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The Enrichment Factor () is a common way to express Isotope Effects (IEs) associated with a phenomenon. Many studies determine  using a Rayleigh-plot, which needs multiple data points. More recent articles describe an alternative method using the Rayleigh equation that allows the determination of  using only one experimental point, but this method is often subject to controversy. However, a calculation method using two points (one experimental point and one at t 0 ) should lead to the same results because the calculation is derived from the Rayleigh equation. But, it is frequently asked "what is the valid domain of use of this two-points calculation?" The primary aim of the present work is a systematic comparison of results obtained with these two methodologies and the determination of the conditions required for the valid calculation of . In order to evaluate the efficiency of the two approaches, the expanded uncertainty (U) associated with determining  has been calculated using experimental data from three published articles. The second objective of the present work is to describe how to determine the expanded uncertainty (U) associated with determining . Comparative methodologies using both Rayleigh-plot and two-points calculation are detailed and it is clearly demonstrated that calculation of  using a single data point can give the same result as a Rayleighplot provided one strict condition is respected: that the experimental value is measured at a small fraction of unreacted substrate (f < 30%). This study will help stable isotope users to present their results in a more rigorous expression:  ± U and therefore to define better the significance of an experimental results prior interpretation.

Capsule: Enrichment factor can be determined through two different methods and the calculation of associated expanded uncertainty allows checking its significance.

INTRODUCTION

Stable isotope analyses is widely used in different fields such as geochemistry [START_REF] Galimov | Isotope organic geochemistry[END_REF], biology [START_REF] Hayes | Fractionation of Carbon and Hydrogen Isotopes in Biosynthetic Processes[END_REF] or environmental sciences [START_REF] Elsner | Current challenges in compound-specific stable isotope analysis of environmental organic contaminants[END_REF]. The isotope ratio of light elements (C, H, O, N, S or Cl) is known to change through processes such as (bio)chemical reactions or physical processes due to preferential selection for the light or heavy isotope. This physical phenomenon, called the Isotope Effect (IE), can occur at equilibrium where heavy isotopes will be accumulated in one of the components of the system. Many processes such as liquid-vapor transformation can be associated with an Equilibrium Isotope Effect (EIE) [START_REF] Julien | Fractionation in position-specific isotope composition during vaporization of environmental pollutants measured with isotope ratio monitoring by 13 C nuclear magnetic resonance spectrometry[END_REF]. IE can also be associated with a (bio)chemical reaction [START_REF] Deniro | Mechanism of carbon isotope fractionation associated with lipid synthesis[END_REF] where the presence of heavy isotopes can influence the reaction rate constant.

Classically, this Kinetic Isotope Effect (KIE) is defined as the ratio of rate constants between two isotopes of a given element KIE = ( light k/ heavy k) and depends on the mechanism of the reaction/process and on environmental parameters such as temperature or pH [START_REF] Elsner | A New Concept Linking Observable Stable Isotope Fractionation to Transformation Pathways of Organic Pollutants[END_REF]. As a consequence, kinetic processes can be associated with an enrichment (KIE<1) or depletion (KIE>1) of heavy isotope of the reaction product(s) compared to the substrate(s). For a more detailed explanation, we recommended to read the guide "Practice and Principles of Isotopic Measurements in Organic Geochemistry" by J. M. Hayes where these concepts are explained in a very pedagogical way [START_REF] Hayes | Practice and principles of isotopic measurements in organic geochemistry[END_REF]. IE is not directly observable but it induces an alteration of isotopic abundance in the studied compounds: substrate(s) and/or product(s). This change in the isotope ratio, called isotopic fractionation, can be determined using isotope analysis and is often expressed as a fractionation factor () calculated from the equation described by Bigeleisen and Wolfsberg [START_REF] Bigeleisen | Theoretical and Experimental Aspects of Isotope Effects in Chemical Kinetics[END_REF]. In the present article, isotopic fractionation has been expressed as an enrichment factor () [START_REF] Mariotti | Experimental determination of nitrogen kinetic isotope fractionation: Some principles; illustration for the denitrification and nitrification processes[END_REF] instead of  (where  = ( -1)*1000). This notation has been chosen, because the sign of  directly informs on the IE associated with the studied process: when  is negative, the IE is considered as normal (light isotopes are preferentially used during the process) and when is positive, the IE is inverse (transformation is faster using heavy isotopes). Enrichment factors can easily be determined using a Rayleigh-plot where  is the slope of the trend line [START_REF] Elsner | Insight into Methyl tert-Butyl Ether (MTBE) Stable Isotope Fractionation from Abiotic Reference Experiments[END_REF][START_REF] Höhener | Rayleigh equation for evolution of stable isotope ratios in contaminant decay chains[END_REF].

Therefore, knowing the sign and amplitude of the IE allows conclusions to be drawn on the process and/or mechanism responsible for the production, degradation, or transformation of a given molecule.  (expressed in ‰) can be defined as follows:

 = ( heavy k/ light k -1)*1000 (1)
Note that in geo-and environmental sciences, in contrast to classical (bio)chemistry, the ratio of the heavy to light isotope (and not vice versa) is commonly used.

However, what is usually measured during a given process is not directly the relative rate of the reaction but rather the isotope ratio of the starting material and the product at two or more points during the progress of the process/reaction. The link between isotope ratios, extent of progress of the reaction f and  for a kinetic process is given by the Rayleigh equation [START_REF] Mariotti | Experimental determination of nitrogen kinetic isotope fractionation: Some principles; illustration for the denitrification and nitrification processes[END_REF][START_REF] Kendall | Isotope tracers in cachment hydrology[END_REF][START_REF] Aelion | Environmental Isotopes in Biodegradation and Bioremediation[END_REF][START_REF] Hunkeler | Quantification of Isotope Fractionation in Experiments with Deuterium-Labeled Substrate[END_REF]:

R ⋍ R 0 × 𝑓 Ɛ/1000 (2) 
where, R 0 is the isotope ratio at t 0 , R the isotope ratio at t f and f is the unreacted fraction of substrate at t f . Equation 2 is a good approximation for all elements where the heavy isotope is much rarer than the light isotope. In cases of near equal abundance of isotopes, such as for B or when working with highly enriched compounds, equation 2 must be replaced by that proposed by Hunkeler et al. in 2002 [14].

The most common method for determining  is to use a Rayleigh-plot: the isotopic composition of the remaining reactant is measured at different fractions of unreacted substrate (f) and ln(R/R 0 ) is plotted as a function of ln(f) [START_REF] Elsner | Insight into Methyl tert-Butyl Ether (MTBE) Stable Isotope Fractionation from Abiotic Reference Experiments[END_REF][START_REF] Cretnik | Chlorine Isotope Effects from Isotope Ratio Mass Spectrometry Suggest Intramolecular C-Cl Bond Competition in Trichloroethene (TCE) Reductive Dehalogenation[END_REF]. The enrichment factor  can then be obtained from the slope of a linear regression fitted to all data points. The variability of  is then expressed from the standard deviation of the slope.

Most studies involving the determination of IEs have exploited this approach. In many situations, such as field sampling, measurement conditions do not allow isotope analysis at different times or different degrees of f to be determined [START_REF] Mcnevin | Measurement of (carbon) kinetic isotope effect by Rayleigh fractionation using membrane inlet mass spectrometry for CO 2 -consuming reactions[END_REF].

Nonetheless, an enrichment factor can still be obtained by using equation 2 above (Rayleigh equation). This calculation method only requires isotopic measurements on the starting substrate (at t = 0, f 0 = 1) and on one data point (at t = t 1 , f 1 < 1): this calculation method is called two-points calculation in this article. The question is then:

how to express the variability of the results?

The goal of the present article is to compare these two approaches, namely

Rayleigh-plot and two-points calculation, both in terms of trueness and precision [START_REF] Coplen | Guidelines and recommended terms for expression of stableisotope-ratio and gas-ratio measurement results[END_REF].

Note that these two  determination approaches are derived from the Rayleigh distillation equation, so they should lead to the same . We asked three fundamental questions: "what is the domain of use of the Rayleigh equation?", "how to express the uncertainty of the results from the two-points calculation mode?" and "what is the significance of the results based on the uncertainty determination in both  determination modes?". Three articles have been selected, with the authors' consent, to compare these two methods for the determination of the enrichment factor. Using data from these studies, we first compare  values obtained with these alternative approaches in order to evaluate under which conditions they give consistent results.

In a second part, we detail how to determine the limit of significance of the calculated . Many studies only use the standard deviation (SD) of the isotopic measurement to indicate the significant threshold of the determination of . But this method does not
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include other sources of uncertainty such as the measurement of f, signal size or linearity [START_REF] Sherwood Lollar | An Approach for Assessing Total Instrumental Uncertainty in Compound-Specific Carbon Isotope Analysis: Implications for Environmental Remediation Studies[END_REF]. Calculation of the expanded uncertainty (named U) associated with the determination of  is explained in the section below and a more detailed U calculation is described in the 'guide of expression of uncertainty in measurement' GUM [START_REF] Jcgm/Wg | Evaluation of measurement data-Guide to the expression of uncertainty in measurement. Evaluation of measurement data-Guide to the expression of uncertainty in measurement 100[END_REF].

Calculations of both  and its associated U will help in determining IEs in a more robust way and will provide a correct style to express the accuracy of the results.

MATERIALS AND METHODS

Data collection

Experimental data from three different articles have been collated, with the authors' Both carbon and chlorine isotope ratios were monitored throughout the biotransformation using irm-GC/MS and f was determined by gas chromatography.

Article C, Yamada et al. 2014 [START_REF] Yamada | Evaluation of commercially available reagents as a reference material for intramolecular carbon isotopic measurements of acetic acid[END_REF], deals with position-specific isotope analysis of acetic acid using on-line pyrolysis combined with GC-C-irm-MS (Py-irm-GC/MS) [START_REF] Corso | High-precision position-specific isotope analysis[END_REF].

The authors determined position-specific isotope effects (PSIEs) associated with the evaporation of acetic acid. For this experiment, 14 vials containing pure acetic acid were placed in a hermetically-sealed chamber containing sodium hydroxide (NaOH)

to remove evaporated acetic acid. Vials are weighted at t 0 and at t f in order to determine f and PSIA were performed on each sample at variable f.

Determination of the enrichment factor ()

The two methods for  determination are described in this section.

The most common method is the determination of  using a Rayleigh-plot, in which ln(f) is plotted on the x-axis and ln(R/R 0 ) on the y-axis [START_REF] Elsner | Insight into Methyl tert-Butyl Ether (MTBE) Stable Isotope Fractionation from Abiotic Reference Experiments[END_REF][START_REF] Höhener | Rayleigh equation for evolution of stable isotope ratios in contaminant decay chains[END_REF]. In this graph, the enrichment factor () corresponds to the slope of the trend line and the associated The second method is the determination of  with the two-points calculation and has been performed using the following relationship [START_REF] Jeannottat | Chlorine and Carbon Isotopes Fractionation during Volatilization and Diffusive Transport of Trichloroethene in the Unsaturated Zone[END_REF], in which the isotope ratios R (as in equation 2) are expressed as isotopic composition :

Ɛ = ln ( δ A X t𝑓 +1000 δ A X t0 +1000 ) ( 1000 ln 𝑓 ) (3) 
where  A X t0 and  A X tf are respectively the isotopic composition of the starting reactant (initial state) and the remaining reactant at t f . This relationship can be approximated as described in the following equation [START_REF] Julien | Fractionation in position-specific isotope composition during vaporization of environmental pollutants measured with isotope ratio monitoring by 13 C nuclear magnetic resonance spectrometry[END_REF]:

Ɛ = Δδ A X ln 𝑓 (4) 
where  A X stands for the isotopic fractionation between the reactant at t 0 and at time f ( A X =  A X tf - A X t0 ). These two equations give very similar results [START_REF] Mariotti | Experimental determination of nitrogen kinetic isotope fractionation: Some principles; illustration for the denitrification and nitrification processes[END_REF] and the simplified equation 4 is employed here for the determination of  with results from the selected articles.

Determination of expanded uncertainty (U)

In order to determine the significance threshold of the enrichment factor, the expanded uncertainty needs to be calculated. This article is the first which offers a fully-described expanded uncertainty calculation method within this context.

The determination of the expanded uncertainty associated with the enrichment factor determined using the Rayleigh-plot can be directly calculated using the function "LINEST" in Microsoft Excel TM , as described by Elsner et al. [START_REF] Elsner | Insight into Methyl tert-Butyl Ether (MTBE) Stable Isotope Fractionation from Abiotic Reference Experiments[END_REF]. This function calculates both the slope and the standard deviation of the trend line (STDV slope).

The expanded uncertainty can thus be calculated as follows:

U = k × STDV slope (5) 
where k = 2 for a coverage factor of 95% (t value in Student table).

In the case where  is determined with a single data point, U can be calculated from the uncertainty estimation described in the 'guide of expression of uncertainty in measurement' GUM [START_REF] Jcgm/Wg | Evaluation of measurement data-Guide to the expression of uncertainty in measurement. Evaluation of measurement data-Guide to the expression of uncertainty in measurement 100[END_REF]. This evaluation criterion has been chosen because all parameters that can affect the final result are taken into account by U calculation, unlike in most articles in which authors only use the SD of the isotope analysis method as described by the instrument manufacturer. Parameters that need to be considered in the calculation of expanded uncertainty can be assembled in an Ishikawa diagram (also called fishbone diagram or cause-and-effect diagram, see Figure 1). Two contributions have to be taken into account, (i) the isotopic measurement of both the starting reactant (at t 0 ) and the remaining reactant (at t f ) along with the standard deviation of the measurements and (ii) the determination of f (and its associated variability) which can be performed by weighting, chromatography or spectroscopy (like NMR or Mass Spectrometry).

The expanded uncertainty can be calculated using the following equation:

U = k × Ɛ × √ ( u(δ A X) Δδ A X ) 2 + ( u(p) p ) 2 (6) 
where k = 2 for a coverage factor of 95% and p is the quantity measured during f determination (a mass, an area). Then, u( A X) is the uncertainty associated with isotopic measurement at t 0 and t f obtained by the propagation uncertainty law:

u(δ A X) = √ SD² + SD² = √ 2 × SD² (7) M Julien et al. -Talanta 11 / 22
where SD is the standard deviation of the isotopic measurement. The analyte at the initial and the final states is measured using strictly the same protocol, i.e. there is no linearity problem. The next step is the calculation of u(p), namely the precision of the analytical method used to determine f, which is expressed as an uncertainty using a rectangular distribution (also called continuous uniform distribution) [START_REF] Jcgm/Wg | Evaluation of measurement data-Guide to the expression of uncertainty in measurement. Evaluation of measurement data-Guide to the expression of uncertainty in measurement 100[END_REF] and calculated using the following equation:

u(p) = √ ( v √3 ) 2 × k ( 8 
)
where v is the standard deviation of the analytical method used to determine f (balance, spectrometric technique), p is the quantity measured (mass, area) and k = 2 for a coverage factor of 95%.

In the general equation for U calculation (equation 6), the

negligible but needs to be taken into account in order to ensure that every step of the uncertainty calculation is performed in a correct way. The precision of f determination needs to be taken into account during  determination, because both the measurement method and the sampling can be associated with a systematic error [START_REF] Buchner | Experimental Determination of Isotope Enrichment Factors -Bias from Mass Removal by Repetitive Sampling[END_REF].

Once the enrichment factor and its associated expanded uncertainty are calculated, the final result is expressed as  ± U. This expanded uncertainty value is slightly overestimated but covers all sources of variability. In these conditions, the observed isotope effect is considered significant when ││ > │U│.

RESULTS AND DISCUSSION

Comparison between the two approaches

M Julien et al. -Talanta 12 / 22
In this study,  and the associated expanded uncertainty are calculated for each data point of the selected articles and the values are compared with those obtained using Rayleigh-plots. In this section, the studied element is specified in enrichment factor expression in order to make the reading easier (i.e.  C in the case of 13 C enrichment factor).

Figure 2 shows the Rayleigh-plots obtained for the datasets used in this study. In most cases, the Rayleigh-plot trend-line fits very well with the experimental points, with root mean square values (R 2 ) higher than 0.98, which clearly demonstrates the linearity of the experimental data (Figure 2). The only exception is the trend line obtained from the monitoring of  13 C of the carboxyl group of acetic acid during evaporation (Figure 2c) for which R² is about zero. This value is not surprising given that the slope of the curve is 0 (implying that there is no significant isotope fractionation associated with evaporation on this carbon-atom position).

For each dataset,  was determined using the slope of the trend line. Values for  obtained from each data point using the two-points calculation (equation 3) are presented in Table 1. In most cases, two-points calculation method gives very similar results to those from Rayleigh-plots, but only for small values of f (which corresponds to the fraction of unreacted substrate at t f ). As an example, results from article A (Figure 2a) show a very high  H of -65.7‰ obtained from Rayleigh-plot and twopoints calculations give values comprised between -63.0 and -69.3‰ when f is lower than 20%. The same phenomenon is observed in the case of 13 C with an  C of -1.5‰ according to Rayleigh-plot and very different values obtained with equation 3 when f > 24%. Rayleigh-plots drawn using experimental data from article B (Figure 2b) show an  Cl value of -5.0‰ and an  C of -19.3‰. These data also demonstrate the trueness of  calculated using equation 3, with very similar values obtained when f < 34.8% in as significant when │U/│< 1). These data mean that results obtained with the twopoints calculation are significant on a large range of transformation yields, even if the expanded uncertainty associated with the enrichment factor increases with the amount of remaining substrate. This graph demonstrates that the results obtained are significant when 1f > 0.7 (f < 30%). The relationship between the transformation yield (1f) and the gap between  values obtained with the two methods ((- Rayleigh )/ Rayleigh ) clearly demonstrates the trueness of  values determined with the two-points calculation (see Figure 3c), considering that the Rayleigh-plot allows the calculation of a true . Indeed, values obtained using the two-points method have a deviation of 10% relative to the true value ( Rayleigh ) when f < 20% (1f > 0.8) and a deviation of 20% when f < 30% (1f > 0.7), which means that the two-points method allows the calculation of true values of  when the selected data point has been measured at high transformation yield.

These results demonstrate that the two-points calculation method is efficient when the amount of remaining substrate is below 30% (which corresponds to a reaction yield of 70%).

CONCLUSIONS

Considering these observations, the determination of  using a single experimental point can be justified in conditions wherein the yield of the studied transformation is above 70% (f < 30%). Within this range, the  values calculated are similar to those obtained from Rayleigh-plots, and so is the associated uncertainty. Furthermore, expanded uncertainty calculations are shown as an excellent and rigorous way to check if the determined values of  are significant and, in particular, are a good tool to assess the validity of the two-points calculation.

EXCEL spreadsheet for calculation of enrichment factor and uncertainty by the twopoint method.

Tables Table 1: Values of  calculated using each experimental point from (a) Gray et al. 
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 23 Figure 2: Rayleigh-plots drawn from experimental data of (a) Gray et al. 2002, (b) Cretnik et al. 2014 and (c) Yamada et al. 2014.

  

  

  part of article A fromGray et al. 2002 [20] deals with the determination of both deuterium and carbon IEs associated with the aerobic biodegradation of methyl tertbutyl ether (MTBE) by bacteria strains discovered in a military base located in California. Bioremediation experiments have been performed in vitro using sediments and groundwater extracted from the contaminated site. Stable isotope analysis was performed by Gas Chromatography -Combustionisotope ratio monitoring by Mass Spectrometry (irm-GC/MS)[START_REF] Brenna | High-precision continuous-flow isotope ratio mass spectrometry[END_REF] and the amount of unreacted substrate was measured by gas chromatography for each experimental point.

	[22]
	These articles have been chosen in order to explore diverse isotope fractionation
	conditions (evaporation, biodegradation) and also to give examples with different
	elements ( 2 H, 13 C, and 37 Cl). Moreover, this selection includes an article using
	position-specific isotope analysis (PSIA) in order to confirm that these calculation
	methods are applicable in such a case. In the present work, the articles are called

consent, to compare  values obtained with Rayleigh-plot and the two-points calculation and illustrate the advantage of performing the expanded uncertainty calculation. These are: Article A: Gray J. R. et al., 2002, Environ. Sci. Technol., 36, 1931-1938 [20] Article B: Cretnik S. et al., 2014, Molecules, 19, 6450-6473 [15] Article C: Yamada K. et al., 2014, Rapid Commun. Mass Spectrom., 28, 1821-1828 article A, B or C to make the text easier to read. Note that in all three articles a Rayleigh-plot was used to calculate the isotope fractionation factor. M Julien et al. -Talanta 8 / 22 A In article B, Cretnik et al. 2014 [15] report a study of the in vitro anaerobic biodegradation of tetrachloroethene (PCE) by Desulfitobacterium sp. strain Viet1.
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the case of 37 Cl and f < 31.1% for 13 C. Figure 2c demonstrates that the two-points calculation method is also efficient with PSIA data. Rayleigh-plot results from article C indicate that acetic acid evaporation is associated with a  C-Bulk of -1.0‰ mostly located on the methyl group ( C-Methyl = -2.0‰) which is confirmed by the comparable values obtained using the two-points calculation when f < 39.0%. Calculated  values also confirm the absence of significant isotope effect located on the carboxyl function.

According to data from Figure 2 and Table 1, the two methods seem to be exploitable to determine  from varied experimental data and elements. The limit of the twopoints calculation is the value of f, but this limit is not clearly established.

Determination of expanded uncertainty should help to fix the limit of the domain of use of the Rayleigh equation.

Expanded uncertainty

Expanded uncertainties associated with  determination using both Rayleigh-plot and two-points calculation are detailed in Table 1. When  is determined through Rayleigh-plot using experimental data from Article A, the expanded uncertainty associated with 13 C IE determination is very small (U = 0.1‰) compared to . That result suggests that  is significant. The U value is higher in the case of 2 H (3.7‰) but this result is in accordance with the higher  H of -65.7‰ detected through deuterium isotope analysis. These two examples demonstrate that an IE can be considered as significant even if its associated uncertainty is high; when ││ > │U│ (or │U/│< 1), the result is significant. Carbon-13 bulk enrichment factors obtained in the other articles are also significant with 1). The same conclusion can be made with results from 37 Cl experimental data of article B with  Cl = -5.0 ± 0.2‰. Enrichment factors calculated using the two-points approach are similar to those from Rayleigh-plots, as previously described by Jeannottat and Hunkeler [START_REF] Jeannottat | Chlorine and Carbon Isotopes Fractionation during Volatilization and Diffusive Transport of Trichloroethene in the Unsaturated Zone[END_REF], but U obtained with the two methods are very different and U seems to be increased with f (Table 1), which is coherent with the observations made above. In each study, when the process is not well advanced (f > 30%), the equation gives different  results than those obtained with the Rayleigh-plot. When less than 70% of substrate has reacted, the calculated  is not significant, as demonstrated in Figure 3b with │U/ Rayleigh │> 1.

For instance,  C-Bulk is -1.0 ± 0.1‰ (article C) according to the Rayleigh-plot and the same value is obtained from the two-points calculation with │U/ Rayleigh │ comprised between 0.3 and 0.7‰ provided f < 30% (Figure 3b). From all the data studied here, data points calculated at f > 30% give different values from those determined using Rayleigh-plot and this difference is confirmed by high expanded uncertainty values. The determination of │U/│ is an excellent tool to ensure that the uncertainties associated with the determination of IE do not exceed the measured  [START_REF] Singleton | High-Precision Simultaneous Determination of Multiple Small Kinetic Isotope Effects at Natural Abundance[END_REF].

Significance of the results

The results obtained from each article were used to draw three graphs (Figure 3) in order to evaluate the trueness of the  determined with the two-points calculation and the minimum of substrate transformation that must be used to ensure that results are significant.

The variation of the expanded uncertainty depending on the amount of remaining substrate is described in Figure 3a. This result confirms the need to set a limit of f value in order to use the two-points calculation in a correct way. The graph presented in Figure 3b shows the correlation between the reaction yield (1f) and the degree of significance of  calculated using the two-points method (the result is considered Enrichment factors can therefore be directly determined from experimental data using two different methods. The classical Rayleigh-plot approach is very efficient and the resulting  associated expanded uncertainty can be calculated using the function "LINEST" of Microsoft Excel TM . Equations that allow calculating enrichment factor with only one experimental point can be very useful when it is difficult to collect several samples during a transformation. When using this method, it is recommended to work with transformations of more than 70%.

For both methods, determining the expanded uncertainty associated with a result is highly recommended in order to draw any conclusion about the studied phenomenon. This calculation requires the determination of precision for both the isotopic measurement and the yield. In these conditions, the final result will take into account all uncertainty sources associated with both the experiments and the measurements.

The final IE result can be expressed as ± U and considered as significant when ││> │U│ (or │U/│< 1). In these conditions, the two-points calculation is an excellent way to determine the IE associated with a transformation and the use of the expanded uncertainty reinforces the validity of conclusions that can be made about the studied mechanism.

Such calculations can be complex to set up; so this article provides a spreadsheet in which both  and U can be automatically calculated after appropriate input: the initial isotopic composition (t = 0), the isotopic composition at t = f, the isotopic measurement precision (SD), the transformation yield (1 -f), the quantification measurement (mass or area) and the precision associated with f determination. 
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