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Noble-gas geochemistry is an important tool for understanding
planetary processes from accretion to mantle dynamics and
atmospheric formation'™. Central to much of the modelling of
such processes is the crystal-melt partitioning of noble gases
during mantle melting, magma ascent and near-surface degas-
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sing®. Geochemists have traditionally considered the ‘inert’ noble
gases to be extremely incompatible elements, with almost 100 per
cent extraction efficiency from the solid phase during melting
processes. Previously published experimental data on partition-
ing between crystalline silicates and melts has, however,
suggested that noble gases approach compatible behaviour, and
a significant proportion should therefore remain in the mantle
during melt extraction®®. Here we present experimental data to
show that noble gases are more incompatible than previously
demonstrated, but not necessarily to the extent assumed or
required by geochemical models. Independent atomistic compu-
ter simulations indicate that noble gases can be considered as
species of ‘zero charge’ incorporated at crystal lattice sites.
Together with the lattice strain model®'’, this provides a theor-
etical framework with which to model noble-gas geochemistry as
a function of residual mantle mineralogy.

Extreme incompatibility is a basic tenet of most geochemical
models for mantle degassing, whereby primordial isotopes such as
’He and *°Ar are removed from the mantle and replaced by daughter
products, *“He and *°Ar, through in situ radioactive decay from
residual U, Th and K, which are assumed to be less incompatible.
Variations in *He/*He and *°Ar/*’Ar ratios in lavas have long been
used to argue for a layered mantle in which mid-ocean-ridge basalts
(MORB) sample an upper, depleted and degassed layer characterized
by low *He/*He and *°Ar/*°Ar ratios, while ocean island basalts (OIB)
come from an isolated, undegassed lower (undepleted or ‘primor-
dial’) layer with much higher ratios"*>*. However, this two-layer model
has become increasingly difficult to reconcile with independent
evidence suggesting whole-mantle convective mixing'' and tomo-
graphic images of subducted slabs in the lower mantle'”. There are also
concerns related to models of the Earth’s radiogenic heat budget'’, the
observation of higher noble-gas abundances in MORB (degassed
source) than in OIB (undegassed source)'* and the distribution of He
isotopes between these two ‘source reservoirs’">. Consequently, the
behaviour of noble gases during mantle melting must be established
with some certainty in order to constrain future models of mantle
geodynamics.

Our ability to model noble gases during mantle melting is
severely compromised by our ignorance of the mechanisms by
which noble-gas atoms are incorporated into crystals. There is a
widespread view that, unlike trace cations which can clearly enter
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Figure 1 Experimental cpx—melt partition coefficients for noble gases. Values determined
for this study using UVLAMP analysis (filled inverted triangles) have errors approximately
within the symbols. Data from similar experimental conditions are joined by solid lines.
These results are compared to previous experiments using bulk analytical techniques
from Hiyagon and Ozima® (open squares) and Broadhurst et al>" (open diamonds). The
higher, but parallel, trend observed by Hiyagon and Ozima is the expected consequence of
melt contamination, as noted by those authors. Similar results were reproduced, but
rejected in this study (see Methods). The systematic fractionation of light over heavy noble
gases and D values >1 for the Broadhurst ef al.” data appear to be an artefact of
adsorbed or trapped gas in their crystals, as discussed in ref. 18.
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Figure 2 Calculated solution energies for noble gases in interstitial positions or lattice
sites in jadeite (see Methods). Noble-gas radii in 8-fold coordination are taken from ref. 29.

lattice sites, the ‘inert’ noble gases reside at extended defects,
intrinsic defects or grain boundaries, and are therefore not subject
to the same thermodynamic controls on crystal-melt partitioning.
The situation is not helped by comparison of measurements
showing incompatible behaviour for natural samples'®", with
contrasting compatible behaviour in early experiments®®. The
lack of any theoretical framework for noble-gas incorporation
into crystals precludes a critical evaluation of these sparse and
disparate crystal-melt partitioning data. In this study we present
new experimental clinopyroxene—melt partitioning data for a suite
of trace elements including Ne, Ar, Kr and Xe. In addition, we also
perform an independent set of atomistic simulations to compare
with the experimental results. The data for noble gases are then
evaluated along with data for other trace cations to determine if
trends observed for each isovalent series can be extrapolated to ‘zero
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charge’ for the noble gases.

In the experiments, clinopyroxene (cpx) crystals with compo-
sitions along the diopside (Di) to jadeite (Jd) solid-solution join
were grown from silicate melts doped with a cocktail of trace cations
at the 10-1,000 p.p.m. level. Details of experiments are given in
Methods, and compositions of crystals and melts are given in
Supplementary Information. The concentrations of trace cations
in crystals and melt were determined by standard ion-probe
techniques, while Ne, Ar, Kr and Xe were measured using an
ultraviolet laser ablation microprobe (UVLAMP) technique'®".
Nernst partition coefficients (D), calculated as the weight concen-
tration ratio of an element in the crystal to that in the melt, are
reported in Supplementary Information.

Comparisons of our new UVLAMP results with previously
published data for noble gases are shown in Fig. 1. This figure
illustrates the relatively low and constant partition coefficient at
~107°-10"* over a range of cpx composition, pressure (0.1—
8.1 GPa) and temperature (1,200-1,665°C). The discrepancies
between the UVLAMP results and older data sets are almost
certainly related to the advantages of our new micro-analytical
technique in identifying and avoiding fluid or melt inclusions in the
crystals, confirming reservations expressed in early studies®'®'”’.

Further support for our lower partition coefficients comes from
atomistic computer simulations that follow the approach used in
earlier studies of cation incorporation®'. These calculations evaluate
the defect energy, and thus the solution energy associated with the
substitution of a noble-gas atom, either on an M1 or M2 site or at an
interstitial position in cpx (see Methods).

Calculated solution energies” (Fig. 2) indicate that Ar, Kr and Xe
substitute at the M2 site in jadeite (and diopside; not shown) rather
than the M1 site. The lowest solution energies, which correspond to
the highest mineral-melt D values, involve compensating defects at
adjacent M1 sites (for example, Ti** for A" in jadeite). For Ne, the
simulations suggest that an interstitial position is preferred to M1 or
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Figure 3 Computational and experimentally determined Onuma-type* diagrams for cpx
partitioning. The experimental partition coefficients (b, d) and the calculated solution
energies for substitution on the M2 site (a, ¢) for each isovalent series of trace elements
are plotted against radius®®*' to show the near-parabolic relationships. Simulated solution
energies at M2 (in order of increasing ionic radius) are shown for the noble gases
(including Ne at M2); 1 + cations Li, Na, K, Rb; 2 + cations Mg, Co, Fe, Mn, Cd, Ca, Eu,
Sr, Ba; 3 + cations Sc, Lu, Yb, Ho, Gd, Eu, Nd, La; and 4 + cations Zr, Ce, U, Th. The
curves through each isovalent series for the simulations and experiments have been fitted
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to the lattice strain equations of Brice®'? (see Methods), except for the limited
experimental 4+ data where the fit has been forced through the data points using a
proportionate value of £ (see Fig. 4 legend). Similar trends are seen in the other
experiments of this study and the derived parameters, £, ro and D, are presented in
Supplementary Information. The curve through the noble gases in d is a fitted parabola,
but the limited data in b are connected by a straight line. Error bars have been omitted for
clarity, but are available in Supplementary Information.
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M2. In Fig. 3, the partition coefficients for cations that prefer the M2
site are plotted as a function of ionic radius, and compared with those
for the noble gases. Data from selected experiments are compared
with simulations for pure jadeite and diopside cpx compositions.
Both the experimental and simulated data show the expected
approximately parabolic dependence on ionic radius for each iso-
valent series”’’. It is also clear that the curvature of the parabolae
decreases with decreasing cation charge as shown previously’. The
parabola fitted through the noble-gas data in Fig. 3d is consistent with
this trend. The openness of the parabolic fit to experimental data
compared to that of the simulations in Fig. 3 is most likely to be a
consequence of either the difference in site stiffness due to the much
lower temperatures for the calculations (in the static limit) compared
with the experiments or some simplifying assumptions made for the
simulated melt environment. Both experimental and simulated data
suggest that the partition coefficients (or solution energies) for noble
gases are approximately the same as for the4 + cations (Uand Th), as
predicted in ref. 10. The various lines of agreement between simu-
lations and experiments are remarkable, and argue strongly that
lattice site energetics exercise the most important control on parti-
tioning of all species irrespective of charge.

Finally, we consider the simulated and experimental data in terms
of the Brice equation®” and the lattice strain model®'’. This equation
and model, taken together, predict that, at a given pressure and
temperature, the primary thermodynamic controls on partitioning
are the elastic and electrostatic work required at a crystal lattice site
to accommodate a cation that is different in size and/or charge to
the host cation normally resident at that site (see Methods). This
approach involves three parameters for each set of isovalent cations
entering a given lattice site’: 7, the optimum radius of the site; E, the
apparent or effective Young’s modulus of the site, which controls its
tolerance of misfit cations; and D,, the partition coefficient for a
(fictive) cation with radius r,. These parameters can then be
modelled as a function of pressure and temperature (and melt
composition) as described in Methods. The charge mismatch can be
thought of as the ‘effective’ site charge after substitution, that is, the
charge difference between the substituent ion (or species) and the
charge at the site in the undoped crystal.

The data in Fig. 4 show that observations made for all three
parameters as a function of cation charge can be extended to zero
charge for the noble gases. In Fig. 4a, E decreases linearly as the
charge on the substituent decreases. In Fig. 4b, D varies para-
bolically with charge, with a maximum value at the optimum
average site charge (that is, zero effective charge), which is between
2+ and 1 + depending on the diopside:jadeite ratio. The value of
D, for an effective charge of 2 — (that is, the noble gases) is very
similar to that for 2 + (that is, U** and Th*"), as predicted in ref.
10. Accurate determination of r, becomes very difficult as the
parabolae become more open, but a general increase with decreas-
ing charge is apparent in Fig. 4c. The behaviour of Dy in Figs 3 and
4 remains inconclusive. The data could be consistent with Ne
occupying the M2 site, Ne at interstitial positions (Fig. 2) with
partitioning characteristics similar to M2, or Ne may sit on both M2
and the smaller M1 site. The last two options may increase Dy, and
artificially decrease the fitted value of E for M2 (that is, to give a more
open parabola). However, the constraints provided by the heavier
noble gases would still produce the general trends observed in Fig. 4.

The consistency of these systematic trends strongly suggests that
noble gases enter crystal lattices in just the same way as cations,
causing lattice strains due to the mismatch of size and charge. It is
this effective charge which gives the ‘inert’ noble gases their
apparent ‘crystal chemistry’ It is unlikely that our observations
would be followed if noble gases did not enter lattice sites. For
example, interstitial incorporation for all the noble gases would
produce different trends in 7y and E compared with values obtained
by extrapolation from those for cations. Another possibility is
incorporation at extended defects: this would result in a continuous
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function of charge on the substituent species: a, £, the apparent site Young’s modulus;
b, D, the partition coefficient for a cation with ideal radius ro; and €, r o, the optimum site
radius. Triangles are Di-rich samples, circles Jd-rich. In a, Eis plotted against the ratio of
charge to site volume (d°), where d = ro + 1.38 A (the ionic radius of 0>~; ref. 31). The
Evalues for the unconstrained fitted parabola through 1 4,2 + and 3 + cation trends
and the noble gases in Fig. 3d are shown as open symbols in a, error bars reflecting the
range of possible fits through the analytical errors on measured partition coefficients.
However, itis not possible to constrain a parabola through the two experimental 4 + data
points. An alternative approach is to fit the data by using the values of £ for the best-
defined parabola (2 + ), and calculating 1/2, 3/2 or 4/2 times this value for 1 4+, 3 +
and 4 + , respectively®. These fits are shown as grey symbols in a, and there is good
agreement between the £ values derived by each method. These proportionate 4 + £
values are used to fit the experimental data for 4 + cations in Fig. 3b and d, and in b and
¢ of this figure. Differences between experimental and simulation data trends reflect the
difference in temperature between the two data sets (static limit versus 1,200-1,665 °C)
and the simplifying assumptions about melt environment used in the simulations. Inb, Do
shows an approximately parabolic dependence on charge'®. The variation in peak position
for different experiments reflects variation in optimum M2-site charge from 1 + (jadeite)
to2 + (diopside). In¢, rqis seen to generally increase with decreasing charge. Parabola
shape and peak positions are generally difficult to constrain, as data are biased towards
the large radii limb of the parabola. This is further compounded for the noble gases by the
low curvature of the parabola, and a representative large error bar has been included in ¢.
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decrease in partition coefficient with increasing atomic size, as
observed for noble-gas adsorption®'®. Incorporation at intrinsic
defects is not a viable mechanism for the noble-gas concentration
range in our experiments (~0.01-0.5 p.p.m.).

The ability to consider noble gases as ‘zero charge’ cations
represents an advance in our capability to model heavy noble gas
behaviour during mantle melting. Noble gases need not be viewed
as ‘special cases’ with partitioning behaviour dominated by intract-
able defect-controlled or grain-boundary processes. Comprehen-
sive modelling of noble gases during mantle melting will require
further data for other important crystalline phases to derive bulk
incompatibilities as a function of residual mantle composition. In
terms of radiogenic parents, Ar appears only slightly more incom-
patible than K in cpx (Fig. 3d), and it remains to be seen how He
(possibly not controlled by the M2 site) behaves relative to U and
Th. However, partitioning measurements for natural samples and
our preliminary experimental results'® suggest a D 5, for olivine that
is similar to, or higher than, the Dy, in cpx, whilst K, U and Th
would be expected to be relatively more incompatible®. If Dy in
olivine were also to plot on an open parabola within an order of
magnitude of D,,, these results would not support the long-
standing assumption that noble gases are de facto more incompa-
tible than their radioactive parents during mantle melting.
Although the curvature of the noble-gas parabola for the M2 site
in cpx indicates little fractionation between the noble gases regard-
less of size, the possibility of interstitial locations for He, or
partitioning control by an alternative site (for example, M1 in
cpx), could explain the observed fractionation of He (and Ne) from
heavier noble gases in some MORB lavas'. O

Methods

Experiments

Details of piston-cylinder (1.0-3.0 GPa) and multi-anvil experiments (5.6-8.1 GPa) can be
found in ref. 19, along with descriptions of the UVLAMP analytical technique. Additional
0.1-GPa experiments were performed in a rapid-quench TZM cold-seal apparatus, with a
mixture of He, Ne, Ar, Kr and Xe as the pressure medium. Starting materials for TZM
experiments were glasses of Albite:Diopside composition (50:50 for RB582 and 60:40 for
RB586), taken above the liquidus to 1,300 °C for 6 h, then cooled to 1,250 and 1,200 °C,
respectively, at 0.6 °Ch~". The resultant cpx crystals are elongated and usually skeletal with
numerous melt tubes along the central axis, but have large enough melt-free areas to allow
square ablation pits of 50-100 pm a side. Accidental inclusion of melt in the analysis
produces high partition coefficients, and the values used in this study are the average of the
lowest 2-3 derived partition coefficients'. Note that current UVLAMP measurements for
He are not considered accurate enough to be included in this study.

Simulations

The atomistic calculations allow explicitly for ionic relaxation surrounding the
incorporated atom(s). Defect energies were calculated using GULP** and the conventional
two-region approach with an inner region comprising typically 500 ions. A consistent set
of interionic potentials®' was used. For argon—oxygen interactions, Lennard—Jones
potentials were derived by fitting to experimental absorption isotherms*?° in three
zeolites—silicalite, mordenite and 5 A—using grand-canonical Monte Carlo”. Potentials
for other noble gases were obtained using the usual scaling rules. As a test, the resulting
potentials for Xe produced an absorption isotherm for silicalite in excellent agreement
with experiment®. Lennard-Jones & parameters for Ne-O, Ar—O, Kr—O and Xe-O were
60.073, 110, 125.1207 and 147.0658 K respectively; o values were 2.7491, 3.0566, 3.2991
and 3.4841 A. All calculations are in the static limit, and as a result are representative of
extremely low temperatures. We use the defect energies to calculate solution energies®',
and we do not determine partition coefficients between solid and melt directly. These
classical simulations cannot be extended to He owing to quantum effects.

Solution energies for substitution reactions in jadeite were calculated assuming, as
previously*, that the environment of the displaced Na™ or AI** ions in the melt is the same
as that in the relevant binary oxide. In Fig. 2, the 1 — effective site charge for the noble-gas
atom on the Na(M2) site was compensated by exchanging Ti** for AI’* on the M1 site. In
Fig. 3, the lowest-energy, plausible charge-compensation mechanism for each valence was
chosen as follows. For jadeite; noble gases = Ti(M1), 1 + notrequired, 2 + = Mg(M2),
34+ =Li(M1), 4 + = Li(M1) + Mg(M1). For diopside; noble gases = Sc(MgM1),
1+ = Lu(MgMl), 2 + not required, 3 + = Na(CaM1), 4 + = 2Na(CaM1).

Lattice strain model

According to the Blundy and Wood’ adaptation of the Brice equation®, the partition
coefficient, D, for an ion with charge n + and radius r; entering crystal lattice site M can be
described in terms of three parameters (rgf;/”., the ideal radius of that site for cations with this
charge; E}}f, the apparent (effective) Young’s modulus of the site; and Da’(*M), the ‘strain-free’
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partition coefficient for a (fictive) ion with radius rg‘(;/,)) according to the expression:

2
—4nwNAENT [% roon i = ot )P+ 50— r{{&pﬂ

RT

D; = Dy X exp

where N 4 is the Avogadro constant, R the gas constant and T'is in K. Djh, and Ejf vary with
charge n 4 and are pressure, temperature and melt-composition dependent, currently
requiring experimental calibration’.
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