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Survival times of anomalous melt inclusions from
element diffusion in olivine and chromite

C. Spandler't, H. St C. O'Neill' & V. S. Kamenetsky?

The chemical composition of basaltic magma erupted at the
Earth’s surface is the end product of a complex series of processes,
beginning with partial melting and melt extraction from a mantle
source and ending with fractional crystallization and crustal
assimilation at lower pressures. It has been proposed that studying
inclusions of melt trapped in early crystallizing phenocrysts such
as Mg-rich olivine and chromite may help petrologists to see
beyond the later-stage processes and back to the origin of the
partial melts in the mantle'?. Melt inclusion suites often span a
much greater compositional range than associated erupted lavas,
and a significant minority of inclusions carry distinct composi-
tions that have been claimed to sample melts from earlier stages of
melt production, preserving separate contributions from mantle
heterogeneities'™. This hypothesis is underpinned by the assump-
tion that melt inclusions, once trapped, remain chemically isolated
from the external magma for all elements except those that are
compatible in the host minerals". Here we show that the fluxes of
rare-earth elements through olivine and chromite by lattice dif-
fusion are sufficiently rapid at magmatic temperatures to re-
equilibrate completely the rare-earth-element patterns of trapped
melt inclusions in times that are short compared to those esti-
mated for the production and ascent of mantle-derived magma>®
or for magma residence in the crust’. Phenocryst-hosted melt
inclusions with anomalous trace-element signatures must there-
fore form shortly before magma eruption and cooling. We con-
clude that the assumption of chemical isolation of incompatible
elements in olivine- and chromite-hosted melt inclusions'” is not
valid, and we call for re-evaluation of the popular interpretation
that anomalous melt inclusions represent preserved samples of
unmodified mantle melts.

The ability of a host crystal to isolate and preserve a melt inclusion
with a different trace-element signature to the external magma (that
is, an anomalous melt inclusion) depends on a negligible flux of the
trace elements through the host crystal by lattice diffusion. The pro-
cess has been modelled mathematically by Qin ef al.¥, who showed
that the isolation of the melt inclusion with respect to a trace element
M depends on the diffusion coefficient of M and the partition co-
efficient between melt and crystal, as well as the dimensions of the
inclusion and its host crystal. It has been assumed, often implicitly
but sometimes explicitly"**?, that the partition coefficients and dif-
fusion coefficients of incompatible trace elements like the rare-earth
elements (REEs) in the early crystallizing phases olivine and chromite
are so low that isolation is effective: that is, anomalous inclusions are
preserved over timescales that are long compared to those expected
for magma extraction, ascent and residence in the crust. Although it
is true that the concentrations of nearly all the incompatible trace
elements in olivine and chromite are very low'’, there are no data on
the diffusion coefficients, and thus this most important assumption

has never been tested. We have conducted multi-component chem-
ical diffusion experiments on melt-inclusion-hosting olivine and
chromite crystals in order to evaluate directly the degree of melt
inclusion re-equilibration with an external melt. These experiments
also enable us simultaneously to determine the diffusion and par-
tition coefficients for REEs and other elements that are needed for
calculating re-equilibration timescales from the mathematical
model.

For the olivine experiments, pristine olivine crystals (1-2 mm in
size) of composition 89-91% forsterite and containing melt inclu-
sions were hand-picked from a sample of high-Mg mid-ocean-ridge
basalt dredged from the southern Mid-Atlantic Ridge (sample AG32-
4-68 of ref. 11). The inclusions share similar compositions (Fig. 1)
that are typical of primitive high-Mg mid-ocean-ridge basalt liquids'
(Supplementary Information). Trapping temperatures of 1,230—
1,280 °C were recorded for around 50 melt inclusions from homo-
genization on a heating stage'’. The host olivines have low REE
contents that are consistent with values predicted from relevant oliv-
ine/melt partition coefficients™"*. A glass of basaltic composition
calculated to be in equilibrium with the olivine (90% forsterite) at
1,300 °C was synthesized with ~400 p.p.m. of the REEs Pr, Eu, T,
Ho and Lu (Supplementary Information). The olivine crystals were
combined with the powdered synthetic glass and placed in Re buckets
in a gas-mixing furnace and run at 1,300 °C, sufficient to ensure
complete remelting of the inclusions, with oxygen fugacity set to
10”7 bar using a flowing CO/CO, gas mixture. Run durations were
1, 5 and 25 days, after which the samples were quenched rapidly by
dropping into water. Olivine grains were polished to expose the
inclusions for analysis of major elements (by energy dispersive spec-
trometry) and of REEs and selected other trace elements (by laser-
ablation inductively coupled plasma mass spectrometry, ICP-MS),
with a number of elemental profiles across olivine grains obtained to
determine both diffusion coefficients and crystal/melt partition co-
efficients. The diffusion coefficients are averages from randomly
oriented crystallographic sections, suitable for applying to the model
of Qin et al®, which assumes isotropic diffusion. Similar experi-
mental techniques were used for inclusion-hosting chromite grains
from the Stillwater Complex'?, except the experimental duration was
7 days at 1,450 °C, to ensure remelting and homogenization of the
melt inclusions'®, and to produce easily measurable diffusion pro-
files. The experimental and analytical techniques are more fully
described in the Supplementary Information.

The REE contents in the melt inclusions from the one-day olivine
experiment are indistinguishable from the original compositions
(Fig. 1a), indicating that diffusive re-equilibration of these inclusions
from the synthetic external melt was insignificant. However, sections
of the olivine up to 50 pm from the olivine/external melt interface
have elevated Lu, Ho and Tb contents. Larger inclusions from the
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five-day run were also mostly unaffected, but many smaller
(<40 pm) inclusions were enriched in Lu, Ho, Tb and Eu (Fig. 1b),
and olivine grains had elevated Lu, Ho, Tb and Eu contents to 100 um
from the external melt interface. After 25 days, 21 out of a total of 22
analysed inclusions have modified REE patterns (Fig. 1c). Inclusions
with the most extreme REE patterns tend to be small, located within
50 um of an olivine grain boundary, and are measurably enriched in
Pr as well as Lu, Ho, Tb and Eu. They are also depleted in the heavy
REEs not added to the external melt (Er, Tm, Yb). Elevated levels of
the doped REEs were also found in the olivine crystals, decreasing
from the melt/olivine interface towards the interior of the crystal
along diffusion profiles (Fig. 2; Supplementary Fig. 1). Similar results
were obtained from the chromite experiment. The REE content of
chromite has usually been considered insignificant'’, but diffusion of
REEs at 1,450 °C is sufficiently rapid that modification of chromite-
hosted melt inclusions is observed after only 7 days (Fig. 1d).

All melt inclusions with altered REE patterns show a monotonic
increase in the degree of enrichment of the doped REE with atomic
number, as do their host olivine or chromite crystals. Lutetium is the
most extensively enriched element, followed by Ho, Tb and Eu, with
elevated Pr contents only found in inclusions with the most modified
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Figure 1| Chondrite-normalized REE plots of olivine- and chromite-hosted
meltinclusions. The grey fields represent the compositional range of normal
melt inclusions after homogenization. a—c, Representative olivine-hosted
melt inclusions from the 1-day (a), 5-day (b) and 25-day (c) experiments.
d, Chromite-hosted melt inclusions from a 7-day experiment. Inclusion size
is in pm.
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REE patterns. Because the external melt was doped with similar con-
tents of the selected REEs (Supplementary Table 1), this fractionation
of the REEs in the melt inclusions and olivine cannot be due to
physical mixing between the melt inclusions and the external melt,
for example along micro-cracks. Furthermore, optical and chemical
examination of the olivine and chromite grains indicates that the
grains did not undergo dissolution or crystallization during the
experiments. The enrichment and fractionation of REEs is attributed
solely to diffusion of these elements from the external melt through
the olivine and chromite and thence into their melt inclusions. The
depletion of Er, Tm and Yb in some of the inclusions (Fig. 1¢c) is due
to diffusion of these elements out of the inclusions, as the external
melt is initially devoid of these elements. The general inverse rela-
tionship between melt inclusion size and degree of element enrich-
ment (Fig. 1b, ¢) is expected, because smaller inclusions are more
susceptible to diffusive re-equilibration owing to their greater surface
area to volume ratio®’.

Diffusion coefficients and partition coefficients were obtained by
least-squares fitting of the analytical traverses (Fig. 2) (see Supplemen-
tary Information). Mean values are given in Table 1 together with
observed standard deviations. Our measured diffusion coefficients
for Caand Niin olivine are in excellent agreement with previous work
using quite different experimental approaches'®'” (see Table 1). A
novel feature of our experiments is that the chemical potentials of
all relevant major-element oxide components are controlled by the
presence of the silicate melt, and moreover are controlled at values
appropriate to natural magmas. Previous investigations of diffusion in
olivine and other silicates have until recently only controlled oxygen
fugacity among chemical potentials, despite the expectation that
point-defect concentrations, which determine diffusion rates, depend
on other chemical potentials such as silica activity'®'". New results on
the effect of H,O on interdiffusion of Mg-Fe* " in olivine demonstrate
this clearly™.

Our reported values of the partition coefficients (Ky;) for the REEs
between olivine and melt (Table 1) are similar to previously reported
values'>" (see Supplementary Information). Values of the diffusion
coefficients (Dy;) of the REEs are identical within experimental error
for all REEs in both olivine and chromite, as previously found for
garnet, feldspar and apatite, but in contrast to diopside and zircon®';
the reason for this dichotomy is not known. However, values of the
REE diffusion coefficients are two to four orders of magnitude faster

Table 1| Calculated parameters for olivine and chromite

Element log D +q Km +o
(m?s 1)

Olivine (Mg# =~ 90; T = 1,300 °C; fo, = 10> bar)

Ca —-15.72 0.23 0.015 3x1073

Ca* —1553

Cat —15.39 to —15.25%

Ti —-14.99 0.24 0.09 0.03

Ni —-15.20 0.23 20 2

Ni* —15.21 to —14.82%

Pr -15.17 0.27 17 X107° 3x10°°

Eu —14.89 0.18 4%x10* 1x10°*

Tb —-14.83 014  26x10°* 5x107*

Ho —-14.86 0.17 7x1073 1x10°3

Lu —-14.95 0.17 0.033 0.007

Chromite (T = 1,450 °C; fo, = 10" bar)

Ni —-1452 0.57 383 153

Pr —14.49 0.47 8x10°° 3x10°°

Eu -14.61 0.07 20%10°° 5x10°°

Tb —14.43 0.24 9x107* 3x1074

Ho —14.46 0.26 21x1074 8x 1074

Lu —14.50 0.29 76 X 1074 26X 1074

Shown are calculated diffusion coefficients (Dy,) and partition coefficients (Ky,); for each value,
uncertainties (£a) are given in the following column. Note the similarity between Ca and Ni
diffusion coefficients calculated from this study and those reported by ref. 16 and ref. 17. fo,,
oxygen fugacity.

* Data from ref. 17 at 1,300 °C and fo, of ~10" 7 bar.

+ Data from ref. 16 at 1,300 °C and fo, of ~10™ " bar.

1 Range is that covered by different crystallographic orientations or varying olivine composition.
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Figure 2 | Measured element diffusion profiles from analytical traverses
(obtained by laser ablation ICP-MS) across olivine grains. Solid lines
represent the fitted diffusion profiles. a, Profiles for Ni, Ca, Al, P, Ti, Lu, Ho,
Tb and Eu across olivine from the 25-day experiment. The increased scatter
in Eu and Tb values at 150-300 um from the olivine/melt interface reflect
low element concentrations that approach the analytical detection limits.
b, Profiles for Ni, Al and P across olivine from the 5-day experiment.

¢, Profiles for Ni, Al and P across a second olivine grain from the 25-day
experiment. d, Profile for Ni, Al and P across the interior of a homogenous
olivine from a spinel-lherzolite xenolith (Anakies 9A), for comparison. As P

in olivine than in these aforementioned minerals at the same tem-
perature®’, and are remarkably similar to the diffusion coefficients for
Mg and Fe?" (ref. 17), the major divalent cations in olivine. The only
study addressing the substitution mechanisms of large trivalent
cations into olivine found that the substitution of Sc is coupled to
vacancies (vac) to maintain charge balance, producing the end-
member (Scy/3vac3),Si0, (ref. 22). This study found no evidence
for Sc coupling with Al (that is, as an MScAlO, component, where
M = Mg or Fe*"). If REEs substitute similarly, then charge balance
requires that the diffusion of REEs through the olivine lattice occurs
by the mechanism:

4/3REE*" + M,Si0, = 2 M?" + (REE,/3vacy3),Si04

The similarity of the observed diffusion coefficients of the REEs to
those of Mg and Fe suggest that the latter are the rate-controlling
factors for REE diffusion in olivine, which also accounts for the
observation that the values of diffusion coefficients for the REEs
are independent of atomic number. In contrast to the fast diffusion
of REEs, very slow diffusion of Al and P (two elements that may
substitute for slow-diffusing Si in the tetrahedral site of olivine) is
evident from the absence of any observable diffusion profiles, and
from the variety of original magmatic concentrations and zoning
patterns that are preserved (Fig. 2). In some crystals (for example,
Fig. 2¢), Alis heterogeneous on a scale similar to the resolution of the
analytical method (~3 um), suggesting that diffusion rates of Al in
olivine are at least three orders of magnitude slower than those of
REEs or divalent cations.

300 0

50 100 150
Distance along traverse (um)

200

was not present in the melt, any measurable diffusion of P would result in
very low levels of this element in the olivine at equilibrium (<1 p.p.m.). Note
the total lack of diffusion of P and the preservation of igneous zoning in the
Al and P profiles. Olivines show a variety of original Ni concentrations, but
values of Dy; are identical within expected uncertainty. Note the
homogeneity of the Anakies 9a olivine compared with the phenocrystal
olivines used in the experiments. Details of the data fitting and analysis are
presented in the Supplementary Information. The logarithms of diffusion
coefficient values (Dy; in m?s~ ') and either the original concentration (c,)
or, for non-diffusing elements, concentration ranges, are indicated.

It has been assumed that diffusion does not significantly alter the
incompatible trace element content of olivine- or chromite-hosted
melt inclusions">*® because partition coefficients for these elements
in olivine and chromite are low (this work, and refs 10 and 13).
However, REE diffusion in these minerals is sufficiently rapid to
counter the effects of low partition coefficients, permitting a signifi-
cant flux of REEs through the olivine and chromite in times that are
short compared to those typically proposed for processes of partial
melting, magma transport or crustal residence (10 to 10” years)*”.

We have used our diffusion coefficients and olivine/melt partition
coefficients (Table 1) with the mathematical model of Qin et al.® to
calculate timescales of REE re-equilibration between external melt
and a 50-pm spherical melt inclusion trapped within a 1-mm olivine
grain. Our results show that a melt inclusion will undergo 90% re-
equilibration in less than 3years for the heavy REEs, in around
10 years for the middle REEs and in 20-100 years for the light REEs
(Fig. 3). These limiting times may be shortened further in hydrous
magmas if the effect of H,O, not present in our experiments, is
included®. Recent estimates for the transit times of basalt from its
mantle source through the crust range from 30 to >10" years, from
measurements of U-series disequilibria® or geophysical modelling of
melt extraction processes’. Residence times of basaltic magma and
associated crystals in the lower crust are also expected to be decades
to thousands of years”. Our data affirm that even if the shorter time-
scales for these processes are accepted, the REE patterns of anomalous
melt inclusions trapped in olivine phenocrysts in the mantle or lower
crust will be extensively modified by lattice diffusion before transport
to the Earth’s surface. These constraints require olivine-hosted melt

305

©2007 Nature Publishing Group



LETTERS

100 T T
Magma ascent
= 80 fromthe o
S mantle from
c geophysical
-% 60 constraints
3 40 .
P
0]
o 20 Ascent and lower crustal residence of
mantle-derived magma from U-series disequilibria |
0 1 1 1
100 1,000 104 10%
Crustal assimilation by Time (yr)

ascending basalt

Figure 3 | Modelled re-equilibration times for REEs between a melt inclusion
in an olivine grain and an external melt at 1,300 °C. Solid curves, a 50-ym
melt inclusion in a 1-mm grain; dashed curve for Lu, a 50-pim melt inclusion in
a0.5-mm grain; dashed curve for Ce, a 30-pm melt inclusion in a 1-mm grain.
Re-equilibration was calculated from the equations of ref. 8 using a diffusion
coefficient of 10" m?®s™" for all REEs and relevant REE olivine/melt
partition coefficients (see Supplementary Fig. 2). Shown for comparison are
timescales for basalt transfer from the mantle from U-series disequilibria® and
from geophysical constraints®, and residence of basalt and associated crystals
in the lower crust’—all of which are longer than the time needed for re-
equilibration of REE in the melt inclusion. By contrast, timescales of
assimilation of crustal material by ascending basalt are relatively short*.

inclusions with anomalous REE concentrations to be trapped at upper
crustal levels shortly (<20years) before eruption. Melt inclusions
trapped in mantle xenoliths from kimberlites, which are transported
to the surface in hours to days*, would be exceptions. This result is
consistent with studies that demonstrate some melt inclusion suites to
form at relatively low pressures™ or immediately preceding eruption
and cooling™, and we propose that melt inclusion entrapment in
phenocrysts is likely to be a late-stage process in general.

Studies of exposed crustal sequences®?® and xenocrysts in volcanic
rocks” indicate that primary mantle melts often experience some
degree of reaction and modification during transit through the crust.
The fast rates of REE diffusion in olivine and chromite reported here
confirm that the isolation of inclusions by these phases may not be
sufficient to preserve them against such modification, calling into
question the view that anomalous melt inclusions faithfully record
signatures of primary melts from the mantle'™. Our results are com-
patible with alternative proposals that anomalous melt inclusions form
either during localized assimilation of crustal rocks—for example, at
the margins of a magma chamber or during ascent in a magma con-
duit*®”—or during shallow-level magma mixing™. This scenario is
consistent with constraints from divalent cation diffusion profiles in
olivine xenocrysts, which demonstrate that crustal assimilation by
ascending basaltic magmas occurs shortly before eruption (<10 years)
(ref. 27). Melt inclusion studies may therefore provide important
insights into crustal modification of mantle-derived magmas™.
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SUPPLEMENTARY INFORMATION

Survival times of anomalous melt inclusions: Constraints from

element diffusion in olivine and chromite

C. Spandler, H. St.C. O’Neill & V. Kamenetsky

Preparation of synthetic external melts

Homogenous synthetic external melts used in the experiments were produced
using a sol-gel method’'. The target compositions of the external melts were designed to
be in equilibrium with olivine or chromite at the experimental run conditions.
Appropriate amounts of major elements Ca, Al, Fe, Mg, Cr and trace elements Pr, Eu,
Tb, Ho, and Lu were combined as nitrate solutions, mixed with tetraethyl orthosilicate
(Si(C,Hs50)4), precipitated, and slowly dried to a gel. The gels were heated in a Pt
crucible over a bunsen burner for 30 minutes and then placed in a muffle furnace at 1000
°C for 2 hours to ensure complete decomposition of the nitrates. The gels were then
finely milled and placed in a 1 atmosphere gas-mixing furnace under controlled oxygen
fugacity (fO,) conditions to reduce iron to Fe*". After 1 hour at 1500 °C the melted gels
were rapidly quenched in water to form glass. To ensure the glass compositions were in
equilibrium with olivine or chromite, small amounts of the respective glass compositions
were reground and combined with ground olivine or chromite and run at 1300 °C (for
olivine) or 1450 °C (for chromite) in the 1 atmosphere gas mixing furnace for 1 hour, and
then quenched. The composition of these glasses (see below for analytical details) was
checked against the starting glasses to evaluate if the starting glasses would be in
equilibrium with olivine or chromite at run conditions. Glass compositions were

comparable within analytical precision except for the external glass for the olivine
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experiments, which was slightly low in Fe. Therefore this glass was reground, combined
with additional Fe as Fe,O; and then remelted at 1300 °C, as described above. Multiple
analyses of the glasses for major and trace elements (see below) indicate homogeneity
within analytical precision. The final glass compositions are expected to be sufficiently
close to being in equilibrium with olivine or chromite at the run conditions that very little
dissolution/precipitation will have occurred during the experiments. In any case, such
processes will occur, at most, within the first few hours of annealing at run conditions

and hence are insignificant over the timescales of the experiments.

Major and trace element analysis of experimental run products

Olivine or chromite grains recovered from experiments were mounted in epoxy
and carefully polished to expose melt inclusions. Exposed melt inclusions, minerals and
synthetic glasses were analysed for major elements (>0.3 wt%) using an energy-
dispersive spectrometer (EDS) equipped, JEOL 6400 scanning electron microscope
housed at the Electron Microscope Unit, Australian National University (ANU).
Accelerating voltage, beam current and counting time were set at 15 kV, 1 nA and 100
seconds respectively. Element concentrations were standardized against known mineral
standards produced by Astimex Scientific Limited. Additional analysis of olivine for
major elements and Ca were conducted by wavelength-dispersive spectrometry (WDS)
on a Cameca SX 100 electron microprobe at the Research School of Earth Sciences
(RSES), ANU. Acceleration voltage was set to 15 kV and a focussed beam of 20 nA
current was used. Counting times were 20 seconds on the peak and 20 seconds on the

background for each element. In addition, diffusion profiles of Ni, Mn and Ca were
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obtained on a number of olivine crystals, since these elements are present in sufficient
abundance in natural olivine that reasonably precise measurements may be obtained.
Trace element compositions of minerals, glasses and melt inclusions were
determined in-situ by laser-ablation inductively-coupled plasma mass spectrometry (LA
ICP-MS) at the RSES, ANU. The method employs an ArF (193 nm) EXCIMER laser
and an Agilent 7500 ICP-MS. For melt inclusion analyses, laser repetition rate and the
spot size were respectively set to 5-10 Hz and between 19 and 70 um, depending on
inclusion size. Spot sizes of 54 or 70 um and repetition rates of 5-8 Hz were used for
glass and mineral analyses. Counting times were 20 seconds for the background in all
analysis and 50 seconds for analysis of minerals and glass. Instrument calibration was
against NIST 612 glass using the reference values of ref. 32. The internal standard
isotope used to quantify the analyses was **Ca for the glass, melt inclusions and olivine

and *’Al for chromite, based on Ca or Al contents previously measured by EDS or WDS.

Measurement of diffusion profiles

Diffusion coefficients (Dy) in olivine and chromite were obtained from the
experiments for a variety of elements from analytical traverses using laser-ablation ICP-
MS as follows. The laser was focussed into a 120 x 6 um rectangular beam oriented
parallel to the olivine/melt or chromite/melt interface, and traversed continuously across
the mineral at a rate of 5 um/s, with data for 12 elements recorded every 0.5 s. Some data
were also obtained using a conventional 32 um diameter beam with spots obtained every
50 um. Samples were orientated with interfaces perpendicular to the plane of the
polished section with an optical microscope in reflected light. Raw count data were

standardized to NIST 612 glass and converted to element concentrations using *’Si and
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*’Al as internal standards for olivine and chromite respectively, based on Si and Al
contents previously measured by electron microprobe. Additional analytical traverses
were conducted on a homogenous olivine grain from an Anakies 9a lherzolite xenolith
from Victoria, Australia to confirm the accuracy of the laser traversing technique and the
validity of the experimental diffusion profiles. Data from the Anakies 9a traverse is
presented in Figure 2d.

Values of Dy were calculated from the analytical profiles assuming a diffusion
geometry of one-dimensional trace-element diffusion into a semi-infinite slab with
constant composition maintained in the melt at the interface. The solution to the diffusion
equation (e.g., ref. 17) under these conditions is:

C9=Co _y_erf— X )
Ci—=Co 2(Dypt)

where c¢(x) is the concentration at distance x, ¢; is the concentration at the interface (x=0),
Co 1s the initial concentration and t the duration of the experiment. Note that this equation
may be applied to elements diffusing both into (e.g., REE) and out of (Ti, Ni and Ca in
olivine) the crystals (see Fig. 2). The data were fitted directly to the diffusion equation by
weighted multiple non-linear least squares, yielding simultaneously values of c;, ¢,, and
(Dumt)"? hence Dy;. Values of Dy for each element were calculated from several traverses
on olivines from the 25 and 5 day runs and several traverses on chromites from the 7 day
run. Graphical examples of the fits are presented in Figure 2 and Supplementary Figure

1. Mean values of Dy are given in Table 1, together with standard deviations.
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Calculation of partition coefficients

Values of the olivine/melt and chromite/melt partition coefficients, Ky (Table 1),
were calculated from Ky=ci/ciiq, where ciiq 1s the concentration in the liquid, and c; is
given above. To our knowledge, we present the first data for REE partitioning between
chromite and melt. For both chromite and olivine there is a systematic relationship
between REE ionic radii and Kgrgg (Supplementary Fig. 2), with chromite/melt Kggg (at
1450 °C) about half an order of magnitude lower than olivine/melt Kggg (at 1300 °C). Our

314 1t is also worth

olivine/melt Krgg are similar to previously reported Kgrgp values
noting that Kg, for olivine and chromite is slightly lower than expected from the trends.

This Eu anomaly is attributed to the presence of Eu®" in the melt, due to the relatively

low fO, conditions of the experiments (Table 1).

Accuracy of the results

There are several lines of evidence that support the accuracy of our measurements
of diffusion and partition coefficients:

1) For elements present at sufficient concentrations for reasonably precise electron
microprobe analysis, namely Ni, Mn and Ca, diffusion profiles have been
determined independently using this method (Supplementary Fig. 1). Dc,
calculated from traverses using both electron microprobe and laser ablation ICP-
MS agree within error and Dy; calculated from electron microprobe traverses is
only slightly slower (logD of 0.3 m*/s) that Dy; calculated from laser ablation

ICP-MS traverses.
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2) The concentration profiles in the minerals are fitted by the diffusion equation
within analytical uncertainty, both for elements diffusing into and out of the
crystals (Fig. 2).

3) The values of Dyi and D¢, in olivine are in excellent agreement with previously
published values (Table 1).

4) The values of Dy and Ky for olivine from the 25 day experiment agree with those
from the 5 day experiment, although the latter are of course less precise.

5) Calculated Kgrgg in olivine are similar to previously published values
(Supplementary Fig. 2).

6) Calculated Krgg in olivine and chromite vary systematically with ionic radii
(except for a slight Eu anomaly; see Supplementary Fig. 2). On the other hand, in
both olivine and chromite, all the REE share the same value of Drgg within
experimental error, despite the orders-of-magnitude differences in concentrations
in the measured diffusion profiles.

Note also that the rapid re-equilibration of the melt inclusions observed directly
from our experiments (Fig. 1) is fully supported by the rapid trace-element diffusion
through olivine and chromite as evidenced by the diffusion profiles (Fig. 2). The
observed diffusion of the undoped heavy REEs (Er, Tm and Yb) out of smaller
inclusions (Fig. 2C) also accords with the model. The order-of-magnitude fractionation
of the doped REEs (e.g., Pr/Lu) seen in the inclusions and the excellent fit of the
analytical profiles to the diffusion equation (Fig. 2; Supplementary Fig. 1) precludes any
alternative mechanism to lattice diffusion such as infiltration through cracks or multi-
path diffusion involving planar defects.

The method employed here to measure diffusion coefficients is very robust and

can give results of the highest accuracy, albeit under a restricted range of conditions. It is
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particularly noteworthy that these experiments are the first quantitative diffusion
measurements on olivine in which the chemical potentials (that is, activities) of all
relevant major-element oxide components are fixed. Previously it has been shown by
many studies that fO, affects diffusion rates (e.g., ref. 17 and refs. therein), because fO,
influences the concentration of point defects (refs. 18-19). But these studies also show
that activities of MgO, FeO and SiO, also affect point defects, hence should also affect
diffusion rates. Our study is therefore useful in showing that, at least for Ni and Ca, the
diffusion coefficients obtained previously in experiments in which fO, was the only
chemical potential to be controlled are indeed applicable to natural environments.

The long diffusion profiles and the presence of silicate melt to effect annealing
minimise inaccuracies from surface roughness and microcracking, which may severely
affect results from conventional diffusion couples. On the other hand, it is only possible
to study elements covering a limited range of diffusion rates in any one experiment, as
the duration of the experiment must be selected to give a diffusion profile of suitable

dimensions (optimally a profile should cover >100 um).
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Supplementary Figure 1. Measured and fitted diffusion profiles for Ni, Ca and Mn from electron

microprobe analytical traverses across olivine grain towards the olivine/melt interface. The

olivine grain is from the 25-day experiment. The logarithms of diffusion coefficient values (D,, in

m?/s) and original concentration (C,) are indicated.
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error bars. Also shown for comparison are relevant olivine/melt partition coefficients of ref. 13

and ref. 14. Grey lines are best-fit trends to the data. Note that Eu falls off the trend, indicating

some Eu may be present as Eu?* in our experiments.
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Supplementary Table 1. Major and trace element compositions of the synthetic external
melt used for the olivine experiments (1), homogenised olivine-hosted melt inclusions (2-
3) and selected melt inclusions from diffusion experiments (4-10).

Label 1 2 3 4 5 6 7 8 9 10
Exp. duration 10 hours 10 hours 1 day 5 days 5days 25days 25days 25days 25days
Size (um) 55 30 25 25 45 35 25 95 35
Major element oxides (wt%)

Sio, 53.46 47.85 48.54 48.07 47.98 47.57 47.92 48.68 48.39 47.61
TiO, - 0.63 0.45 0.53 0.67 0.61 0.64 0.38 0.67 0.68
Al,O, 14.88 15.31 15.05 14.65 14.94 15.11 15.62 17.91 15.98 15.65
FeO 5.81 7.90 8.21 8.63 8.39 8.62 8.36 6.08 7.67 8.14
MgO 15.29 13.43 13.37 13.39 13.23 13.29 12.97 13.73 12.87 13.06
Ca0 10.05 12.43 12.48 11.65 11.10 11.82 11.13 11.17 11.65 11.25
Na,O - 1.34 1.51 1.68 1.89 1.58 1.61 1.59 1.75 1.52
K0 - bd bd bd bd 0.04 bd bd bd bd
Total 99.49 99.12 99.87 98.60 98.20 98.93 98.25 99.54 98.97 97.91

Trace elements (ppm)

La 0.9* 1.08 0.72 0.70 1.15 0.89 1.01 0.83 1.18 1.04
Ce nd 2.93 2.46 2.65 3.89 2.93 3.40 3.10 3.56 3.43
Pr 381 0.40 0.43 0.50 1.04 0.52 0.60 1.56 0.57 0.61
Nd nd 2.56 297 3.69 5.18 3.1 3.41 3.53 3.44 3.54
Sm nd 1.06 1.17 1.46 1.90 1.10 1.39 1.26 1.48 1.43
Eu 393 0.45 0.47 0.59 1.12 0.50 0.98 7.51 0.67 0.84
Gd 10* 1.67 1.58 1.89 1.77 1.77 1.92 1.83 2.15 1.84
Tb 346 0.32 0.32 0.34 1.86 0.33 2.86 32.6 0.53 1.53
Dy nd 2.26 2.34 2.57 2.48 2.34 2.49 217 2.65 2.63
Ho 361 0.50 0.53 0.56 3.15 0.52 5.89 66.4 0.84 2.75
Er nd 1.52 1.49 1.54 1.60 1.59 1.59 1.16 1.61 1.65
Tm nd 0.23 0.22 0.27 0.24 0.22 0.22 0.16 0.24 0.26
Yb 0.04* 1.59 1.54 1.64 1.71 1.45 1.51 1.07 1.56 1.59
Lu 383 0.23 0.24 0.23 6.30 0.24 10.24 141 0.82 3.69

Percent re-equilibration

Pr - - - <0.03 0.07 <0.03 <0.03 0.26 <0.03 <0.03
Eu - - - <0.03 0.13 <0.03 0.11 1.79 <0.03 0.08
Tb - - - <0.03 0.44 <0.03 0.72 9.30 0.04 0.34
Ho - - - <0.03 0.72 <0.03 1.48 18.3 0.07 0.60
Lu - - - <0.03 1.58 <0.03 2.61 36.8 0.15 0.90

Notes: * La, Gd and Yb concentrations in the synthetic external melt are presumably from impurities in starting chemicals.
nd = not detected, bd = below detection limit.

www.nature.com/nature 9



Supplementary Table 1. Major and trace element compositions of the synthetic
external melt used for the olivine experiments (1), homogenised olivine-hosted melt
inclusions (2-3) and selected melt inclusions from diffusion experiments (4-10).

Label 1 2 3 4 5 6 7 8 9 10
Exp. duration 10 hours 10 hours lday 5days 5days 25days 25days 25days 25days
Size (um) 55 30 25 25 45 35 25 95 35
Major element oxides (wt%)

SiO, 53.46 47.85 48.54 48.07 47.98 47.57 47.92 48.68 48.39 47.61
TiO, - 0.63 0.45 0.53 0.67 0.61 0.64 0.38 0.67 0.68
Al,O4 14.88 15.31 15.05 14.65 14.94 15.11 15.62 17.91 15.98 15.65
FeO 5.81 7.90 8.21 8.63 8.39 8.62 8.36 6.08 7.67 8.14
MgO 15.29 13.43 13.37 13.39 13.23 13.29 12.97 13.73 12.87 13.06
CcaoO 10.05 12.43 12.48 11.65 11.10 11.82 11.13 11.17 11.65 11.25
Na,O - 1.34 1.51 1.68 1.89 1.58 1.61 1.59 1.75 1.52
K,0 - bd bd bd bd 0.04 bd bd bd bd
Total 99.49 99.12 99.87 98.60 98.20 98.93 98.25 99.54 98.97 97.91

Trace elements (ppm)

La 0.9* 1.08 0.72 0.70 1.15 0.89 1.01 0.83 1.18 1.04
Ce nd 2.93 2.46 2.65 3.89 2.93 3.40 3.10 3.56 3.43
Pr 381 0.40 0.43 0.50 1.04 0.52 0.60 1.56 0.57 0.61
Nd nd 2.56 2.97 3.69 5.18 3.11 341 3.53 3.44 3.54
Sm nd 1.06 117 1.46 1.90 1.10 1.39 1.26 1.48 1.43
Eu 393 0.45 0.47 0.59 112 0.50 0.98 7.51 0.67 0.84
Gd 10* 1.67 1.58 1.89 1.77 177 1.92 1.83 2.15 1.84
Tb 346 0.32 0.32 0.34 1.86 0.33 2.86 32.6 0.53 1.53
Dy nd 2.26 2.34 2.57 2.48 2.34 2.49 2.17 2.65 2.63
Ho 361 0.50 0.53 0.56 3.15 0.52 5.89 66.4 0.84 2.75
Er nd 1.52 1.49 1.54 1.60 1.59 1.59 1.16 1.61 1.65
Tm nd 0.23 0.22 0.27 0.24 0.22 0.22 0.16 0.24 0.26
Yb 0.04* 1.59 154 1.64 171 1.45 151 1.07 1.56 1.59
Lu 383 0.23 0.24 0.23 6.30 0.24 10.24 141 0.82 3.69

Percent re-equilibration

Pr - - - <0.03 0.07 <0.03 <0.03 0.26 <0.03 <0.03
Eu - - - <0.03 0.13 <0.03 0.11 1.79 <0.03 0.08
Tb - - - <0.03 0.44 <0.03 0.72 9.30 0.04 0.34
Ho - - - <0.03 0.72 <0.03 1.48 18.3 0.07 0.60
Lu - - - <0.03 1.58 <0.03 2.61 36.8 0.15 0.90

Notes: * La, Gd and Yb concentrations in the synthetic external melt are presumably from impurities in starting
chemicals. nd = not detected, bd = below detection limit.





