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Introduction

After showing why "normal" isotope effects are expected to vary regularly with mass I will characterize mass independent effects. I shall then briefly review the discovery of variations in isotope abundances, in general, and particularly of mass independent ones. I will explain why they were discovered so late, and treat separately effects observed in nature and produced in the laboratory. 

Finally interpretations of mass independent isotope effects, uses in research and eventually for separations will be discussed.

Mass dependent and mass independent isotope effects

Theoretical calculations of isotope effects in exchange reactions and equilibrium processes were made by H.C.Urey(
), (
), and J.Bigeleisen and M. G. Mayer (
). Their dependence on masses is given here, after Weston R. (
).on the easily generalized example of oxygen.

Let mO be either 17O or 18O, and consider the exchange reaction

XmO + Y16O = X16O + YmO (1)

The isotopic fractionation of oxygen m in (1) is given by
m = (YmO)/(Y16O) / (XmO)/(X16O) (2)

= (1 + 10-3(YmO) / (1 + 10-3( XmO) (3)
With the usual definition

YmO = 103( RYm/Rstm - 1)., RYm = [(mO) / (16O)]Y.

and similar definitions for (XmO , and for RXm and Rstm. 

Let mm be the mass of isotope mO :theory leads to 

( m16-1 - m17-1) *(3 [aii(YO) - aii (XO)]

               ln/ln =







(4)

(m16-1 - m18-1) *3 [aii(YO) - aii (XO)]

= 

Using XO as reference makes all XO zero, and (5) becomes

Y17O/Y18O = 0.529 (6)

In practice, except for hydrogen reactions, 's are always close to unity, and can be written 1 + thus ln is equivalent to  Also aii's, force constants for three orthogonal motions of the isotopically substituted atoms, are constants, and (4) is calculated by (7)

ln/ln = (m17 –m16)/ (m18- m16)* m18/ m17 (7)

In mass dependent processes, 's are equal per unit mass difference. When this relation is not fulfilled, one speaks of mass independent effects. They are quantised by 'smeasuredcalculated

Assuming equal 's by unit mass difference, calculated 's for all isotopes of an element are derived from   measured for only one isotope. 
Historical background

Isotope abundances variations up to 1973

In his Nobel lecture, Frédéric Joliot said that variations in isotope abundances of lead were the only ones observed in nature. Indeed, in spite of the prophesying paper by Urey and Greif (i), it took a long time before it was generally recognized that many, if not all, polyisotopic elements could be expected to, and did, exhibit variations of their natural isotope abundances. And this was years after separation of isotopes by physical-chemical processes were achieved in the laboratory and in plants, and explained by theory based on mass differences(ii), (iii). 

Of course lead isotopes are end products of separate radioactive "families” starting (now) with uranium isotopes and thorium.. Differences in initial proportions of uranium and thorium, or natural chemical separation of intermediate decay elements of these families, explain large variations in lead isotope proportions. They are so large that they cause readily detected atomic weight differences between lead samples of different provenance. Natural variations were discovered next in isotope abundances of light elements that are more easily altered by physical-chemical means because of their greater relative mass differences. (Only centrifugation separates isotopes on basis of absolute mass differences). Several difficulties had retarded the discovery. Firstly nature, by giving H, C, N, O one overwhelmingly preponderant isotope had made the discovery of the minor isotopes difficult, and detection of variations in abundances was not made to a precision better than a few per mil before the fifties. Consequently, by the early sixties these variations were only recognized for the four lighter elements. Now IUPAC's tables show geochemical ranges of isotopic compositions for isotopes of at least 12 more elements. In addition, a number of isotopes undergo nuclear decay with half lives long enough to have a stable abundance but short enough to produce daughter isotopes which alter isotopic compositions of daughter elements according to their geological age. Finally isotopically exceptional occurrences exist, the most famous being tied to the spectacular discovery of natural nuclear reactors, at Oklo, in Gabon in 1972. This discovery was a consequence of isotope abundance measurements on uranium samples. In this unique site, up to now 29 fission product elements have shown exceptional isotope compositions. Five of these are also elements having geochemically induced isotope abundance ranges. Strontium is an element showing both, variations due to decay of rubidium 87, and exceptional values at Oklo(
). 

When natural isotopic abundances of polyisotopic elements were first studied, geochemically induced variations of isotopes were found to follow the theoretical separation laws that involve mass differences and the square of masses. Isotope separation and production using physical chemical reactions obeying these laws had long been accomplished, and it was surmised that these laws were always followed. Therefore when investigating isotope effects of reactions in nature, or even in the laboratory, very rarely did authors bother to analyse abundances of more than one isotope. In addition inaccuracies in the use of reference samples made, and still make, interlaboratory comparisons difficult. 

Some laboratories still use "identical" standards leading to deltas differing by several units, a few neglect addition rules of 's.

And when comparing a sample to a standard, differences, expressed as deltas (), are usually given only for the isotope pair which is easiest to measure.

Mass independent isotope abundance variations of physical chemical origin in nature
In 1973 a discovery should have altered this routine. R. Clayton (
) found that inclusions in the Allende meteorite showed equally large negative deltas for 17 O and 18O, of about - 40. 

Later Thiemens and Heidenreich (
) found non mass dependent enrichments of the heavier isotopes of oxygen in atmospheric and stratospheric ozone. Mass independent isotopic composition of oxygen is also observed in atmospheric and stratospheric CO2, N20, CO and sulfate aerosols (
).

Farquhar et al (
) described mass independent effects of sulfur on both 33S and 36S. that have mass numbers of different parity and show capital deltas of opposite signs. Farquhar claims have been contested (
), but convincingly confirmed (
). A similar effect, but with reversed ’s on both isotopes, had been reported before in the laboratory(
). Such effects can only occur on elements having three or more isotopes. These are all elements of even atomic numbers heavier than oxygen. No mass independent isotope effect in terrestrial samples have yet been reported that is not now assigned to reactions occuring initially in the atmosphere or stratosphere.

One may add a comment. When studying isotope effects, one must be sure of the nature of the rate determining step, and reacting species should be well identified. One should not e.g. overlook formation of S2O (
) when oxidizing sulfur under low oxygen pressure.

Mass independent isotope effects and separations in the laboratory

--Nuclear spin effect. In 1979, Galimov (
) pointed out that differences between isotopes of even and odd masses could lead to chemical isotope effects. He demonstrated the validity of his hypothesis by producing, in the laboratory, a huge 17O enrichment effect (+ 13%) during oxidation of ethylbenzene with molecular oxygen. At the same time, 18O underwent a negligibly small depletion. He established the validity of his hypothesis in the case of 13C by several experiments, especially by showing that the recombining reaction accompanying the photochemical decomposition of dibenzyl ketone produced an enrichment in 13C depending on the intensity of an external magnetic field.

--Enrichment of isotopes in stratospheric atmospheres, Experiences have been carried out in the laboratory in order to study reactions leading to anomalous effects (see ref vii).

--Work on isotope separations In 1989, Y Fujii et al. described excess enrichment of 235U with respect to 238U over a value interpolated from enrichments of 234U and 236U, during ion chromatography (
). At that time separation of strontium by ion exchange separation did not show anomalous isotope effects. In 1993, Nishizawa et al. trying to prepare Zinc free from 64Zn, by complex formation with dicyclohexano-18-crown-6, found a larger isotope effect on 67Zn than on Zinc isotopes of even masses(
). In 1994 during extraction of strontium and barium using a crown ether(
), isotopes of odd mass number behaved differently than those of even mass number. The odd/even effects were even larger than the unit mass enrichment factors. The latter were of different magnitude and opposite signs for strontium (- O.OOO9), and for barium (+ O.OO4). These differences were related to their concentrations in the aqueous phase. During extraction of magnesium chloride into an organic phase by the same crown ether (
), varying concentrations in the aqueous phase modified dramatically the absolute values and even signs of the unit mass enrichment factor and of the odd/even effect which was of same order of magnitude. Various similar extraction, or chromatography processes produce analogous effects on separations of isotopes of many even numbered elements (Mg, S, Ti, Fe, Ni, Zn, Sr, Zr, Mo, Br, Nd, Sm, Gd, Hf, U) (numerous recent papers, passim, by Fujii Y., Nishizawa K., Fujii T, al.) 

--Dimer effect: Joyes et al.(
) showed that, in mass spectra of liquids produced by emission, under the action of a strong electric field, from the Au-Cu tip of an electrode, diatomic ions of polyisotopic elements like copper or germanium were exclusively monoisotopic.

Interpretations of non mass dependent effects

In the laboratory,

-- Nuclear spin effects. They were not considered in early calculations of isotope effects by Urey (1), because they did not contribute to distribution (partition) functions. Galimov discovered and interpreted their role. Some chemical processes, especially those involving radicals, are associated with changes in the electron spin of the system. Interaction between electron spins and nuclear spins can influence e.g. the energy of transition from triplet to singlet state. Hence differences in reaction rates or equilibria can occur between isotopes of odd (with nuclear spin) and even (zero nuclear spin) masses. Galimov (14) showed that nuclear spin, making a triplet singlet transition possible during oxidation of ethylbenzene with molecular oxygen, induced selectively an enrichment in 17O, observed later in oxygen after decomposition, of the intermediate tetroxide. Such effects are difficult to observe in elements having only two stable isotopes, because they superpose with normal effects. This is why Galimov had to use discrepancies between theory and experiment, and the influence of an external magnetic field to establish their existence in the case of 13C.

--Other non mass dependent behavior. On 235U it was first thought by its discoverers to be a nuclear spin effect. Calculations by J. Bigeleisen (
) disproved this interpretation and related quantitatively these effects to the field shift. Isotope shifts in atomic orbitals result from changes in nuclear charge distributions <r2>, i. e. nuclear size and shape. They affect the ground electronic energy of an atom or molecule. Initially they were thought to produce isotope effects only in heavy elements, those with the largest volume isotope effects. Effects during extraction by a crown ether were attributed, for strontium and baryum, to the larger stability constant of the aquo-complex for odd mass numbers. For magnesium it was considered that the ion pair electrons of the ligand coordinate to a vacant 3s orbital of the magnesium ion and form a sp orbital. The resulting energy shift for individual isotopes in the 3s3p - 3s2 transition, was a starting point for a qualitative interpretation. 

Field shifts are now considered for every element. An example of evaluation of their contribution, and of that of the nuclear spin, is found in a recent study of zinc isotope fractionation using liquid chromatography with a cryptand (
). The isotopic effect on charge distribution, obtained from the literature, is added to's derived from equation (4). Scaling factors a and b are used to quantify each term:

m'm = 1/T2m/mm'*a + 1/T<r2>mm'*b 



(5)

Zinc has five stable isotopes of mass numbers 64, 66, 67, 68, 70; because of possible interferences with 64Ni, 64Zn is not used. Isotope effects on 68Zn and 70Zn respective to 66Zn are free of nuclear spin effects. Their measure gives a and b. Applying equation (5), the difference between calculated and measured effect gives the nuclear spin effect. on 67Zn.

--The dimer effect: the exclusively monoisotopic character of dimer ions, emitted from an alloyed electrode under a high electric voltage, is not fully understood. It could result from a combination of the fact: that heteronuclear ions are more fragile than homonuclear ones, and that there is a stronger surface electric field around the alloy than around pure Cu (
)

In Nature

-- Meteorites All oxides of meteorites have anomalous isotope abundances ( in O, Ca, Ti, etc) they are usually assigned to nuclear processes. Thus the Clayton discovery was first related to nucleosynthesis. Now, considering later findings it may be better explained by mass independent effects of physical chemical origin than by nucleosynthesis. One of the reasons is that the latter involves mixing oxygen from two separate sources, where physical chemical exchange requires only one. Some authors question as well nuclear interpretations of other observations on meteorites 

-- On terrestrial samples Mechanisms of mass independent isotope effect have been investigated for nearly 20 years, especially on ozone formation. No other effect has yet been reported that is not in fine due to reactions occurring initially in the atmosphere or stratosphere.

Outstanding work has been accomplished by several teams, and progresses achieved are reviewed by several authors (4), (
). However explanations do not meet yet complete consensus. Those based on considerations of differences of reaction probabilities due to differences in symmetry of monoisotopic and substituted molecules proved finally unable to explain observations quantitatively. In the latest theoretical treatment (
), the principal factor affecting the enrichments is a deviation from the statistical density of states of the ozone isotopomer itself which differs for vibrationally excited symmetric (XYX) as compared with asymmetric (XYZ) ozone molecules. Rate constants, in ozone formation reactions, using a slightly modified kinetic theory, and isotope enrichments, calculated from this starting point, very well agree with experiment. However adjustment of a parameter is necessary. A theory, based on the fact that the differential reaction cross sections could be different for distinguishable and indistinguishable isotopes, in molecules, agrees also with experimental results, but also requires adjustment of a parameter. Comparison of theories is underway by the authors of the latter (
)

Benefits of the study of mass independent effects 

Let us first recall briefly benefits of the study of mass dependent isotope effects. that have been reaped for more than half a century;.

--Results from nuclear origin They provide firmly established informations. Decay schemes of more than twenty isotopes have been studied and put to use as geological clocks(
). Ion probe 235U and 238U images of Oklo samples established the fate of plutonium that had completely decayed more than 1.5 billion years ago. 

Isotopic analysis of lunar, and later martian samples, or of samples from meteorites, enable to evaluate exposure times to solar wind, to build nucleogenesis schemes, etc..
--Effects of physical chemical origin -- Mass dependent isotope effects provide data on a number of subjects in nature. The less important are not data on the evolution of climates obtained by isotopic analysis of cores from polar ice caps, or paleotemperatures from carbonates. 

Benefits of non mass dependent effects. They provide unique information on atmospheric and stratospheric gases, not only on the much studied ozone problem, see (8). 

--For instance, at an altitude around 30 km, CO2 possesses a large mass independent isotopic composition. The 18O of CO2 provides an ideal tracer of atmospheric - stratospheric mixing. 

--The recent study of archean sulfides comes in confirmation of the view that studies of non mass dependent effects are of considerable potential interest for geochemistry. The first authors studying sulfur isotope abundance in the formation of archean pyrites, found a range of 's for 34S, greater in archean pyrites than in magmatic H2S (
.). They concluded that instead of H2S, bacterial reduction of oceanic sulfates had produced, even 3.4 billion years ago, the sulfur for pyrites. Later the work by Farquhar that revealed mass independent effects on both 33S and 36S, (9), ruled out that mechanism, because bacterial action can not lead to such mass independent effects, and disqualified that proof of existence of bacteria.

--The influence of nuclear spins on the behavior of isotopes of odd and even mass number has been amply examplified. And the theory of isotope effects has gained in sophistication, by taking into account the influence of nuclear size and shape.

-- Finally, the study of non mass dependent effects lead to refinements of reaction rates theories when calculating effects of molecular symmetry changes due to isotope substitutions..

Conclusion

-- Much work is still required before non mass dependent phenomena are well understood 

-- Considering the wealth of information that non mass dependent effects may furnish, at least laboratories engaged in isotope geochemistry should be encouraged to analyse all the isotopes of elements under study. Especially work on atmospheric and stratospheric phenomena should continue. 

--It might be worthwhile to investigate odd/even effects with the purpose of finding a large effect for production of isotopes of odd mass number. These isotopes, e. g. 43Ca , could be used as spikes for medical diagnostics, because, using NMR, they could be followed in vivo and in situ, even when diluted by physiological processes; but their natural abundance being very low they must first be enriched. Up to now no method does it economically.

--To allow inter laboratory comparisons, laboratory reference materials should be accurately characterized with respect to international standards, and 's carefully calculated. 
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