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ABSTRACT 24 

The Enrichment Factor () is a common way to express Isotope Effects (IEs) 25 

associated with a phenomenon. Many studies determine  using a Rayleigh-plot, 26 

which needs multiple data points. More recent articles describe an alternative method 27 

using the Rayleigh equation that allows the determination of  using only one 28 

experimental point, but this method is often subject to controversy. However, a 29 

calculation method using two points (one experimental point and one at t0) should 30 

lead to the same results because the calculation is derived from the Rayleigh 31 

equation. But, it is frequently asked “what is the valid domain of use of this two-points 32 

calculation?” The primary aim of the present work is a systematic comparison of 33 

results obtained with these two methodologies and the determination of the 34 

conditions required for the valid calculation of . In order to evaluate the efficiency of 35 

the two approaches, the expanded uncertainty (U) associated with determining  has 36 

been calculated using experimental data from three published articles. The second 37 

objective of the present work is to describe how to determine the expanded 38 

uncertainty (U) associated with determining . Comparative methodologies using both 39 

Rayleigh-plot and two-points calculation are detailed and it is clearly demonstrated 40 

that calculation of  using a single data point can give the same result as a Rayleigh-41 

plot provided one strict condition is respected: that the experimental value is 42 

measured at a small fraction of unreacted substrate (f < 30%). This study will help 43 

stable isotope users to present their results in a more rigorous expression:  ± U and 44 

therefore to define better the significance of an experimental results prior 45 

interpretation. 46 

Capsule: Enrichment factor can be determined through two different methods and the 47 

calculation of associated expanded uncertainty allows checking its significance. 48 
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INTRODUCTION 54 

Stable isotope analyses is widely used in different fields such as geochemistry [1], 55 

biology [2] or environmental sciences [3]. The isotope ratio of light elements (C, H, O, 56 

N, S or Cl) is known to change through processes such as (bio)chemical reactions or 57 

physical processes due to preferential selection for the light or heavy isotope. This 58 

physical phenomenon, called the Isotope Effect (IE), can occur at equilibrium where 59 

heavy isotopes will be accumulated in one of the components of the system. Many 60 

processes such as liquid-vapor transformation can be associated with an Equilibrium 61 

Isotope Effect (EIE) [4]. IE can also be associated with a (bio)chemical reaction [5] 62 

where the presence of heavy isotopes can influence the reaction rate constant. 63 

Classically, this Kinetic Isotope Effect (KIE) is defined as the ratio of rate constants 64 

between two isotopes of a given element KIE = (lightk/heavyk) and depends on the 65 

mechanism of the reaction/process and on environmental parameters such as 66 

temperature or pH [6]. As a consequence, kinetic processes can be associated with 67 

an enrichment (KIE<1) or depletion (KIE>1) of heavy isotope of the reaction 68 

product(s) compared to the substrate(s). For a more detailed explanation, we 69 

recommended to read the guide “Practice and Principles of Isotopic Measurements in 70 

Organic Geochemistry” by J. M. Hayes where these concepts are explained in a very 71 

pedagogical way [7]. 72 

IE is not directly observable but it induces an alteration of isotopic abundance in the 73 

studied compounds: substrate(s) and/or product(s). This change in the isotope ratio, 74 

called isotopic fractionation, can be determined using isotope analysis and is often 75 

expressed as a fractionation factor () calculated from the equation described by 76 

Bigeleisen and Wolfsberg [8]. In the present article, isotopic fractionation has been 77 

expressed as an enrichment factor () [9] instead of  (where  = ( – 1)*1000). This 78 
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notation has been chosen, because the sign of  directly informs on the IE associated 79 

with the studied process: when  is negative, the IE is considered as normal (light 80 

isotopes are preferentially used during the process) and when is positive, the IE is 81 

inverse (transformation is faster using heavy isotopes). Enrichment factors can easily 82 

be determined using a Rayleigh-plot where  is the slope of the trend line [10, 11]. 83 

Therefore, knowing the sign and amplitude of the IE allows conclusions to be drawn 84 

on the process and/or mechanism responsible for the production, degradation, or 85 

transformation of a given molecule.  (expressed in ‰) can be defined as follows: 86 

 = (heavyk/lightk – 1)*1000   (1) 87 

Note that in geo- and environmental sciences, in contrast to classical (bio)chemistry, 88 

the ratio of the heavy to light isotope (and not vice versa) is commonly used. 89 

However, what is usually measured during a given process is not directly the relative 90 

rate of the reaction but rather the isotope ratio of the starting material and the product 91 

at two or more points during the progress of the process/reaction. The link between 92 

isotope ratios, extent of progress of the reaction f and  for a kinetic process is given 93 

by the Rayleigh equation [9, 12-14]: 94 

R ⋍ R0 × 𝑓Ɛ/1000   (2) 95 

where, R0 is the isotope ratio at t0, R the isotope ratio at tf and f is the unreacted 96 

fraction of substrate at tf. Equation 2 is a good approximation for all elements where 97 

the heavy isotope is much rarer than the light isotope. In cases of near equal 98 

abundance of isotopes, such as for B or when working with highly enriched 99 

compounds, equation 2 must be replaced by that proposed by Hunkeler et al. in 2002 100 

[14]. 101 

The most common method for determining  is to use a Rayleigh-plot: the isotopic 102 

composition of the remaining reactant is measured at different fractions of unreacted 103 
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substrate (f) and ln(R/R0) is plotted as a function of ln(f) [10, 15]. The enrichment 104 

factor  can then be obtained from the slope of a linear regression fitted to all data 105 

points. The variability of  is then expressed from the standard deviation of the slope. 106 

Most studies involving the determination of IEs have exploited this approach. In many 107 

situations, such as field sampling, measurement conditions do not allow isotope 108 

analysis at different times or different degrees of f to be determined [16]. 109 

Nonetheless, an enrichment factor can still be obtained by using equation 2 above 110 

(Rayleigh equation). This calculation method only requires isotopic measurements on 111 

the starting substrate (at t = 0, f0 = 1) and on one data point (at t = t1, f1 < 1): this 112 

calculation method is called two-points calculation in this article. The question is then: 113 

how to express the variability of the results? 114 

The goal of the present article is to compare these two approaches, namely 115 

Rayleigh-plot and two-points calculation, both in terms of trueness and precision [17]. 116 

Note that these two  determination approaches are derived from the Rayleigh 117 

distillation equation, so they should lead to the same . We asked three fundamental 118 

questions: “what is the domain of use of the Rayleigh equation?”, “how to express the 119 

uncertainty of the results from the two-points calculation mode?” and “what is the 120 

significance of the results based on the uncertainty determination in both  121 

determination modes?”. Three articles have been selected, with the authors’ consent, 122 

to compare these two methods for the determination of the enrichment factor. Using 123 

data from these studies, we first compare  values obtained with these alternative 124 

approaches in order to evaluate under which conditions they give consistent results. 125 

In a second part, we detail how to determine the limit of significance of the calculated 126 

. Many studies only use the standard deviation (SD) of the isotopic measurement to 127 

indicate the significant threshold of the determination of . But this method does not 128 
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include other sources of uncertainty such as the measurement of f, signal size or 129 

linearity [18]. Calculation of the expanded uncertainty (named U) associated with the 130 

determination of  is explained in the section below and a more detailed U calculation 131 

is described in the ‘guide of expression of uncertainty in measurement’ GUM [19]. 132 

Calculations of both  and its associated U will help in determining IEs in a more 133 

robust way and will provide a correct style to express the accuracy of the results. 134 

 135 

MATERIALS AND METHODS 136 

Data collection 137 

Experimental data from three different articles have been collated, with the authors’ 138 

consent, to compare  values obtained with Rayleigh-plot and the two-points 139 

calculation and illustrate the advantage of performing the expanded uncertainty 140 

calculation. These are: 141 

Article A: Gray J. R. et al., 2002, Environ. Sci. Technol., 36, 1931-1938 [20]  142 

Article B: Cretnik S. et al., 2014, Molecules, 19, 6450-6473 [15]  143 

Article C: Yamada K. et al., 2014, Rapid Commun. Mass Spectrom., 28, 1821-1828 144 

[22]  145 

These articles have been chosen in order to explore diverse isotope fractionation 146 

conditions (evaporation, biodegradation) and also to give examples with different 147 

elements (2H, 13C, and 37Cl). Moreover, this selection includes an article using 148 

position-specific isotope analysis (PSIA) in order to confirm that these calculation 149 

methods are applicable in such a case. In the present work, the articles are called 150 

article A, B or C to make the text easier to read. Note that in all three articles a 151 

Rayleigh-plot was used to calculate the isotope fractionation factor.  152 
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A part of article A from Gray et al. 2002 [20] deals with the determination of both 153 

deuterium and carbon IEs associated with the aerobic biodegradation of methyl tert-154 

butyl ether (MTBE) by bacteria strains discovered in a military base located in 155 

California. Bioremediation experiments have been performed in vitro using sediments 156 

and groundwater extracted from the contaminated site. Stable isotope analysis was 157 

performed by Gas Chromatography – Combustion – isotope ratio monitoring by Mass 158 

Spectrometry (irm-GC/MS) [21] and the amount of unreacted substrate was 159 

measured by gas chromatography for each experimental point. 160 

In article B, Cretnik et al. 2014 [15] report a study of the in vitro anaerobic 161 

biodegradation of tetrachloroethene (PCE) by Desulfitobacterium sp. strain Viet1. 162 

Both carbon and chlorine isotope ratios were monitored throughout the 163 

biotransformation using irm-GC/MS and f was determined by gas chromatography. 164 

Article C, Yamada et al. 2014 [22], deals with position-specific isotope analysis of 165 

acetic acid using on-line pyrolysis combined with GC-C-irm-MS (Py-irm-GC/MS) [23]. 166 

The authors determined position-specific isotope effects (PSIEs) associated with the 167 

evaporation of acetic acid. For this experiment, 14 vials containing pure acetic acid 168 

were placed in a hermetically-sealed chamber containing sodium hydroxide (NaOH) 169 

to remove evaporated acetic acid. Vials are weighted at t0 and at tf in order to 170 

determine f and PSIA were performed on each sample at variable f. 171 

Determination of the enrichment factor () 172 

The two methods for  determination are described in this section. 173 

The most common method is the determination of  using a Rayleigh-plot, in which 174 

ln(f) is plotted on the x-axis and ln(R/R0) on the y-axis [10, 11]. In this graph, the 175 

enrichment factor () corresponds to the slope of the trend line and the associated 176 
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root mean square (R²) gives a first indication of the quality of the linearity. Note that 177 

the regression is not forced through the origin following a recommendation by Scott 178 

et al. in 2004 [24]. 179 

The second method is the determination of  with the two-points calculation and has 180 

been performed using the following relationship [25], in which the isotope ratios R (as 181 

in equation 2) are expressed as isotopic composition : 182 

Ɛ =  ln (
δAXt𝑓+1000 

δAXt0+1000 
) (

1000

ln 𝑓
)   (3) 183 

where AXt0 and AXtf are respectively the isotopic composition of the starting 184 

reactant (initial state) and the remaining reactant at tf. This relationship can be 185 

approximated as described in the following equation [4]: 186 

Ɛ =  
ΔδAX 

ln 𝑓 
   (4) 187 

where AX stands for the isotopic fractionation between the reactant at t0 and at 188 

time f (AX = AXtf − AXt0). These two equations give very similar results [9] and the 189 

simplified equation 4 is employed here for the determination of  with results from the 190 

selected articles. 191 

Determination of expanded uncertainty (U) 192 

In order to determine the significance threshold of the enrichment factor, the 193 

expanded uncertainty needs to be calculated. This article is the first which offers a 194 

fully-described expanded uncertainty calculation method within this context. 195 

The determination of the expanded uncertainty associated with the enrichment factor 196 

determined using the Rayleigh-plot can be directly calculated using the function 197 

“LINEST” in Microsoft ExcelTM, as described by Elsner et al. [10]. This function 198 
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calculates both the slope and the standard deviation of the trend line (STDV slope). 199 

The expanded uncertainty can thus be calculated as follows: 200 

U = k × STDV slope   (5) 201 

where k = 2 for a coverage factor of 95% (t value in Student table). 202 

In the case where  is determined with a single data point, U can be calculated from 203 

the uncertainty estimation described in the ‘guide of expression of uncertainty in 204 

measurement’ GUM [19]. This evaluation criterion has been chosen because all 205 

parameters that can affect the final result are taken into account by U calculation, 206 

unlike in most articles in which authors only use the SD of the isotope analysis 207 

method as described by the instrument manufacturer. Parameters that need to be 208 

considered in the calculation of expanded uncertainty can be assembled in an 209 

Ishikawa diagram (also called fishbone diagram or cause-and-effect diagram, see 210 

Figure 1). Two contributions have to be taken into account, (i) the isotopic 211 

measurement of both the starting reactant (at t0) and the remaining reactant (at tf) 212 

along with the standard deviation of the measurements and (ii) the determination of f 213 

(and its associated variability) which can be performed by weighting, chromatography 214 

or spectroscopy (like NMR or Mass Spectrometry). 215 

The expanded uncertainty can be calculated using the following equation: 216 

U = k × Ɛ × √(
u(δAX)

ΔδAX
)

2

+ (
u(p)

p
)

2

   (6) 217 

where k = 2 for a coverage factor of 95% and p is the quantity measured during f 218 

determination (a mass, an area). Then, u(AX) is the uncertainty associated with 219 

isotopic measurement at t0 and tf obtained by the propagation uncertainty law: 220 

u(δAX) =  √SD² + SD² =  √2 × SD²   (7) 221 
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where SD is the standard deviation of the isotopic measurement. The analyte at the 222 

initial and the final states is measured using strictly the same protocol, i.e. there is no 223 

linearity problem. The next step is the calculation of u(p), namely the precision of the 224 

analytical method used to determine f, which is expressed as an uncertainty using a 225 

rectangular distribution (also called continuous uniform distribution) [19] and 226 

calculated using the following equation: 227 

u(p) =  √(
v

√3
)

2

× k   (8) 228 

where v is the standard deviation of the analytical method used to determine f 229 

(balance, spectrometric technique), p is the quantity measured (mass, area) and k = 230 

2 for a coverage factor of 95%. 231 

In the general equation for U calculation (equation 6), the term (
u(p)

p
)

2

 is generally 232 

negligible but needs to be taken into account in order to ensure that every step of the 233 

uncertainty calculation is performed in a correct way. The precision of f determination 234 

needs to be taken into account during  determination, because both the 235 

measurement method and the sampling can be associated with a systematic error 236 

[26]. 237 

Once the enrichment factor and its associated expanded uncertainty are calculated, 238 

the final result is expressed as  ± U. This expanded uncertainty value is slightly 239 

overestimated but covers all sources of variability. In these conditions, the observed 240 

isotope effect is considered significant when ││ > │U│. 241 

 242 

RESULTS AND DISCUSSION 243 

Comparison between the two approaches 244 
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In this study,  and the associated expanded uncertainty are calculated for each data 245 

point of the selected articles and the values are compared with those obtained using 246 

Rayleigh-plots. In this section, the studied element is specified in enrichment factor 247 

expression in order to make the reading easier (i.e. C in the case of 13C enrichment 248 

factor). 249 

Figure 2 shows the Rayleigh-plots obtained for the datasets used in this study. In 250 

most cases, the Rayleigh-plot trend-line fits very well with the experimental points, 251 

with root mean square values (R2) higher than 0.98, which clearly demonstrates the 252 

linearity of the experimental data (Figure 2). The only exception is the trend line 253 

obtained from the monitoring of 13C of the carboxyl group of acetic acid during 254 

evaporation (Figure 2c) for which R² is about zero. This value is not surprising given 255 

that the slope of the curve is 0 (implying that there is no significant isotope 256 

fractionation associated with evaporation on this carbon-atom position). 257 

For each dataset,  was determined using the slope of the trend line. Values for  258 

obtained from each data point using the two-points calculation (equation 3) are 259 

presented in Table 1. In most cases, two-points calculation method gives very similar 260 

results to those from Rayleigh-plots, but only for small values of f (which corresponds 261 

to the fraction of unreacted substrate at tf). As an example, results from article A 262 

(Figure 2a) show a very high H of -65.7‰ obtained from Rayleigh-plot and two-263 

points calculations give values comprised between -63.0 and -69.3‰ when f is lower 264 

than 20%. The same phenomenon is observed in the case of 13C with an C of -1.5‰ 265 

according to Rayleigh-plot and very different values obtained with equation 3 when f 266 

> 24%. Rayleigh-plots drawn using experimental data from article B (Figure 2b) show 267 

an Cl value of -5.0‰ and an C of -19.3‰. These data also demonstrate the trueness 268 

of  calculated using equation 3, with very similar values obtained when f < 34.8% in 269 
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the case of 37Cl and f < 31.1% for 13C. Figure 2c demonstrates that the two-points 270 

calculation method is also efficient with PSIA data. Rayleigh-plot results from article 271 

C indicate that acetic acid evaporation is associated with a C-Bulk of -1.0‰ mostly 272 

located on the methyl group (C-Methyl = -2.0‰) which is confirmed by the comparable 273 

values obtained using the two-points calculation when f < 39.0%. Calculated  values 274 

also confirm the absence of significant isotope effect located on the carboxyl 275 

function. 276 

According to data from Figure 2 and Table 1, the two methods seem to be exploitable 277 

to determine  from varied experimental data and elements. The limit of the two-278 

points calculation is the value of f, but this limit is not clearly established. 279 

Determination of expanded uncertainty should help to fix the limit of the domain of 280 

use of the Rayleigh equation. 281 

Expanded uncertainty 282 

Expanded uncertainties associated with  determination using both Rayleigh-plot and 283 

two-points calculation are detailed in Table 1. When  is determined through 284 

Rayleigh-plot using experimental data from Article A, the expanded uncertainty 285 

associated with 13C IE determination is very small (U = 0.1‰) compared to . That 286 

result suggests that  is significant. The U value is higher in the case of 2H (3.7‰) but 287 

this result is in accordance with the higher H of -65.7‰ detected through deuterium 288 

isotope analysis. These two examples demonstrate that an IE can be considered as 289 

significant even if its associated uncertainty is high; when ││ > │U│ (or │U/│< 1), 290 

the result is significant. Carbon-13 bulk enrichment factors obtained in the other 291 

articles are also significant with C = -19.3 ± 0.8‰ in article B, C-Bulk = -1.0 ± 0.1‰ 292 

and C-Methyl = -2.0 ± 0.1‰ in article C (Table 1). The same conclusion can be made 293 

with results from 37Cl experimental data of article B with Cl = -5.0 ± 0.2‰. 294 
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Enrichment factors calculated using the two-points approach are similar to those from 295 

Rayleigh-plots, as previously described by Jeannottat and Hunkeler [25], but U 296 

obtained with the two methods are very different and U seems to be increased with f 297 

(Table 1), which is coherent with the observations made above. In each study, when 298 

the process is not well advanced (f > 30%), the equation gives different  results than 299 

those obtained with the Rayleigh-plot. When less than 70% of substrate has reacted, 300 

the calculated  is not significant, as demonstrated in Figure 3b with │U/Rayleigh│> 1. 301 

For instance, C-Bulk is -1.0 ± 0.1‰ (article C) according to the Rayleigh-plot and the 302 

same value is obtained from the two-points calculation with │U/Rayleigh│ comprised 303 

between 0.3 and 0.7‰ provided f < 30% (Figure 3b). 304 

From all the data studied here, data points calculated at f > 30% give different values 305 

from those determined using Rayleigh-plot and this difference is confirmed by high 306 

expanded uncertainty values. The determination of │U/│ is an excellent tool to 307 

ensure that the uncertainties associated with the determination of IE do not exceed 308 

the measured  [27]. 309 

Significance of the results 310 

The results obtained from each article were used to draw three graphs (Figure 3) in 311 

order to evaluate the trueness of the  determined with the two-points calculation and 312 

the minimum of substrate transformation that must be used to ensure that results are 313 

significant. 314 

The variation of the expanded uncertainty depending on the amount of remaining 315 

substrate is described in Figure 3a. This result confirms the need to set a limit of f 316 

value in order to use the two-points calculation in a correct way. The graph presented 317 

in Figure 3b shows the correlation between the reaction yield (1 – f) and the degree 318 

of significance of  calculated using the two-points method (the result is considered 319 
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as significant when │U/│< 1). These data mean that results obtained with the two-320 

points calculation are significant on a large range of transformation yields, even if the 321 

expanded uncertainty associated with the enrichment factor increases with the 322 

amount of remaining substrate. This graph demonstrates that the results obtained 323 

are significant when 1 – f > 0.7 (f < 30%). The relationship between the 324 

transformation yield (1 – f) and the gap between  values obtained with the two 325 

methods ((-Rayleigh)/Rayleigh) clearly demonstrates the trueness of  values 326 

determined with the two-points calculation (see Figure 3c), considering that the 327 

Rayleigh-plot allows the calculation of a true . Indeed, values obtained using the 328 

two-points method have a deviation of 10% relative to the true value (Rayleigh) when f 329 

< 20% (1 – f > 0.8) and a deviation of 20% when f < 30% (1 – f > 0.7), which means 330 

that the two-points method allows the calculation of true values of  when the 331 

selected data point has been measured at high transformation yield. 332 

These results demonstrate that the two-points calculation method is efficient when 333 

the amount of remaining substrate is below 30% (which corresponds to a reaction 334 

yield of 70%). 335 

 336 

CONCLUSIONS 337 

Considering these observations, the determination of  using a single experimental 338 

point can be justified in conditions wherein the yield of the studied transformation is 339 

above 70% (f < 30%). Within this range, the  values calculated are similar to those 340 

obtained from Rayleigh-plots, and so is the associated uncertainty. Furthermore, 341 

expanded uncertainty calculations are shown as an excellent and rigorous way to 342 

check if the determined values of  are significant and, in particular, are a good tool 343 

to assess the validity of the two-points calculation. 344 
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Enrichment factors can therefore be directly determined from experimental data 345 

using two different methods. The classical Rayleigh-plot approach is very efficient 346 

and the resulting  associated expanded uncertainty can be calculated using the 347 

function “LINEST” of Microsoft ExcelTM. Equations that allow calculating enrichment 348 

factor with only one experimental point can be very useful when it is difficult to collect 349 

several samples during a transformation. When using this method, it is 350 

recommended to work with transformations of more than 70%. 351 

For both methods, determining the expanded uncertainty associated with a result is 352 

highly recommended in order to draw any conclusion about the studied phenomenon. 353 

This calculation requires the determination of precision for both the isotopic 354 

measurement and the yield. In these conditions, the final result will take into account 355 

all uncertainty sources associated with both the experiments and the measurements. 356 

The final IE result can be expressed as ± U and considered as significant when 357 

││> │U│ (or │U/│< 1). In these conditions, the two-points calculation is an 358 

excellent way to determine the IE associated with a transformation and the use of the 359 

expanded uncertainty reinforces the validity of conclusions that can be made about 360 

the studied mechanism. 361 

Such calculations can be complex to set up; so this article provides a spreadsheet in 362 

which both  and U can be automatically calculated after appropriate input: the initial 363 

isotopic composition (t = 0), the isotopic composition at t = f, the isotopic 364 

measurement precision (SD), the transformation yield (1 - f), the quantification 365 

measurement (mass or area) and the precision associated with f determination. 366 

 367 

Supporting information available 368 
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EXCEL spreadsheet for calculation of enrichment factor and uncertainty by the two-369 

point method. 370 
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Tables 474 

Table 1: Values of  calculated using each experimental point from (a) Gray et al. 475 

2002, (b) Cretnik et al. 2014 and (c) Yamada et al. 2014. Associated expanded 476 

uncertainties (U) are also listed and compared to  values obtained from Rayleigh-477 

plots. 478 
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Figure captions 488 

Figure 1: Ishikawa diagram describing all sources of uncertainty in the case of 489 

isotopic measurements of the studied compound at t0 and tx and two measurements 490 

required to determine f. 491 

 492 

 493 

Figure 2: Rayleigh-plots drawn from experimental data of (a) Gray et al. 2002, (b) 494 

Cretnik et al. 2014 and (c) Yamada et al. 2014. 495 

 496 
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Figure 3: Projection of the transformation yield (x-axis expressed as 1 - f) and on the 503 

y-axis (a) U, (b) │U/Rayleigh │ and (c) (-Rayleigh)/Rayleigh. Dotted lines correspond to 504 

(b) the significance threshold (│U/Rayleigh │ = 1) and (c) the gap between values 505 

obtained using the two-points calculation and the true value (fixed at 10 and 20%). 506 
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