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Quantification of Lambda (Λ) in multi-elemental compound-specific isotope analysis

Introduction

Multi-elemental Compound-Specific Isotope Analysis (ME-CSIA) is increasingly used to assess the fate of pollutants such as hydrocarbons (Vogt et al., 2016), chlorinated solvents solvents [START_REF] Palau | Carbon and Chlorine Isotope Analysis to Identify Abiotic Degradation Pathways of 1,1,1-Trichloroethane[END_REF][START_REF] Audi-Miro | C, Cl and H compound-specific isotope analysis to assess natural versus Fe(0) barrier-induced degradation of chlorinated ethenes at a contaminated site[END_REF], Palau et al., 2016), nitrates (Xue et al., 2009), perchlorates [START_REF] Sturchio | Isotopic mapping of groundwater perchlorate plumes[END_REF] and pesticides [START_REF] Ponsin | Compound-Specific Chlorine Isotope Analysis of the Herbicides Atrazine, Acetochlor, and Metolachlor[END_REF][START_REF] Melsbach | Dual-Element Isotope Analysis of Desphenylchloridazon to Investigate Its Environmental Fate in a Systematic Field Study: A Long-Term Lysimeter Experiment[END_REF] in the environment. The slope of the dual-isotope plot (Lambda, ) reflects changes of the isotope ratios of each element, which can be specific to a reaction mechanism, and thus inform about transformation processes in the laboratory or in the field. (Vogt et al., 2016[START_REF] Elsner | Stable isotope fractionation to investigate natural transformation mechanisms of organic contaminants: principles, prospects and limitations[END_REF] Several studies [START_REF] Masbou | Carbon and nitrogen stable isotope fractionation during abiotic hydrolysis of pesticides[END_REF][START_REF] Huntscha | Biotransformation of Benzotriazoles: Insights from Transformation Product Identification and Compound-Specific Isotope Analysis[END_REF][START_REF] Lian | H-2 and C-13 isotope fractionation analysis of organophosphorus compounds for characterizing transformation reactions in biogas slurry: Potential for anaerobic treatment of contaminated biomass[END_REF][START_REF] Bouchard | Application of Diagnostic Tools to Evaluate Remediation Performance at Petroleum Hydrocarbon-Impacted Sites[END_REF], Vogt et al., 2016[START_REF] Elsner | Stable isotope fractionation to investigate natural transformation mechanisms of organic contaminants: principles, prospects and limitations[END_REF][START_REF] Ojeda | Sources of Uncertainty in Biotransformation Mechanistic Interpretations and Remediation Studies using CSIA[END_REF] refer to  using the simple definition in eq. 1, which is written here as an example for hydrogen vs carbon d values (eq. 1). where Dd is the change of isotope ratios from initial values, and  are the enrichment factors for hydrogen and carbon. The Lambda () is an important parameter in ME-CSIA. It is a practical and unitless number which characterizes a specific process. It can be determined either by simply using the two enrichment factors and the right-hand side of equation 1 on one hand, or from regression analysis in a dual-isotope plots with isotope data of one element versus data of another element in the same compound (Figure 1). Lambda values were obtained in many studies [START_REF] Ojeda | Sources of Uncertainty in Biotransformation Mechanistic Interpretations and Remediation Studies using CSIA[END_REF][START_REF] Palau | Distinct Dual C-C1 Isotope Fractionation Patterns during Anaerobic Biodegradation of 1,2-Dichloroethane: Potential To Characterize Microbial Degradation in the Field[END_REF][START_REF] Rosell | Variations in C-13/C-12 and D/H enrichment factors of aerobic bacterial fuel oxygenate degradation[END_REF][START_REF] Rodriguez-Fernandez | Dual element (C-Cl) isotope approach to distinguish abiotic reactions of chlorinated methanes by Fe(0) and by Fe(II) on iron minerals at neutral and alkaline pH[END_REF][START_REF] Rodriguez-Fernandez | Dual element (C-Cl) isotope approach to distinguish abiotic reactions of chlorinated methanes by Fe(0) and by Fe(II) on iron minerals at neutral and alkaline pH[END_REF][START_REF] Dogan-Subasi | Contrasting dual (C, Cl) isotope fractionation offers potential to distinguish reductive chloroethene transformation from breakdown by permanganate[END_REF], Cretnik et al., 2013[START_REF] Audi-Miro | Cl and C isotope analysis to assess the effectiveness of chlorinated ethene degradation by zero-valent iron: Evidence from dual element and product isotope values[END_REF][START_REF] Palau | Carbon and Chlorine Isotope Analysis to Identify Abiotic Degradation Pathways of 1,1,1-Trichloroethane[END_REF][START_REF] Lian | H-2 and C-13 isotope fractionation analysis of organophosphorus compounds for characterizing transformation reactions in biogas slurry: Potential for anaerobic treatment of contaminated biomass[END_REF], Badin et al., 2016[START_REF] Mogusu | Dual element (N-15/N-14, C-13/C-12) isotope analysis of glyphosate and AMPA by derivatization-gas chromatography isotope ratio mass spectrometry (GC/IRMS) combined with LC/IRMS[END_REF][START_REF] Ponsin | Compound-Specific Chlorine Isotope Analysis of the Herbicides Atrazine, Acetochlor, and Metolachlor[END_REF][START_REF] Mckelvie | Isotopic Fractionation of Methyl tert-Butyl Ether Suggests Different Initial Reaction Mechanisms during Aerobic Biodegradation[END_REF][START_REF] Pati | Carbon and Nitrogen Isotope Effects Associated with the Dioxygenation of Aniline and Diphenylamine[END_REF] from the regression analyses in dual-isotope plots (i.e., ratios of one isotope as a function of another isotope as delta values; Figure 1A).

Another mathematical notation for  has been described in detail in (Wijker et al., 2013) (eq. 2), noted here for hydrogen and carbon isotopes: ≈ 𝜀 𝐻 𝜀 𝐶 eq. 2 Figure 1B shows an example of a dual-isotope plot to determine  using eq. 2, named below the ln-transformed d data. This way of obtaining  was used e.g. in [START_REF] Schilling | Kinetic Isotope Effects of the Enzymatic Transformation of gamma-Hexachlorocyclohexane by the Lindane Dehydrochlorinase Variants LinA1 and LinA2[END_REF].

Apart from those two different conventions for plotting isotope data, different methods of linear regression were proposed to obtain . These include the ordinary linear regression (OLR), the reduced major axis regression (RMA), and the York linear regression, which have been compared recently [START_REF] Ojeda | Sources of Uncertainty in Biotransformation Mechanistic Interpretations and Remediation Studies using CSIA[END_REF].

The objective of this short comment is to compare the two conventions (i.e., A, with eq. 1 and B, with 2) to determine  values and the associated uncertainty from a dual-isotope plot. Two synthetic datasets were generated, one without random error, and a second one with random errors mimicking measurement uncertainties. Each dataset was fitted with the ordinary linear regression (OLR), the reduced major-axis (RMA) and the York regression methods and results were compared.

Methods

The Rayleigh equation (eq. 3) [START_REF] Aelion | Environmental Isotopes in Biodegradation and Bioremediation[END_REF] was used to generate 10 synthetic exact data points for each element (i.e., C and H). We used isotope enrichment factors for carbon and hydrogen corresponding to methanogenic degradation of benzene: C = -2.0 and H = -59.5 ‰. [START_REF] Mancini | Carbon and Hydrogen Isotopic Fractionation during Anaerobic Biodegradation of Benzene[END_REF] The remaining fraction (𝑓) of benzene was varied from 1 to 0.1 in steps of 0.1 (see data set in the supplementary data).

𝑅 𝑅 0 = 𝑓 (𝛼-1) eq. 3

Where R is the isotope ratio, R0 is the initial isotope ratio (chosen as the R of international standard Rstd), 𝑓 is the fraction of compound remaining (C/C0), and  is the isotope fractionation factor (equal to /1000 +1). The resulting isotope ratios were expressed as d values [d =(R/Rstd-1)*1000; Rstd,H=1.5575E-4; Rstd,C=0.011237] and plotted in Figure 1A (Dd   vs Dd  C, eq .1)

and 1B (ln-transformed data, eq. 2). The resulting slopes should reflect the ratio of original isotopic enrichment values, -59.50/-2.00, thus =29.75.

A second dataset was generated using the same enrichment factors but introducing random errors in the calculated d values (see Table S1 in supplementary data). The d values of this set had a random error of up to ± 0.5 ‰ for carbon and up to ± 5.0 ‰ for hydrogen, which corresponds to the typical total analytical uncertainties.

Finally, 25 more datasets (data not shown) were generated in the same manner as dataset 1 without random error, keeping C = -2.0 ‰ and varying H over H / C ratios from 2 to 50. Each of these data sets was fitted with OLR, and the overestimation of fit A over fit B was quantified and plotted in Figure 2 as a function of 𝜀 𝐻 /𝜀 𝐶 

The datasets were generated with Excel (Microsoft), Vs. 2011), and linear regressions (OLR, RMA and York) were calculated with a script adapted from [START_REF] Ojeda | Sources of Uncertainty in Biotransformation Mechanistic Interpretations and Remediation Studies using CSIA[END_REF] and were not forced through the origin.

Results

The dataset 1 with the raw Dd values (eq. 1) does not plot on a perfect straight line (Figure 1A).

The slope becomes steeper with increasing d values (smaller 𝑓). An OLR gives a mean  of 31.70 ± 0.21 (R 2 >0.99), which overestimates the true  of 29.75 by 6.6 %. In contrast, the dataset 1 with ln-transformed d values (eq. 2) plots perfectly on a straight line with a slope of 29.74 ± 0.02 with an R 2 of 1.0000 (Figure 1B), which matches the true . The overestimation of  calculated with convention A compared to convention B was quantified as a function of H/C ranging from 2 to 50 (Fig. 2; OLR method)). 

Discussion

The use of the exact (error-free) synthetic dataset to compare conventions A (eq. 1) and B (eq. 2)

emphasized that  calculated with convention A is linearly overestimated (eq.1). The difference equation 1 is derived from eq. 2 by a Taylor series expansion which is only approximate.

Höhener and Atteia [START_REF] Höhener | Rayleigh equation for evolution of stable isotope ratios in contaminant decay chains[END_REF] derived mathematically the dependence of the slope  on the remaining, non-degraded fraction f in a dual-isotope plot (eq. 4) based on the theory of Rayleigh distillation.

𝛬 = ∆𝛿 𝐻 2 ∆𝛿 𝐶 13 = 𝑓 𝜀 𝐻 1000 -1 𝑓 𝜀 𝐶 1000 -1
eq. 4

Equation 4 (eq. 16 in [START_REF] Höhener | Rayleigh equation for evolution of stable isotope ratios in contaminant decay chains[END_REF]) shows that  is increasing with decreasing f , as observed in Figure 1A. Thus, for f close to one,  is 29.75, while for f = 0.1,  is 31.80.

All three regression methods tested for convention A with dataset 1 gave a similar  of 31.7, although their standard errors (SE) differed (Table 1). OLR and RMA methods gave a narrow SE (0.21 and 0.19, respectively), leading us to the wrong conclusion that  is > 31. Regression with the York method gave a larger SE ( = 31.71 ± 3.68, Tab. 1), which represents a correct but inaccurate description of the true  of 29.75. For convention B and dataset 1, all three regression methods find the true , although only the OLR and RMA method yielded accurate  within narrow error limits.

Measured isotope ratios are always affected by random errors from measurements, which were accounted for in dataset 2 to calculate  (Table 1). All three methods predicted    using convention A, and  was associated with large SE, ranging from 1.90 to 3.68. Using convention B,  ranged from 28.15 to 29.33, with SE ranging from 1.9 (RMA) to 3.5 (York). For dataset 2, RMA was the best fitting method, yielding the narrower SE, while both OLR and York gave accurate predictions also with higher error. All regressions match thus the true value of 29.75

within their error limits.

To sum up, the error-free data in a dual-isotope plot with Dd vs Dd values do not lie on a straight line and thus should not be fitted with any linear regression. The slope in a Dd vs Dd plot is per definition a function of the progress of reaction f (eq. 4). A non-linear curve is obtained, especially when the orders of magnitude of the enrichment factors differ. Linear regressions in such plots yield  that overestimate the true  and should be discontinued. The correct convention to linearize data is provided in eq. 2 and should be applied as in Figure 1B to obtain accurate  OLR and RMA regression methods yield narrower error estimates, whereas the York method finds the true  within a larger error margin. The validity of most previously obtained  values with convention A might not be compromised given the total uncertainty of the experimental and analytical methods. However, in a few cases with large 𝜀 𝐻 /𝜀 𝐶 ratios, corrections might be applied in order to compare optimally all  values. The simple procedure to follow consists in using Fig. 2 of our manuscript, selecting the appropriate ratio of epsilons, reporting the corresponding error percentage (which is the percentage of overestimation) to lower  by this percentage. Worthy of note, if experimental data still plotting nonlinearly on a ln-transformed plot with eq. 2, as e.g. in [START_REF] Dorer | Rayleigh-based concept to tackle strong hydrogen fractionation in dual-isotope-analysis -the example of ethylbenzene degradation of Aromatoleum aromaticum[END_REF], another process may be involved, including a very strong hydrogen fractionation (tunneling), concentration-dependent fractionation and/or instrumental non-linearity. In these specific cases,  cannot be expressed as a constant number.
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 1 Fig. 1. Dual-isotope plot of A) raw Dd values (according to eq. 1), and B) ln-transformed d
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 2 Fig. 2 Overestimation of  () as a function of H/C (symbols) when convention A (eq. 1) is
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 2 Figure2shows that the error in a graph plotting the d values like in Fig.1.A overestimates  by

  of  obtained with convention A and B has a pure mathematical cause(Wijker et al., 2013): 

Table 1 :

 1 Comparison of  calculated with the raw Dd values (convention A, eq. 1) and the ln-transformed d values (convention B, eq.

	119											
	2) using the OLR, RMA and York methods, for the exact data points (dataset 1) and data generated with a random error (dataset 2).
							127					
								Random error (dataset 2)		
		Dd vs Dd		ln-transformed		Dd vs Dd		ln-transformed
			SE	R 2		SE	R 2		SE	R 2		SE	R 2
	OLR	31.70 0.21 >0.99	29.74	0.02	1.00	30.08 2.13 0.96	28.15	2.16	0.95
	RMA	31.71 0.19 >0.99	29.74	0.02	1.00	30.67 1.90 0.98	28.80	1.93	0.98
	York	31.71 3.77 >0.99	29.74	3.56	1.00	31.17 3.68 0.96	29.33	3.50	0.95
	SE: Standard error of 									

B: ln transformed plot 118 120 Exact data points (dataset 1)
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