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Abstract We present new partition coefficients for the
REE, HFSE, Sn, In, Ga, Ba, Pt and Rh between clinopy-
roxene, olivine and basaltic melt as a function of crystal
chemistry and melt composition at temperatures of 1190—
1300 °C and 1-bar pressure. Two components, namely
Al;O3 and NayO, were chosen to be investigated since they
are known to affect the structure of silicate melts and espe-
cially clinopyroxene crystal chemistry. The amount of [*JAl
in clinopyroxene will result in an increase of Dfp x/melt o ven
after applying a correction factor to account for the effect
of melt polymerization. Moreover, the positive correlation
between 1Al and Dfpx/ melt is not restricted to the REE, but
also applies for Sn, Ga, In, and Ba. The addition of up to
2.6 wt% NayO to the silicate melt universally increases the
Dfpx/ melt without any concomitant change in crystal chem-
istry or a significant effect in melt polymerization. This
compositional effect is likely due to the ability of Na to
break REE-AIl complexes in the melt. Our results empha-
size the importance of considering all variables that affect
the behavior of trace elements in magmatic systems before
applying the lattice strain model and derive meaningful
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results for the changes in the parameters of the crystallo-
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Introduction

The behavior of trace elements in magmatic systems is
controlled by physico-chemical conditions prevalent dur-
ing mantle partial melting and magmatic differentiation.
Among these controlling factors are temperature, depth,
type and degree of melting, source mineralogical com-
position and fO; (Onuma et al. 1968; Blundy and Wood
1994, 2003; Lundstrom et al. 1994; Wood and Blundy
1997; Westrenen et al. 2001; Evans et al. 2008). Different
experimental approaches exist to investigate trace element
partitioning between crystals and coexisting melt. One
approach aims to produce trace element partitioning data
under conditions that are directly applicable to a specific
geological process or geodynamic setting. Although such
experiments might yield the most appropriate crystal/sili-
cate melt partition coefficients for trace elements and for
specific geochemical process being modeled, they may
easily become less relevant if conditions differ or if their
values change dynamically throughout the process (see
discussion in Westrenen et al. 2001). Another approach
is to derive partition coefficients that can be applied to a
wide range of dynamic settings. In this context, experi-
ments are conducted in simple low-variance systems (i.e.,
only one variable is changed at a time), with the intent
to assess their individual effects on trace element parti-
tioning behavior. In order to generate a coherent, system-
atic dataset of crystal/silicate melt partition coefficients
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for trace elements as a function of crystal composition,
it is relatively straightforward to modify the bulk start-
ing composition in order to achieve the desired change in
crystal chemistry. However, it is often overlooked that it
is challenging, if not impossible, to change crystal chem-
istry without changing melt composition, especially for
phases that exhibit solid solutions, such as pyroxene and
plagioclase. Because of this, it is often difficult to dis-
tinguish between the crystal chemistry and silicate melt
compositional effects on trace element partitioning (e.g.,
O’Neill and Eggins 2002).

The degree of melt polymerization and melt structure
is often described by employing common melt descrip-
tors such as NBO/T (number of non-bridging oxygens per
tetrahedrally coordinated cations) and the optical basicity
parameter (OB) (e.g., Mills 1998; Moretti 2005). These
parameters are well known to influence trace element
partitioning (e.g., Gaetani 2004). However, melt compo-
sitional effects not accounted by NBO/T or OB have also
been found in recent studies. For example, Evans et al.
(2008) and Mallmann and O’Neill (2013) have shown that
the partitioning of Sc, Y and the REE between olivine and
silicate melt changes as a function of the mole fraction
of SiO(melr), rather than with NBO/T or OB. In the same
sense, O’Neill and Eggins (2002) and O’Neill et al. (2008)
suggested that CaO builds stable complexes with molyb-
denum and tungsten oxides in the melt. These stable com-
plexes are presumably responsible for changes in the activ-
ity coefficient of these trace elements in the silicate melt
(O’Neill and Eggins 2002) and affect the way they substi-
tute in the crystals alongside the stoichiometric control.

The aim of this study is to identify the stoichiomet-
ric controls and melt compositional effects on the behav-
ior of trace elements partitioning between clinopyroxene
(cpx), olivine (olv), and silicate melt. We chose two chemi-
cal compounds, AlO3 and NayO, since both are known to
play a significant role in changing the structure of silicate
melts and clinopyroxene crystal chemistry (cf. Lundstrom
et al. 1994; Gaetani and Grove 1995; Hill et al. 2000).
We present new crystal/silicate melt partitioning data
for the REE, HFSE, Ga, Ba, Pt, Rh, Sn, and In obtained
from experiments performed in vertical tube furnaces with
temperatures ranging from 1190 to 1300 °C. The amount
of sodium in the silicate melt was varied in order to cover
the estimated concentration in the Earth’s mantle (2590 p
g/g, O’Neill and Palme 1998), as well as the average found
in mid-ocean ridge basalts (2.7 wt%, Jenner and O’Neill
2012; Gale et al. 2013). The Al,O3 content in the cpx was
also modified to cover a wide range of values (cf. Hill et al.
2000; Mollo et al. 2013). This enabled to eliminate the
effect of melt polymerization and structure and isolate the
individual effect of [*/Al on the crystal/silicate melt parti-
tioning of trace elements. Moreover, the addition of NayO
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in the silicate melt enabled to identify a melt compositional

effect on D?rysml/ melt, which is yet not fully understood.

Methods
Experimental materials and methods

Four starting compositions in the CaO—-MgO—Al,03—SiO;
(CMAS) system were synthesized. These compositions
(Table 1) were chosen such that cpx was always a liquidus
phase, and displayed a large enough range of [“IAl contents.
Three compositions (HS, HE and HB) were modeled closely
after Hill et al. (2000). In addition, a fourth composition (W1)
was adopted from Fonseca et al. (2014) with the aim of pro-
ducing " Al-poor cpx. For further investigations concerning
the effect of Na;O on trace element partitioning between cpx
and melt, the W1 composition was modified by adding variable
amounts of Na,O (CMAS + xNayO, 0 wt% < x < 3 wt%).
The use of the previously well studied W1 composition as
a basis composition allowed to minimize co-varying fac-
tors having an influence on the partitioning of trace elements
between cpx and melt, as the cpx crystallized from this com-
position always contained a negligible amount of [“IAl and
the coexisting melt is fairly depolymerized (NBO/T >1.1). A
further advantage of the W1 composition is that in one-atmos-
phere experiments olivine and cpx can crystallize simultane-
ously. While a change in the sodium concentration of the start-
ing mix may affect the crystal chemistry of cpx, the olivine
crystal composition will remain constant (Evans et al. 2008).
Thus, the presence of both phases can be used as a tool to
assess crystal and melt compositional effects on Dfrysml/ melt
High purity (>99.5 %) oxide powders (Si0, MgO, Al, O3,
Fe>03, Cr,0O3 and TiO;) were ground with CaCO3 and
Na;COs3 under acetone in an agate mortar for ca. 10 min.
Starting powder mixes were subsequently dried, pressed

Table 1 Starting compositions of the powder mixtures in cg/g

HS HE HB Wi W1 + xNa,O

SiO, 45.02 52.97 43.18 47.79 48.21
Al1,03 17.11 16.13 17.41 5.12 5.17
MgO 12.45 13.12 12.1 25.75 26.03
CaO 25.06 17.43 27.12 17.91 18.04
Na,O 0.36 0.35 0.19 N x*
Cr203 - - - 0.47 0.48
Fe, O3 - - - 0.49 0.50
P>0s - - - 1 0.54
TiO» - - 1 1.02
Total 99.66 99.64 99.86 99.53 100.0

4 Variable amount of Na,O (0 wt%> x <3 wt%)
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into pellets and placed in a corundum crucible inside a
vertical tube furnace to decarbonate overnight in air at 1
bar/950 °C. All pressed pellets were then re-ground under
acetone and trace elements (Sc, Ni, Ga, Ge, Sn, In, Mn, Zr,
Nb, Hf, Ta, Sm, Eu, Lu, La, Y, Th, and U) were added to
the powders, in amounts of 500-1000 pg/g, as oxide pow-
ders or Specpure plasma standard solutions of 1000 pg/mL
in 5% HNOj3. Barium was added as BaCOj3. The broad range
of trace elements doped, especially to the W1 + x Na;O,
aimed at having enough cations to define the lattice strain
parabolas by increasing the number of data points fitted to
the lattice strain function (Blundy and Wood 1994).

A summary of the experimental run conditions is given
in Table 2. Starting compositions were mixed with poly-
ethylene glycol and water into a slurry, which was then
placed in a Pt—Rh wire loop. The loops were suspended
from a sample holder and loaded into the hotspot of a
vertical tube gas-mixing furnace. The top and bottom of
the furnace were kept open to maintain log fO, at —0.7
(equivalent to air), where the valence of trace elements is
constant and no significant loss of Na is expected. Exper-
iments were kept for 3-5 h at supraliquidus temperatures
(1400 °C) to ensure complete melting of the powders
and chemical homogenization prior to crystallization.
The temperature during the experiments was monitored
by an internal type B (Pto4Rhg—Pt7;0Rh3p) thermocouple
and was initially calibrated against the melting point of
gold (cf. Laurenz et al., 2010, 2013), and found to be
within 5 °C of it. Cooling ramps were around 0.05 °C/min
to ensure adequate crystal growth (at least 100 pwm) for
LA-ICP-MS analysis. After reaching the target tempera-
ture, samples remained 48—-86 h in the furnace to estab-
lish equilibrium between the crystals and the coexisting
melt. Subsequently, experiments were quenched in air by
removing the holder from the top of the furnace, which
has a water-cooling system that keeps the temperature
constant at 25 °C. Loops were then mounted in epoxy
resin and its surface was polished for chemical analysis.

Analytical techniques

Concentration of major and minor elements (CaO, SiOp,
MgO, Al,O3, NayO, Fe,03, CryO3 and TiO;) in the crys-
tals and silicate melt were acquired with a JEOL JXA-8200
electron microprobe. Analysis were carried out using wave-
length dispersive mode (WDS) employing an accelerating
voltage of 15 kV and 15 nA beam current, with an elec-
tron beam defocused to 5 um. Most of the of major element
oxides were calibrated on a natural basalt from the Juan
de Fuca ridge (VG2, Jarosewich et al. 1980, while Na,O
was calibrated using a jadeite-diopside eutectic glass and
TiO3 in rutile, employing peak to background calibrations
and the ZAF correction algorithm to account for the differ-
ent electron absorption properties of our samples and the
standards used. Major element concentrations are given as
an average of 5-10 representative spots on each phase.
Trace element abundances were acquired with a Reson-
etics Resolution M50-E 193 nm Excimer laser ablation
apparatus coupled to a Thermo Scientific XSeries I Q-ICP-
MS at the Steinmann Institute, University of Bonn. The
nuclides 2°Si, 43Ca, #3Sc, 5°Mn, Ni, ©Ga, "1Ga, "*Ge,
74Ge, 89Y, QOZI", 9121', 93Nb, 103Rh, HSIII, llSSn’ IZOSH,
lZle, 123Sb, 137Ba, 138Ba, 139L217 lSlEll, 153Eu, lSZSm,
1549m, 175, 177Hf, 178Hf, 181y, 182y, 184y 195pg 2327y
and 238U were monitored during LA-ICP-MS analysis.
The spot size was set between 44 and 73 um to avoid melt
inclusions, which are ubiquitous in experimental work (see
e.g., Fonseca et al. 2014). For a secure melt-free analysis
of the crystals, barium was used as a reference, because it
is highly incompatible in cpx and olivine (cf.Lundstrom
et al. 1994; Mollo et al. 2013). On each sample, five spot
analyses in the glass and at least ten spots in the crystals
were carried out using a laser fluency of ~6 J/cm? and a
repetition rate of 15 Hz. For each measured spot, 15 s of
background signal were followed by 30 s of ablation signal.
The NIST-SRM-612 glass (Jochum et al. 2011) was used
as the external standard, with measurements carried out via

Tablg?, Experimental nn Experiment Cooling ramp (°C/min)? Temp. (°C) Run time (h)" Eq. phases

conditions and products
HS1 0.1-1270; 0.05-1220 1220 3+74 cpx-+glass
HE1 0.1-1280; 0.05-1190 1190 3+ 86 cpx+glass
HE2 0.1-1280; 0.05-1240 1240 3470 cpx+glass
HB1 0.1 1270 3448 cpx-+an--glass
W1 0.05 1300 3+56 cpx-+ol+glass
WI + x Na,O 0.05 1288 4472 cpx-ol+glass®

2 In the case of two-step cooling ramp, the first step was performed on supraliquidus temperature and the

second step during crystal growth

b Time experiment spent above supraliquidus (50—100 °C above target T.) 4 the time spend to equilibrate

after cooling

¢ Experiments did not always crystallize both phases

@ Springer
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standard/sample bracketing with no more than ten samples
measured between each standard measurement. Additional
spots were carried out in the NIST-610 glass, which was
treated as an unknown to check for data accuracy. Obtained
concentrations on the NIST-610 were found to be within
5-10 % within the reported values (Jochum et al. 2011).
To correct for differences in ablation efficiency count rates
were normalized either by 298i or 43Ca, which were used
as internal standards for olivine, clinopyroxene and melt,
respectively. Data reduction was carried out employing the
methodology described by Longerich et al. (1996).

Experimental results

Major, minor and trace element compositions of each
crystalline and melt phase were found to be widely homo-
geneous (Table 3 and Supplementary Material), indicat-
ing a close approach to chemical equilibrium during the
experiments. Although several trace elements were doped
to the experiments, their combined abundance did not
add up to more than 2 wt%, and as such, Henry’s law
was likely obeyed (cf. Gaetani 2004). Calculated parti-
tion coefficients are depicted in Table 4. A major concern
when dealing with volatile elements (e.g., Sn, Sb, Ge and
In) is their loss during the experimental run (e.g., Mall-
mann et al. 2014). Trace element concentrations of Sn, Sb
and Ge in our experiments show a significant depletion
from the initially doped amount, with final concentrations
generally below 10 pg/g in the silicate glass. Indium loss
was also found in the experimental runs, albeit relatively
minor with a final concentrations of several hundreds of
g/g. Gallium is refractory under the experimental condi-
tions of our study, and the measured Ga concentrations do
not show a depletion relative to the amount that was ini-
tially doped.

CMAS system

All experiments carried out in the CMAS system crystal-
lized euhedral to subhedral homogeneous clinopyroxene in
equilibrium with silicate glass. In one single case (HB1),
clinopyroxene crystals were found inter-grown with anor-
thite. The silicate glass, as well as the crystal compositions,
display a broad range of SiO; and AlOs3 concentration,
while smaller variations are observed for CaO and MgO.
The tetrahedrally coordinated Al in cpx (GN)) ranges
between 0 and 0.27 apfu (Table 3). The broad range of YAl
contents in cpx allows us to study its effect on D?px/ melt iy
a systematic fashion. Unfortunately, it was not possible to
vary the YAl in cpx without changing melt composition,
i.e., changes in the degree of melt polymerization were una-
voidable, with NBO/T ranging from 0.5 to 1.1 (Table 3).

@ Springer

Crystal/silicate-melt partition coefficients as a function
of the WAl content in clinopyroxene

The REE and Y show a clear positive correlation with
increasing [“/Al content in cpx for all experiments. How-
ever, for two compositions, HE1 and HE2, with [4AL of
0.115 and 0.048, respectivel?l, the D;IZ%T;II are higher than
the overall trend of D,Cel?éff,t versus [“1A1 (Fig. 1). Barium
is more compatible in cpx as a function of YAl (Fig. 1h).
Crystal/silicate melt partitioning of Sn and In as a function
of [Y1Al are scarce in the literature (e.g., Hill et al. 2000;
Adam and Green 2006) and our new partitioning data can
be used to better constrain a positive correlation between
their D;E?,Qmelt and YAl in the cpx. Even considering that
our experiments were prone to volatile loss, the agreement
between our data and that reported by Hill et al. (2000),
who performed experiments with sealed capsules, suggests

that equilibrium was reached in our experiments.

CMAS + xNayO system

The second experimental series yielded fosterite and clino-
pyroxene crystals. Clinopyroxene crystals reached up to
a mm in size, while fosterite crystals remained distinctly
smaller (<50 pwm). In some experiments olivine crystals
were too small to be analyzed using LA-ICP-MS so the oli-
vine dataset is not as extensive as for cpx. The cpx com-
position shows a dependence on the amount of sodium
added to the starting composition (Table 3). However, even
though the Na,O content of the cpx varies proportionally
with the NayO content of the melt, it remains consistently
small (0.002-0.02 Na apfu). The [¥/Al in cpx in this series
was designedly low (0.02-0.045 Al apfu) and melt com-
position shows small variations between the experiments
depending on the initial amount of NayO (0.05-2.61 wt%),
the degree of crystallization and whether cpx and olivine
co-exist. Accordingly, NBO/T (1.1-1.3) and OB (0.6) vari-
ation is negligible when compared to the first experimental
series (compare Table 3).

Crystal/silicate-melt partitioning as a function of
Na; O neir)

Regarding divalent cations, D&/ and D™ corre-
late positively with NayOmerry (Fig. 2a, b), while DICVP;X/ melt
(Fig. 2¢) and D;Z‘ /melt tend to be broadly insensitive to this
parameter. Platinum may be tetravalent under very oxidiz-
ing conditions, such as with a pure O, atmosphere (Ertel
et al. 1999). However, the proportion of Pt*+ over most
of the range of fO, studied was deemed negligible (cf.
Ertel et al. 1999), so it is very likely the Pt>* is the oxi-
dation state of Pt in our experiments. Crystal/silicate melt
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Fig. 2 Clinopyroxene/melt partition coefficient data plotted as a function of the Na;O (wt%) content of the melt. Error bars are one standard

deviation

partitioning of trivalent cations (REE, Y, Sc, Rh and In)
show a linear positive increase with NayOmelry (Fig. 2).
The exception is Ga**, with D&, /melt yalues being unaf-
fected by the presence of NayO in the melt (Fig. 2g). The
most surprising crystal/silicate melt partitioning behavior
is observed for tetravalent and pentavalent cations (e.g.,
HFSE, Th, Sn, and Ge), with Dfpx/ melt values increasing by
almost one order of magnitude with increasing NazOmelr)
(e.g., Fig. 2i).

Evaluating olivine/silicate melt trace element parti-
tioning data is challenging due to their low D?livme/ melt
values (e.g., Mallmann and O’Neill 2009; Fonseca et al.
2014). Therefore, analyses presented here have trace ele-
ment concentrations in olivine which are at the detection
limit or below. Despite this issue, it is possible to identify
trends of D?hvme/ melt as a function of Na;Omely). Regard-
. . . olivine/melt .
ing divalent cations, Dy, increases by around an
order of magnitude over the range of NapOmely) (Fig. 3a),
while DOV™/™ ! (Fig. 3b) and DY"/™! (Fig. 3c)
remain constant. Olivine/melt partitioning of the triva-
lent REE, Y, and In show a distinct positive dependence

@ Springer

on the amount of NayOpery (Fig. 3d—f). Gallium and
Sc, although also trivalent at log fO, = —0.7, do not
show a strong increase with NayO(melr). Chromium was
not intentionally added to the starting compositions,
but was present in most experiments as a contaminant
( 5 / d Dolivine/melt 1 . ith
max. 5ug/g), an Cr values increase wit
increasing NaO(pelr), albeit within uncertainty. Values
for Dl(f}}vslze/ melt e o, Fig. 3h,i) increase with NazO(melt)»
although with large associated errors due to their low

concentration in the crystals (lower than 0.5 pg/g).

Discussion

Interplay between [41A] and melt compositional
and structural effects on trace element partitioning

With the exception of Eu and Ce, the REE are homova-
lent elements that substitute into the M2 site of clinopy-
roxene in [8]-fold coordination (Gaetani and Grove 1995)

and increase their D{? x/melt yalues with increasing [41Al
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Fig. 3 Olivine/melt partition coefficient data plotted as a function of the Na,O (wt%) content of the melt. Error bars are one standard deviation

content in cpx (e.g., Fig. la—d). However, our crystal/
silicate melt partition coefficients obtained in two experi-
ments (HE1 and HE2) are larger by one order of magni-
tude than the range of published experimental data with
comparable Al in cpx (Fig. la—d; cf. Adam and Green
2006; Lundstrom et al. 1998). One likely explanation for
this discrepancy is a change in the degree of melt polym-
erization given that the lowest NBO/T values reported in
our study (ca. 0.5) were obtained for these two outlier
experiments (HE1 and HE2). The degree of melt polym-
erization is not so easily decoupled from stoichiometric
controls on crystal/silicate melt trace element partitioning
(e.g., Ryerson and Hess 1978; Kohn and Schofield 1994;
Blundy et al. 1998; Mysen 2004; Gaetani 2004; Huang
et al. 2006). Several studies systematically observed the
dependence of D™ on the degree of melt polym-
erization and have shown a distinct increase of partition
coefficients of the REE with increasing melt polymeri-
zation (e.g., Gaetani 2004; Prowatke and Klemme 2005;
Huang et al. 2006). Gaetani (2004), in particular, has
shown that the influence of melt structure on D%’E’%meh
becomes significant for melt compositions with NBO/T

values below 0.49, an expectation later confirmed by
Huang et al. (2000).

Because it is almost impossible to change cpx crystal
chemistry without changing melt composition (e.g., Mall-
mann and O’Neill 2009), it is necessary to find a way to iso-
late the individual effects of melt composition and structure
from the addition of 1Al in the cpx on the Dfpx/ melt v alues.
To do this, we have used the experimental partitioning series
for Mn and Zn between olivine and silicate melt as a func-
tion of NBO/T performed by Kohn and Schofield (1994).
Because olivine composition remains the same over a range
of NBO/T, one can assess the isolated effect of melt com-
position, which is best described by the following function:

D;)hvme/melt —ax [NBO/T]b (1)
The empirical approach of Kohn and Schofield (1994) can
be extended to any cation that is exchanged between crystal
and melt, provided of course, that a large enough dataset,
covering a wide range of degrees of melt polymerization,
exists. We used the experimental results of Gaetani (2004)
and Huang et al. (2006), because their studies were set up

@ Springer
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Fig. 4 Dfp x/melt alues of La (a
+ ¢) and Sm (b + d) are plotted
as a function of NBO/T and OB,
respectively. Only partitioning
data for clinopyroxenes with
similar crystal composition, used
to minimize uncertainty, caused
here by variable stoichiometry
(e.g., variable (4] Al). Partitioning
data were fitted to an exponential
function, the results of which

cpx/melt
La

D

0.6

» (c)
Hill et al. 2000

Adam and Green 2006
Lundstrom et al. 1998
Blundy and Wood 1998
Skulski et al. 1994
Vannucci et al. 1998
Salters et al. 2002
Huang et al 2006
Gaetani 2004

0.4+

4bvendgqaosn

0.2+

are represented by the full black
lines in the diagrams (see text for

discussion). Similar regressions
produced for crystal/silicate melt
partitioning of Lu and Y can

be found in the supplementary
material

cpx/melt
Sm

D

to systematically investigate the effect of melt structure on
D;}?‘émeh, as well as additional data from the literature and
plotted their partition coefficients vs. NBO/T (see Fig. 4).
The largest dataset exists for La and Sm, while Eu partition-
ing data were found to be too few for a meaningful regres-
sion to be obtained. The scatter of the data obtained from
different studies was found to be relatively large when com-
pared to the goodness of the correlation obtained by Kohn
and Schofield (1994), which is likely a result of the covari-
ation of the clinopyroxene crystal composition with melt
composition. Additionally, differences in the experimental
conditions prevalent for each dataset, as well as data accu-
racy may be significant. Nevertheless, crystal/silicate melt
partitioning data can be fitted reasonably well to Eq. (1)
(e.g., Fig. 4a, b; Table 5).

The empirical fitting parameter a (Table 5) was found to
vary according to the ionic radii of the elements and, hence,
can be fitted to the lattice strain function (see Fig. 5), using
the Levenberg—Marquardt iterative algorithm (Marquardt
1963). Because a is a cation-specific parameter and its
value is dependent on the ionic radius of a given cation,
the relation between D;I?E/T;h and ionic radius (rj) , mim-
ics that of the lattice strain function of Blundy and Wood
(1994).

The exponent b (Table 5) does not show any system-
atic dependence on any of the specific properties (e.g.,
the ionic radius) of each element, and is not reflecting
any physico-chemical change in the system. There-
fore, it is likely that the differences in the values for

@ Springer

Optical Basicity (OB)

Table 5 Parameters obtained by fitting the partitioning data as a
function of NBO/T according to the Eq. (1)

Depx/melt a-factor o b-exponent o Adj. R?
La 0.031 0.003 —0.94 0.13 0.36
Sm 0.194 0.021 —0.83 0.16 0.38
Y 0.353 0.024 —0.78 0.11 0.52
Lu 0.383 0.028 —1.06 0.14 0.68

Levenberg—Marquardt iterative algorithm was used for the fits (see
text for details)

“b” exponents are due to variations in the experimental
conditions (temperature and pressure), and starting com-
position from each experimental dataset. To be able to
formulate a universal descriptor for the effect of NBO/T
on the crystal/silicate melt partitioning of REE and Y, we
can consider an average value of exponent b, which is
essentially —1:

DRELIY = @ < INBO/T] ™! @
As such, Eq. 2 can be used to normalize crystal/silicate
melt partition coefficients for REE and Y to the aver-
age NBO/T value of basaltic compositions (ca. 1—cf.
Mysen 2004). This normalization (Table 6) is essential
to separate the combined effects of melt polymerization
and (1Al on the partitioning behavior of the REE and Y
between clinopyroxene and silicate melt. The success
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Fig. 5 The prefactor a plotted as a function of r; regressed using the
lattice strain function. If not visible, errors are smaller than symbol
size

of this approach can be tested by assessing the agree-
ment between our normalized D;%XE/Sj;It and the general
trend obtained by Hill et al. (2000) as a function of [41Al
(Fig. 6). Furthermore, we applied the same approach to
normalize the D??E/Tf;h obtained by Mollo et al. (2013),
which has NBO/T values around 0.5, and were able to
achieve a similar good agreement (Fig. 6a, b).

However, the use of NBO/T has significant draw-
backs, because it does not make a distinction between
network modifiers like Ca or Mg (cf. Mills 1998).
Some of these caveats can be partly addressed by using
optical basicity (OB) as an alternative to NBO/T. The
optical basicity of a silicate melt can be used in a simi-
lar way as NBO/T to describe its network (Mills 1998).
The advantage of OB is that it takes the bond strength
between cations and oxygens anions into account,
i.e., their electronic polarizability and electronegativ-
ity (Duffy 1993; Mills 1998). Thus, OB differentiates
between cations like Mg, Ca and Na that are essen-
tially indistinguishable in the calculation of NBO/T. To
evaluate a possible improvement of the correlation of
D™ with MIAL by normalizing the partition coef-
ficients to the same OB in comparison to NBO/T, the
same literature dataset of cpx/melt partition coeffi-
cients for the REE was used. The best fits of the lit-
erature partitioning data dependence on OB is through
power functions as:

D{PY™! = 1(0.1) % 1070 % [OB]7215®) 3)
DEY/™N = 1.6(0.8) 107 % [OB] 193 )

Table 6 Partition coefficient values normalized to NBO/T = 1 and OB = 0.61 applying correction factors (see text for details)
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Fig. 6 Partition coefficients
normalized to NBO/T =1 (a—¢)
and OB = 0.61 (d-f) plotted

as a function of the aluminum
content in the tetrahedral
position of cpx (AI). Open
symbols are representative for
the uncorrected (NBO/T#1,
OB#£0.61) partition coefficients,
while filled symbols represent
partition coefficients, which are
normalized to either NBO/T =
lorOB=0.61.a,bandd, e
are representative for all REE
and Y. ¢ and f show how apply-
ing the same normalization
factors determined for the REE
(see Table 6) improves the cor-
relation of Dg:lx melt with 41AL
The symbols are consistent with
those depicted in Fig. 1. Error
bars are one standard deviation
of the mean
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The REE + Y partition coefficients were normalized to
an OB value of 0.61 (Fig. 6d, e), which is close to the
average expected for mid-ocean ridge basalts (Gale et al.
2013). Crystal/silicate melt partition coefficient values
that were corrected from experiments with OB values >
0.62 seem to be slightly offset from the overall correla-
tion of D;%E/T;h as a function of /AL, The inefficiency of
this procedure for OB values >0.62 might be the result
of the lack of data used for the regressions in Fig. 4c,
d. Nevertheless, OB seems to more accurately describe
the melt compositional effect on DICJ?E@‘;’,h (Fig. 6), as it
better distinguishes different chemical elements in the
melt environment. Thus, normalizing the D;I?E/_Téh val-
ues to the same OB more efficiently removes the melt
compositional effect, isolating the crystal compositional
effect of /Al in cpx on crystal/silicate melt trace ele-

ment partitioning.
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Barium

Hill et al. (2000) assumed little or no change for 2+ cati-
ons substituting into the M2 site with increasing [*JAl
content of clinopyroxene, because the net charge of the
site remains 2+, regardless of the amount of AT in
the cpx. Thus, it is reasonable to assume no change in
the partitioning behavior for 2+ trace elements enter-
ing the M2 site. Indeed, divalent cations like Sr2t dis-
play Dg‘r)x/ melt that are near constant over a range of [41Al
(Hill et al. 2000). However, our data show that Dg;x/ melt
increases slightly with 1Al in clinopyroxene (Fig. 6),
similarly to that observed for D;%E/T;k (Fig. 6c, f). Huang
et al. (2006) have shown that an increase in the degree
of melt polymerization correlates positively with increas-
ing Dg‘;x/ melt Values. As Sr and Ba are both alkali earths,
it seems reasonable to assume that the partitioning of
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Ba between crystals and silicate melt is affected by
melt polymerization similarly to Sr. As a consequence,
D;E’Zx/ mel” obtained for the HE! and HE2 experiments
in our study was also corrected to take into account the
degree of polymerization (Table 6), and results show
that corrected Dg;x/ melt yalues correlate positively with

increasing (1Al

Gallium

In similar fashion to the REE, Dpo; [melt is shown here to
correlate positively with the [/ Al content in cpx (Fig. le),
in agreement with the trend observed in literature data
(Malvin and Drake 1987; Dygert et al. 2014). Based on
our new D&Y /Ml data, it remains unclear to what extent
Dg’; fmelt depends on OB. In contrast to the REE + Y and
Ba, Ga is a relatively small cation and it is assumed to
have a structural role in silicate melts nearly identical to
that of Hess (1991). Hence, one could assume that Ga3*
behaves as a network-forming, instead of a network-
modifier cation and, thus, may contribute to increase melt
polymerization (Mysen 1990). Nevertheless, inasmuch
as our results are concerned, Dg’;f /melt is unaffected by an
increase in the degree of melt polymerization.

The effect of [*] Al on cpx M2 lattice site parameters

. cpx/melt
based on normalized DREE 1Y

After being able to filter the effect of melt polymerization
from the dataset, we can re-evaluate how the addition of
[41Al into the cpx T-site will influence the size and form
of the octahedral neighboring sites. To do so, we fitted
D;‘E‘éi}i{h normalized to the same optical basicity to the
lattice strain function (Blundy and Wood 1994):

Fig. 7 Lattice strain model fits 1
for a selection of experiments

of this study at different [*1 Al -
contents based on REE parti- .
tion coefficients normalized 04
to an optical basicity of 0.61. oor
Lattice strain parameters of all "
experiments are displayed as

a function of the /Al content < 0
of cpx and listed values of -
these parameters can be found
in Table 7. The lattice strain

D

parameters belonging to the 40

depicted lattice strain parabolas = + }

in this figure are shown in red. 5 } % %
Error bars are one standard

deviation of the mean
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—
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stz — 4w ENA[R (r; — 1 24 Lo —r 3
(?rystdl/melt = Dy exp Al7p (ri 0) 3( i 0) ,

i RT
&)

where D; is the partition coefficient of an element i and
Dy is the optimum, or strain-free partition coefficient that
is reached when a fictive cation with an ideal ionic radius
ro enters the crystal lattice site of interest and produces
no elastic strain. The variable r; represents the radius
of a cation that enters the same site, but by doing so it
produces variable elastic strain. The internal strain of
a crystal site that result when r; # rg , is quantified by
the apparent Young’s modulus (E). Na is the Avogadro’s
Number, R is the universal gas constant and T is absolute
temperature (Blundy and Wood 1994).

In order to derive Dg, ro and E for trivalent elements
entering the M2 site of cpx, the fitting was performed using
the Levenberg—Marquardt iterative algorithm (for details
see Marquardt 1963). From the fits, it is possible to observe
an increase in [/ Al coupled to a broad linear increase in the
strain-free partition coefficient (Dg) (Fig. 7). Secondly, the
optimum radius of the M2 crystal lattice site shifts to higher
values, but the associated errors are relatively large, such
that no clear trend can be deduced from the data. Young’s
elastic strain modulus (E) seems to be broadly constant,
with exceptions for those experiments having a higher
degree of melt polymerization. In a computer simulation
of garnet-melt partitioning, Westrenen et al. (2000) studied
a possible dependence of ry and E on the coexisting melt
structure. Indeed, their results show that the absolute values
of ry and apparent E depend on the adjacent melt environ-
ment, i.e., the coordination of trace elements in the melt
(e.g., Ponader and Brown 1998; Prowatke and Klemme
2005; Westrenen et al. 2000). Although all variations of E

D

ionic radius (A)
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in our study have a large degree of uncertainty, the overall
pattern seems to support the assumption of Westrenen et al.
(2000), i.e., that the lattice strain parameters E and rq are
not only stoichiometrically controlled, but also depend on
the melt environment.

The increase in DE*/™" as a function of the “AI con-
tent in cpx might be unrelated to the increase in the num-
ber of charge balancing configurations (Hill et al. 2000),
but rather to changes in the internal strain E of the crys-
tal lattice. The lattice strain parabola for 2+ cations in the
M2 site (e.g., Ba) is assumed to flatten with increasing
[4JAl content in cpx (Lundstrom et al. 1998), which will
lead to an increase of the partition coefficient of cations
whose ionic radius places them on the outermost edges of
the lattice strain parabola. Conversely, for cations whose r;
are closer to rp, their respective Dfrysml/ melt values should
decrease as E and Dg both decrease. However, given the
limited amount of data for divalent elements in the M2 site
available to produce a meaningful lattice strain fit, this pos-
sibility cannot be readily tested.

Interplay between Al;03 and NajO in the silicate
melt and its effect on the partitioning behavior of trace
elements between crystals and silicate melt

Even though Na;O plays an important role in the structure
of silicate melts (e.g., Mills 1998), with contents as high as
5 wt% in mid-ocean ridge basalts (cf. Jenner and O’Neill
2012; Chemia et al. 2015), crystal/silicate melt partition-
ing studies are often performed in systems with little or
no NayO (e.g., Gaetani and Grove 1995; Mallmann and
O’Neill 2009). Clinopyroxene/silicate melt partitioning of
Na is mainly controlled by the bulk NayO content of the
system and pressure (Blundy et al. 1995; Flemming and
Luth 2002), while the effect of temperature is assumed to
be minor (Blundy et al. 1995). The crystal compositional
effect on the partitioning of trace elements between cpx
and silicate melt that arises due to the incorporation of
sodium into the crystal lattice is most likely to be related
to the increasing number of charge balancing configura-
tions. However, previous experiments were not able to iso-
late the sole effect of the addition of sodium to a system
on the partitioning behavior of trace elements (e.g., Ben-
nett et al. 2004; Gaetani 2004). In this sense, we assess if
the addition of sodium to the silicate melt exerts an influ-
crystal/melt .
ence on D; of trace elements in a way that can-
not be accounted by NBO/T or OB, such as by the forma-
tion of melt complexes (e.g., O’Neill and Eggins 2002;
Dygert et al. 2013; Leitzke et al. 2016). Our experiments
are designed to test this hypothesis, given that Nay;O bulk
contents vary from 0 to 3 wt%, while the degree of melt
polymerization and [“!Al in cpx are constant (OB ca. 0.6
and Al < 0.04). Moreover, the composition of both cpx
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and olivine remained virtually unchanged. For example, the
addition of 3 wt% NayO to the starting composition lead
to only negligible variations in the sodium content of cpx,
ranging between 0.013 and 0.02 Na apfu.

The effect of NayO in silicate melt on the partitioning
behavior of trace elements has already been hinted upon
previously. For example, Schosnig and Hoffer (1998),
noted that additional NayO in the silicate melt caused an
increase in crystal/silicate melt partition coefficients of the
REE, which is decoupled from any change related to crys-
tal chemistry. They found that in the experiments crystalliz-
ing high-Al diopside, D;‘?émeh values were twice as large
in the presence of NayO(pelr) relative to a Na-free silicate
melt composition. The reason would be the formation of
“REE3*—Al—complexes”, which are stable in the melt but
have an offset to the ideal bonding length, bonding angle
and the number of surrounding oxygen anions present, SO
that their incorporation into a growing diopside crystal is
hampered (Schosnig and Hoffer 1998). When NaO is
introduced into the system, these melt complexes may be
modified or broken down to some extent, so that the com-
patibility of the REE into cpx increases. Within this frame-
work, the increasing compatibility of the REE as a function
of NapyOpe); observed in our results could be explained by
the formation of strong bonds between Na and Al in the sil-
icate melt, which would break the “REE>*-Al complexes”
apart. The detachment of the REE from the aluminum in
the silicate melt by the addition of NayO in the system will
inevitably lead to an increase in the activity coefficients of
their REE-O species and, consequently, to an increase of
the crystal/melt partition coefficients (O’Neill and Eggins
2002).

Regarding crystal/silicate melt partitioning of divalent
elements, D;Ziﬁ?l/ melt increase with increasing NapOpels,
while values Df\;ly stal/melt o nd D,C‘,r,isml/ melt e main broadly
constant. This can be explained by the significantly larger
ionic radii in [6]-fold coordination of Ba®* and Pt** when
compared to Ni>* and Mn?* (VI coordination: Ba = 1.35
A, Pt =08 A, Ni =069 A, Mn = 0.67 A). Barium and
Pt in [6]-fold coordination would have an ionic radius
more similar to the REE than Mn and Ni, and, therefore, a
greater affinity for being incorporated into the “REE3*-Al
complexes” in the melt. In addition to the disparity found
for the behavior of divalent cations, the partitioning of tri-
valent and tetravalent cations between clinopyroxene, oli-
vine, and silicate melt, are affected by NayOp,ep; to a dif-
ferent extent. The Dgf;i%;neh values increase significantly
less as a function of NayOpej¢ (Fig. 8) when compared to
the increase observed for D;%ZH#E;CE“ (Figs. 2, 3). This dis-
parate behavior can be explained by the fact that Ga, Al and
Ti are present in tetrahedral coordination in silicate melts
(Hess 1991), and thus, occupy the same network-forming
sites in the “REE>T-Al complexes” in the melt.
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The lattice strain model (Blundy and Wood 1994) can
also be used to account for changes in melt composition.
This is only possible if the partitioning behavior of all
trace elements used to constrain the lattice strain parabola
for that particular crystal site all show the same level of
dependency on a given silicate melt component. This is
the case for the cpx/silicate melt partitioning of REE and
Y, which are equally affected by Na;Opere (Fig. 9). There-
fore, we can use our D;‘Béf‘;’,h to fit the data to equation 5
and obtain the lattice strain parameters Dy, ro and E as a
function of NayOnej. Crystal/silicate melt partitioning data
for In was not considered for the fits, as previous studies
suggested that In partitions into both the M1 and M2 site of
cpx (e.g., Hill et al. 2000). The lattice strain parameters rq
and E remain constant over the increase in NayOpey;, While
Dy increases with the amount of NayOyye¢ (Table 7). Con-
stant values of rg and E support the hypothesis that crystal
composition is not the main control on the observed varia-

tion in D;?éi;h with Nap Opelr. Compared to the number of

0.5
0.4 B

0.3

02 %

¢ T
!

® Ga*
AP

Dcpx/melt

0.05 ‘ ‘ : ‘ :
0 1 2 3

Na,O in silicate melt (wt%)

Fig. 8 Partitioning behavior of Al, Ga and Ti as a function of
NapOpere- The partitioning of Ga, Al and Ti between cpx and the sili-
cate melt is affected in the exact same way by the amount of Nay Ot

Taple 7 Summary of .the lattice Site Valency Comp. Cations X2 Dg o 70 o E o

strain parameters obtained

through fitting our partitioning Clinopyroxene

data for homovalent elements ’

t0 Eq. 5 M2 3+ HS?* La, Sm, Eu,Lu, Y 0.493 0.682 29) 1.025 (5) 270 (38)
M2 3+ HEI* La, Sm, Eu,Lu, Y 0.139 0.262 (@) 1.023 4) 316 (22)
M2 3+ HE2* La, Sm, Eu,Lu,Y 0.295 0.171 (6) 1.022 (6) 308 (31)
M2 3+ HB? La, Sm, Eu, Lu,Y 0.518 0.617 (25) 1.017 (10) 247 (42)
M2 3+ W12 La, Sm, Eu,Lu, Y 0.367 0.088 (2) 1.009 (5) 255 (24)
M2 3+ WI-2  La,Sm, Eu,Lu,Y 0.261 0.165 “4) 1.016 4) 277 (22)
M2 3+ WI-3  La,Sm, Eu,Lu,Y 0.681 0.219 (10) 1.020 (8) 254 (31)
M2 3+ WI-4  La, Sm, Eu,Lu,Y 0.608 0.288 17)  1.018 (12) 217 (52)
M2 3+ WI-5  La,Sm, Eu, Lu, Y 1.947 0.277 (15) 1.019 (11) 228 (45)
Ml 3+ HE1 AlP, Cr¢, Sc© 1.64E-06 17.3384 0.666 1522
Ml 3+ WI-2 Al Sc,Rh 8.07E-09 2.977 0.678 1238
Ml 3+ WI-3 Al Sc, Rh 4.32E-07 4.426 0.678 1064
Ml 3+ WI-4 Al Sc, Rh 1.89E-07 6.310 0.679 1128
Ml 44 WI-2  Ti, Sn, Hf, Zr 0.045 0.535 (50) 0.648 (0) 3091 (192)
Ml 4+ WI-3  Ti, Sn, Hf, Zr 0.217 1.114 (132) 0.654 (0) 3623 (228)
Ml 44+ WI-5  Ti, Sn, Hf, Zr 0.007 1.288 (23) 0.657 (0) 3076 (33)
Ml 44+ WI1-3  Sn, Hf, Zr 0.344 1.211 0.648 3091
Ml 4+ WI-5  Sn, Hf, Zr 2.575 2.349 0.648 3091

Olivine

MI2 3+ WI-1  Sm, Eu, Y, Lu,In  3.049 0.242 (13) 0.711 470
M2 3+ WI-2  Sm,Eu,Y,Lu,In 0.998 0.182 (19) 0.711 470
Mi2 3+ WI-6  Sm,Eu,Y,Lu,In 1.035 0.295 (18) 0.711 470

2 Partition coefficient of these experiments used to fit to the lattice strain function were normalized to the

same OB of 0.61

b partition coefficient of Al for the Ml site

¢ Partition coefficient values obtained by Hill et al. (2000) in an experiment with similar [ Al content in

cpx

4 Error is not given if less then four data points were fitted to the lattice strain function, or if parameters

were fixed to a specific value
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Fig. 9 Lattice strain model fits 0
of the M2 site of cpx, based o4
on the partitioning data of the - ” /
REE and Y and displayed for a 02

selection of different amounts Re=098
NazO(melr). Lattice strain e e
parameters of all experiments N
are displayed as a function of

NazO(mely). Tonic radii in [8]- 105
fold coordination were taken Tk ¢ #
from Shannon (1976). The

parameters belonging to the 0
depicted lattice strain parabolas
are color coded. The values 00
of the lattice strain parameters w00l
Dy, ro and E are displayed in 200 t H
Table 7. Error bars are one 100
standard deviation

cpx/melt
REE+Y

D

E (GPa)

1 2

Na,O in silicate melt (wt%)

trivalent trace elements substituting into the M2 site, there
are only a few 34 cations (Sc, Rh, Cr and Al) entering the
ML site of cpx in our experiments Hill et al. 2000, which
limits the accuracy of the fits to Eq. 5. Nevertheless, it can
be seen that E and r( for the M1 site of cpx change with
NapOmere (Table 7; Fig. 10), contrary to the observed for
the M2 site of cpx (Fig. 9). The reason for the perceived
variation in E is related to differences between how Al
interacts with NaO in silicate melt when compared to Sc
and Rh. In this case, the results of the lattice strain fit are
not reflecting changes in the internal strain or distortion of
the M1 site, but rather differences in the interaction param-
eters between the different trivalents substituting into the
M1 site and NayO. As such, care should be taken in inter-
preting the results from lattice strain fits as in some cases
they may not represent the actual strain of the mineral sites,
but rather some complex interplay between melt and crystal
compositional effects.

Clinopyroxene/silicate melt partitioning data for tetrava-
lent cations entering the M1 site (e.g., Ti, Sn, Zr and Hf)
was well reproduced using the lattice strain function, but
only for the NayO-free experiment (Fig. 11). For the Nay,O
-bearing experiments, D%)x/ "l is not affected like the
other tetravalent cations by changes in NayO in the sili-
cate melt. We assume that Ti is mainly in five or sixfold
coordination in basaltic magmas (Farges et al. 1996), and
enters the octahedral site of clinopyroxene (e.g., Fonseca
et al. 2014). The lattice strain parameters obtained when
using Sn, Zr, Hf and Ti partitioning data (see dashed lines
in Fig. 11) show that E and r shift in order to account for
the differences in partitioning behavior obtained for Ti as
a function of NapOpe)y when compared to Sn, Zr and Hf
(Table 7). As a consequence, Dfr[i’x/ mell yalues of experi-
ments with elevated NayOp,ej¢ cannot be considered in the
lattice strain fits. The fitting parameters E and rg were fixed

@ Springer
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Fig. 10 Lattice strain parabolas of trivalent trace elements substitut-
ing into the M1 site of cpx displayed for the W1-2, W1-3 and W1-4
experiment, as well as for the HE1 experiment (combined partition-
ing data obtained in this study and in the study of Hill et al. (2000)).
Dotted lines are emphasizing the weakness of the lattice strain fits,
which are only based on three data points. However a general trend
can be clearly taken from this approach, as both limps and the vertex
of the parabola are defined. Ionic radii in [6]-fold coordination were
taken from Shannon (1976). The values of the lattice strain parame-
ters Dy, ro and E are displayed in Table 7. Error bars are one standard
deviation

for all CMAS + xNa;O experiments to the values obtained
from the lattice strain fit of the sodium-free experiment
(W1-2), as these values are not expected to change as a
function of NayOnp; (see continuous lines in Fig. 11). It is
worth pointing out that Dg;vml/ melt i always offset to lower
values when compared to what is predicted from the lat-
tice strain fits (see Figs. 10, 12). This distinct behavior of
Dg’; fmelt seems to be unrelated to the Nay Ol content, and
was noticed in previous studies (Adam and Green 2006;

Dygert et al. 2014), but not discussed in greater detail. To
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T T
W1 -5[2.43 wt% Na,O,

lattice strain fit including Ti**
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]

, | Wr-smTs W Nao, ) =N
10°4 -5

W1-2[0.05 W% Na,0, ]

px/melt

D’

T T -
0.4 05 06 07 0.8 0.9
ionic radius (A)

Fig. 11 Lattice strain parabolas of tetravalent trace elements sub-
stituting into the M1 site of cpx. E and ry obtained from the fitting
cpx/melt partitioning data to the lattice strain function, were used as
constants for the lattice strain fits of the sodium-bearing experiments.
Tonic radii in [6]-fold coordination were taken from Shannon (1976).
The values of the lattice strain parameters Dy, ro and E are displayed
in Table 7. Error bars are one standard deviation

10°y ! T T T T T 3
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J —— Fitwith constant E and r, (excluding Ga + Sc) E =470 GPa ]
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107 4 ]
= 1074 i
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o / ]
j+—Na,0 = 1.12 wt%
/ s
10*4 4/ Evans etal. 2008 .
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Fig. 12 Lattice strain model fit for the M1/2 site of olivine, deter-
mined using the partitioning data of the REE4+Y and In. The value
of Dgl;vme/ el shows a distinct offset to the defined lattice strain
parabola, in a similar way as found for the cpx M1 site. Lattice
strain parameters of all experiments are displayed as a function of
NaO(mely) (Wt%). Ionic radii in [6]-fold coordination were taken
from Shannon (1976). Error bars are one standard deviation. The
values of the lattice strain parameters Dy, ro and E are displayed in
Table 7. See text for details

explain this phenomenon, it could be assumed that Ga3*
enters the M2 site, or even the tetrahedral site of cpx, or
that it is forming a specific melt complex with a major ele-
ment, which still needs to be investigated in greater detail.
Olivine can be used to investigate if melt composi-
tion is influencing the crystal/silicate melt partitioning of
trace elements, since its crystal chemistry is not affected

by major element changes in the silicate glass. Fits of the
D?hvme/ et data to the lattice strain function (Blundy and
Wood 1994) can reproduce results of NayO(pelry-bearing
experiments (Fig. 12). However, the lattice strain fit based
on crystal/silicate melt partitioning of Ga, Sc, In and the
REE + Y has to be evaluated in order to isolate crystal and
melt compositional effects. First of all, when compared to
relatively recent literature data (cf. Mallmann and O’Neill
2013; Evans et al. 2008) the obtained Young’s modulus (E)
of the lattice strain fit that includes Ga, Sc, in addition to
the REE + Y partitioning data shows a distinct offset from
previously reported values (2200 GPa). The stiffness (high
E value) of the olivine M1/M2 site in our experiments, is
mainly controlled by the position of DOGI:ZVlne/ melt, Secondly,
in previous partitioning studies, it was noticed that Sc sub-
stitution into olivine deviates from the mechanism of sub-
stitution of the REE (Evans et al. 2008). Taking this into
account, we have excluded Ga and Sc partitioning data
from the data that were used to obtain the lattice strain
fitting parameters. In order to obtain valid lattice strain
parameters, the REE + Y and In olivine/melt partitioning
data of the Na,O-free experiment (W1-2) was fitted to the
lattice strain function (Eq. 5) using a fixed E-value derived
from the experimental results of Evans et al. (2008), i.e.,
470 GPa. The obtained value of ry of the NayO-free experi-
ment can be used as a constant together with the E-value
from the literature to derive values of Dg for all experi-
ments. The linear correlation of Dy with NayOypejr Obtained
(Fig. 13) is in agreement with that observed for trivalent
cations entering the M2 site of cpx (Fig. 9). This indicates
that melt composition is more likely than crystal chemistry
to be responsible for the observed changes in DoGl;wne/ melt s
a function of NayOppey.

Concluding remarks

Our results lead to the separation of crystal and melt com-
positional effects on trace element partitioning between
clinopyroxene, olivine and silicate melt. Namely, increas-
ing (Al into the cpx structure, while eliminating the
effect of changes in degree of melt ?olymerization, will
result in an increase of the Dl‘fgér:i{t, supporting previ-
ous findings (e.g., Lundstrom et al. 1994; Gaetani and
Grove 1995; Lundstrom et al. 1998; Schosnig and Hof-
fer 1998; Blundy et al. 1998; Hill et al. 2000). By isolat-
ing crystal chemistry and melt structure effects, we show
that cpx/silicate melt partitioning of Sn, Ba, In and Ga
also increase as a function of [*/Al, which was not accom-
plished in previous studies. There is still a need for fur-
ther investigations to fully resolve the effect of NayOpej¢
on the crystal/silicate melt trace element partitioning.
Our results indicate that Na may act to break “REE-Al
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Fig. 13 Variations in Dy for the M1/2 sites of olivine are displayed as
a function of NayOmelr). The symbol colored in light green is the rep-
resentative Dy value of the lattice strain parabola depicted in Fig. 12

complexes” in the melt (e.g., Schosnig and Hoffer 1998),
causing an increase in the activity coefficient of trace ele-
ments and consequently, DfryStal/ Ml This becomes par-
ticularly important because most experimental datasets of
crystal/silicate melt trace element partitioning dealt with
simplified systems, with less than 0.5 wt% of NayO in
the melt (e.g., Gaetani and Grove 1995; Hill et al. 2000;
Mallmann and O’Neill 2009), while in natural samples,
such as the mid-ocean ridge basalts, this element may be
present in average concentrations of 2.8 wt% (Gale et al.
2013), but can be as high as 6 wt% (Jenner and O’Neill
2012). Moreover, it is important to consider all the

parameters that may be affecting the observed Dfryswl/ melt

values, in order to have meaningful results when applying

the lattice strain model theory (Blundy 1994), as exem-

plified, for instance, by the misfit of Dgﬁfﬁ%’wh
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