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Isotope fractionation in silicate melts

ARISING FROM G. Dominguez, G. Wilkins & M. H. Thiemens Nature 473, 70-73 (2011)

Experiments show that temperature gradients in silicate melts lead to
isotope fractionation, where the heavier isotopes concentrate in cold
regions and light isotopes concentrate in hot regions'™. Dominguez
et al® present a phenomenological model based on quantum effects
that provides a good fit to these experimental results, and argue that
“consideration of the quantum mechanical zero-point energy of dif-
fusing species is essential for understanding diffusion at the isotopic
level”. However, we point out that the zero-point energy required to
fit their model to experimental results is unphysically large, and that
isotopic fractionation similar to that observed in silicate melts is found
in systems where quantum effects are absent. Therefore, the conclu-
sion that quantum effects underlie isotope fractionation in silicate
melts with temperature gradients is not justified.

To fit experimental data, the Dominguez et al.’ model requires a
zero-point energy (ZPE) for **Mg of ~0.4eV. The atomic motion
giving rise to the ZPE is vibrational, and can be modelled by a har-
monic oscillator for which ZPE = (1/2)hv, where h is Planck’s con-
stant and v is the vibrational frequency. (Here for convenience we
consider v=v/c, where ¢ is the velocity of light) The value
ZPE =~ 0.4 eV corresponds to 7~ 6,500 cm” ', which is much larger
than the highest vibrational frequencies (~1,300 cm” ') observed in
anhydrous silicate melts®. In fact, ¥ =~ 6,500 cm ™" is larger than the
vibrational frequency in any material whatsoever (the highest vibra-
tional frequency we are aware of is that for H,, where
V~4,395cm ™ ')”. Thus a ZPE of ~0.4 eV is not physically relevant.

The unphysically large ZPE in the model of Dominguez et al.* leads
to predictions of relative diffusivities of isotopes that are in poor agree-
ment with experiments. For example, their model (equations (11) and
(12), and ZPE(**Mg) = 0.4eV) predicts D(**Mg)/D(**Mg) = 1.13 at
1,500K. In contrast, experiments on silicate melts find D(“Mg)/
D(26Mg) = 1.004 (ref. 2). Thus, the Dominguez ef al. model predicts
an isotope effect for relative diffusivities that is more than 30 times
larger than found experimentally (13% versus 0.4%).

Finally, we note that isotope fractionation in temperature gradients
occurs in systems where quantum effects are not relevant; this implies
that quantum effects are not a necessary condition for isotope fractiona-
tion to occur (whereas they are a necessary condition in the Dominguez
et al> model). For example, significant fractionation of isotopes is seen in
gases held in a temperature gradient®°. In gases, quantum ZPE (arising
from confinement) plays no role because molecules typically are far
apart. Thermal fractionation of isotopes is also observed in molecular
dynamics simulations of condensed phase systems'' based on classical
mechanics—these simulations ignore quantum effects, and in contrast
to the model of Dominguez et al.’ include no phenomenological con-
siderations. In both of these cases, heavier isotopes concentrate in cold
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regions and light isotopes concentrate in hot regions, consistent with
experimental observations on silicate melts and all other condensed
phase systems that have been studied. This effect is understood
theoretically in terms of classical mechanics'?, and quantitative agree-
ment is obtained between this theory and experiment"’.
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REPLYING TO D. J. Lacks, J. A. Van Orman & C. E. Lesher Nature 482, http://dx.doi.org/10.1038/nature10764 (2012)

Lacks et al.' argue that our model of isotopic fractionation in thermal
gradients in silicate melts* does not agree with measurements of the
ratio of diffusivities seen in silicate melts. This statement is based on
an over-interpretation of our model into non-steady-state applica-
tions, such as chemical fractionation, because the model we presented

treats the quantized energy levels of the transition state as being equal
to each other (the partition function Z(TS) = 1). This was warranted,
as our main interest was in finding the steady-state solution to isotopic
fractionation in a closed system (which is insensitive to the transition
state). The potential importance of the transition state in determining
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the ratios of diffusivities of He isotopes in a geologic system has
previously been noted’, and future work will need to clarify the
importance of the transition state for kinetic isotopic fractionation
in silicate systems, particularly the ratio of diffusivities.

Lacks et al.' point out that isotopic fractionation due to temperature
gradients in the gas phase have been observed (for example, ref. 4), but
they do not provide proof that classical mechanics quantitatively
explains these observations. Furthermore, Lacks et al.' (and references
therein) provide no evidence that molecular dynamics simulations
reproduce the isotopic fractionations observed in real gas systems,
much less high-temperature condensed phases. A full understanding
of isotopic fractionation for complex (diatomic, polyatomic) species,
even in the gas phase, is likely to require quantum mechanics because
of the involvement of quantized vibrations®.

No evidence is presented by Lacks et al.' that molecular dynamics
simulations, based on Lennard-Jones interactions, are capable of repro-
ducing the isotopic fractionations of elements and of capturing the
strong potential energy interactions that characterize silicate melts
and other systems where diffusion is a strong function of temperature.
Because of the magnitude of the activation energies involved, only a very
small fraction (f) of all particles acquire enough energy to overcome
activation energy barriers: f~ exp—(—E,/kgT). Here E, is activation
energy, kg Boltzmann’s constant, and T temperature. For typical activa-
tion energies of 2-3 eV, this fraction is rather small (~107%), thus
making it difficult for molecular dynamics simulations, which typically
employ ~10> particles, to realistically capture the thermodynamics
associated with isotopic fractionation in a highly interacting condensed
matter system. We suggest caution in interpreting simple binary mix-
ture molecular dynamics simulations that rely on ‘unphysical’ means of
implementing heat transport®.

Last, Lacks ef al.' point out that the vibrational frequencies needed
to explain the steady-state fractionations are physically unrealistic.
We note that this frequency may or may not correspond to a physical
frequency, as the initial reactant state consists of three independent
vibrational components that we, for the sake of clarity and simplicity,
incorporated into one effective frequency (thus the effective frequency
would be higher than each of the independent components)”. The
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infrared vibrational features that are observed in natural systems
are sensitive only to differences in energy levels, not the zero-point
energy. We also note that, as infrared vibrational features in a silicate
melt are overwhelmingly dominated by modes associated with Si-O
stretching and bending, it is unclear whether Raman or vibrational
infrared spectra include features associated with diffusing interstitial
species such as Mg, Fe and Ca.

In short, Lacks et al." have provided no new data or physical model
that quantitatively explains the empirical observations of steady-state
isotopic fractionation in silicate melts. Furthermore, over 50 years of
work in isotope effects in physical chemistry and isotope geochemistry
support the role of quantum mechanics in isotopic fractionation
processes.
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