies will also need to focus on understanding how the built-in data processing software associated with the new instrument can be utilized for the wide range of zircon Yb/Hf ratios observed in nature. Ideally, further study of these issues will allow for the application of this platform towards reducing laser ablation analytical volumes and/or combining the Hf isotope measurement with other analytes in the same measurement (e.g., [22]).





5. Conclusions


Analysis of zircon standards by laser ablation and Lu-Yb-Hf solutions on the newly released Neoma™ MC-ICP-MS suggests that this platform performs comparatively with the Neptune™ series MC-ICP-MS, which is currently the most commonly utilized instrument for these types of measurement. Major observations of the Neoma™ dataset are that:




	
At Hf signals above a few volts during laser ablation, it is possible to obtain single analysis εHf values that are within 1 εHf unit of the accepted values for the standards with internal precision <1 εHf unit.



	
While a Yb mass bias factor is difficult to accurately constrain at Yb intensities <0.1 V, analysis of standards with varying Yb content allows for an empirical approach to constraining the Yb mass bias behavior that can then be utilized to ensure that the Yb interference correction is being applied correctly for zircons with higher Yb content.



	
Both the Yb and Hf mass bias behavior appear to vary from session to session, and more work is necessary to understand the cause and implications of this behavior. Specifically, oxide formation regimes need to be studied on this new platform as they relate to this particular application.



	
Additional studies will be needed to understand how the built-in data processing software for handling laser ablation data associated with the Neoma™ can be utilized to correctly perform the Yb interference correction for the wide range of Yb/Hf ratios seen in natural zircons.
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Figure 1. Summary of 176Hf/177Hf ratios (± each analysis with 1 σ within-run standard error), calculated using the session-specific empirically determined Yb beta factor, observed for the various zircon standards analyzed by LA-ICP-MS over the course of this study. The average 176Hf/177Hf values for each standard are reported with their 1σ standard deviations. The red lines correspond to the following values for the standards: Plesovich (accepted 176Hf/177Hf = 0.282482; [14]), Penglai (accepted 176Hf/177Hf = 0.282906; Li et al., 2010), Mud Tank (176Hf/177Hf = 0.282507), 91500 (176Hf/177Hf = 0.282305), and R33 (176Hf/177Hf = 0.282767). Refer to summary Table 1 in [12]) for sources of the accepted values of Mud Tank, 91,500, and R33. 
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Figure 2. Plot of the % 1 se internal for the 176Hf/177Hf ratios versus the average 177Hf voltage observed during each LA-ICP-MS analysis over the course of this study. Note that the grouping at lower 177Hf voltage is associated with analyses conducted using a laser power of ~4.14 J/cm2 whereas the grouping at higher 177Hf intensity were collected using a higher power (~8.41 J/cm2). Symbols are further explained in Table 2. 
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Figure 3. Plot of the relationship between the 176Hf/177Hf ratios determined by LA-ICP-MS (calculated using the empirical Yb mass bias factor) and the ‘true’ value of the zircon standards versus the average 177Hf intensity observed during each analysis. Symbols are as described in Figure 2. 
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Figure 9. (A,B) Plots of the calculated Yb (A) and Hf (B) beta factors versus the 173Yb and 177Hf voltages (respectively) for the solution ICP-MS analyses. Symbols are as described in Figure 6. 
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Table 1. Summary of the two different cup configurations utilized during this study.
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	Config
	L3
	L2
	L1
	C
	H1
	H2
	H3
	H4
	H5





	A
	171Yb
	173Yb
	174Yb
	175Lu
	176Lu + Hf + Yb
	177Hf
	178Hf
	179Hf
	



	B
	171Yb
	173Yb
	174Yb
	175Lu
	176Lu + Hf + Yb
	177Hf
	178Hf
	179Hf
	180Hf
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Table 2. Summary of analytical parameters during the various data collection sessions performed during this study. Note that the symbols referenced in the final column of the table correspond to the symbols utilized in the figures. ‘Int.’ refers to integration time and is reported in seconds (s). Symbols are further explained in the figure captions.
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	Laser:
	Laser Power
	Cones
	Config:
	Int (s)
	Cycle/Analysis
	Symbol





	Session 1
	4.14 J/cm2
	H + I
	A
	0.1
	~250
	●



	session 2
	4.14 J/cm2
	Jet + X
	A
	0.1
	~250
	x



	session 3
	8.14 J/cm2
	Jet + X
	B
	0.1
	~250
	□



	Solution:
	Nebulizer
	Cones
	Config:
	Int. (s)
	Cycle/analysis
	



	session 1
	50 µL/min
	H + I
	A
	8s
	20
	●



	session 2
	50 µL/min
	Jet + X
	A
	8s
	20
	x



	session 3
	50 µL/min
	Jet + X
	B
	8s
	20
	□
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