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Abstract Experiments in the systems diopside-albite
(Di-Ab) and diopside-albite-dolomite (Di-Ab-Dmt),
doped with a wide range of trace elements, have been
used to characterise the difference between clinopyrox-
ene-silicate melt and clinopyroxene-carbonate melt
partitioning. Experiments in Di-Ab-Dmt yielded clino-
pyroxene and olivine in equilibrium with CO,-saturated
dolomitic carbonate melt at 3 GPa, 1375 °C. The
experiments in Di-Ab were designed to bracket those
conditions (3 GPa, 1640 °C and 0.8 GPa, 1375 °C), and
so minimise the contribution of differential temperature
and pressure to partitioning. Partition coefficients, de-
termined by SIMS analysis of run products, differ
markedly for some elements between Di-Ab and Di-Ab-
Dmt systems. Notably, in the carbonate system clino-
pyroxene-melt partition coeflicients for Si, Al, Ga, heavy
REE, Ti and Zr are higher by factors of 5 to 200 than in
the silicate system. Conversely, partition coefficients for
Nb, light REE, alkali metals and alkaline earths show
much less fractionation (<3). The observed differences
compare quantitatively with experimental data on par-
titioning between immiscible carbonate and silicate
melts, indicating that changes in melt chemistry provide
the dominant control on variation in partition coeffi-
cients in this case. The importance of melt chemistry in
controlling several aspects of element partitioning is
discussed in light of the energetics of the partitioning
process. The compositions of clinopyroxene and car-
bonate melt in our experiments closely match those of
near-solidus melts and crystals in CMAS-CO, at 3 GPa,
suggesting that our partition coefficients have direct
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relevance to melting of carbonated mantle lherzolite.
Melts so produced will be characterised by elevated in-
compatible trace element concentrations, due to the low
degrees of melting involved, but marked depletions of Ti
and Zr, and fractionated REE patterns. These are
common features of natural carbonatites. The different
behaviour of trace elements in carbonate and silicate
systems will lead to contrasted styles of trace element
metasomatism in the mantle.

Introduction

Carbonate melts are frequently invoked as agents of
metasomatic mass transfer in the upper mantle (e.g.
Green and Wallace 1988). Such melts can be produced
by partial melting of carbonate-bearing mantle rocks
at pressure >2 GPa, and temperatures of >1000 °C
(Wallace and Green 1988; Dalton and Wood 1993). The
very low degree of melting involved in carbonatite gen-
eration imparts very high incompatible trace element
concentrations. Combined with their extreme mobility
(Hunter and McKenzie 1989) this makes carbonate
melts very efficient metasomatising agents. However,
only rarely do metasomatised mantle rocks themselves
preserve unambiguous evidence for the passage of a
carbonate melt, such as carbonate crystals (e.g. Ionov
et al. 1993, 1996; McInnes and Cameron 1994; Schiano
et al. 1994; Yaxley et al. 1998). Typically, evidence for
the passage of metasomatic carbonate melt in mantle
rocks is cryptic, for example the presence of secondary
clinopyroxene (cpx) reaction rims on primary orthopy-
roxene (e.g. Yaxley et al. 1991; Hauri et al. 1993; Col-
torti et al. 1998), and/or unusual bulk-rock trace
element signatures (e.g. Yaxley et al. 1991; Dautria et al.
1992; Rudnick et al. 1993; Coltorti et al. 1998). In no
case is the pristine metasomatic agent itself preserved
and its composition must always be inferred through
calculation (e.g. Hauri et al. 1993; Rudnick et al. 1993).
Such calculations hinge critically on assumptions about



the partitioning of trace elements between mantle min-
erals (such as cpx) and carbonate melts, for which there
are very few experimental data. Consequently, while
trace element partitioning between clinopyroxene and
silicate melts is increasingly well understood (e.g. Wood
and Blundy 1997), there is no consensus on whether
partitioning between cpx and carbonate melts is broadly
similar in style (Brenan and Watson 1991), or whether it
shows significant quantitative differences for some ele-
ments (Green et al. 1992; Klemme et al. 1995). If the
latter is true, then it may be possible to identify one (or
more) chemical “fingerprints” that allow carbonate melt
metasomatism to be distinguished from that due to sil-
icate melts or hydrous fluids. The purpose of this ex-
perimental study is to quantify the partitioning
behaviour of a range of trace cations between cpx and
carbonate melts versus silicate melts.

Partitioning of any trace element between cpx and
silicate melt is a complex function of pressure (P), tem-
perature (7) and phase composition. It is likely that cpx-
carbonate melt partitioning is at least as complex, such
that no single set of partition coefficients will suffice
under all conditions. Nonetheless, there is a strong
temptation to carry out experimental studies on natural
systems at mantle pressures and temperatures directly
applicable to carbonatite genesis. Unfortunately this
approach rarely yields unique results. For example, in
the case of mantle melting at the anhydrous lherzolite
solidus, two recent studies (Blundy et al. 1998; Salters
and Longhi 1999) have produced quite conflicting re-
sults, especially for the heavy rare earth elements (REE).
Without an understanding of the controls on element
partitioning, these conflicts cannot be accounted for,
and the geochemist is left unsure which set best describes
the mantle melting process. An alternative approach,
extensively used in previous work at Bristol University
(e.g. Blundy and Wood 1994; Blundy et al. 1995; Law
et al. 1998, 2000; Van Westrenen et al. 1999, 2000a;
Purton et al. 2000), is to perform experiments on simple
systems, with the express intention of isolating and
quantifying the individual contributions of ionic radius
and charge, P, T and phase composition to the parti-
tioning process. This approach is especially useful in the
case of carbonate melt partitioning, where a key objec-
tive is to directly compare cpx-carbonate melt parti-
tioning with cpx-silicate melt partitioning. Unless
experiments are designed to reduce the number of in-
fluential parameters, it is not possible to assess whether
any differences in partitioning behaviour are due solely
to differences in melt chemistry and structure, or
whether they are a consequence of differences in P, T
and crystal composition. In this study we report exper-
iments in the simple systems diopside-albite (Di-Ab) and
diopside-albite-dolomite (Di-Ab-Dmt) doped with trace
elements. We exploit the opportunity to compare cpx-
melt partitioning in the presence and absence of car-
bonate under similar P-T conditions and make a first
step in quantifying the distinctive trace element finger-
print of carbonate melts.
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Experimental materials and methods

Starting materials were synthesised from trace element doped
diopside-albite glasses (DiggAb,yg), made by glassing diopside and
albite gel mixtures. Glass mixes were doped with a suite of trace
elements (Li, K, Ga, Rb, Sr, Y, Cs, Ba, La, Sm, Pb) using a 10%
nitric acid solution prepared from spectroscopically pure or Ana-
lar-grade salts. Ti, Zr, Nb, Nd, Yb, and additional Rb and Ba were
added using 1000 pg 1™ AA standard solutions in nitric acid.
Approximately 1 g of glass mix was doped with between 450 and
1200 pl of dopant and dried overnight at 100 °C; higher doping
levels were employed for glasses used in Di-Ab-Dmt runs (Table 1).
The dried mix was denitrified at 350 °C for 30 min and then fused
in a covered Pt crucible at 1300 °C for 6 min in order to produce
another homogenous glass. For carbonate-bearing (Di-Ab-Dmt)
experiments a trace-element-rich DiggAb, glass was mechanically
mixed with variable proportions of a natural Sri Lankan dolomite
(B1509) and ground under ethanol for 30 min. (Note that B1509
was not handpicked for purity, and contains tiny silicate and oxide
inclusions which, together with the dolomite itself, add to the
overall trace element budget of the Di-Ab-Dmt runs, especially for
Sr, Zr and K.) Starting materials were then loaded into 1.2 mm o.d.
Pt capsules 2 mm in length, dried at 120 °C overnight and welded
shut. Capsules for Di-Ab runs were fired at 1000 °C for 1 h prior to
welding, to further eliminate adsorbed water. Reconnaissance runs
in Di-Ab-Dmt revealed that it was not possible to grow cpx crystals
from carbonate melt large enough for SIMS analysis (>15 pm
diameter, see below) using reasonable degrees of undercooling.
Instead we chose to seed our Di-Ab-Dmt experimental starting
mixtures with grains of diopside (Penn State microprobe standard,
PXPS 63-1827), ~40 um in diameter. Compositions of starting
materials, including seed, are listed in Table 1.

All partitioning experiments were carried out in 1/2 inch piston-
cylinder apparatuses at the University of Texas at Dallas. To
minimise vertical thermal gradients across the sample, capsules
were run with their long axis horizontally located in the hotspot of
talc-Pyrex assemblages with graphite heaters, and alumina spacers
and thermocouple sleeves. All parts of the assembly were dried at
120 °C prior to the experiment. The hot piston-out technique was
employed without pressure correction for this assembly. Pressures
are estimated to be accurate to within £0.05 GPa of the required
pressure. Temperatures were measured with WsRe/W,sRe (Type
D) thermocouples, which terminated next to the capsule and are
uncorrected for the effect of pressure on thermocouple EMF.
Temperatures were controlled to within £1 °C of the set-point and
are estimated to be precise to within 10 °C. Run times varied
from 6 to 30 h in order to assess the time required for the starting
materials to reach equilibrium. Proportions of seed, dolomite and
DigyAbyg glass in the starting mixes, together with run conditions,
duration and results are listed in Table 2.

A second set of experiments (97PC1-3) aimed at synthesising
glasses for use as SIMS secondary standards (see below) were car-
ried out at Bristol University. Approximately 50 mg of material was
loaded into a 3 mm o.d. Pt capsule and run in a 0.5-inch piston-
cylinder apparatus with BaCOj3 pressure medium, graphite furnace
and Type D thermocouple, using the hot piston-in technique. A
—11% friction correction was applied to this assemblage, based
upon calibration with PbO-fluxed pyrope-enstatite mixtures (Van
Westrenen et al. 1999). Again, no correction was made for any
pressure effect on thermocouple EMF. P-T precision is comparable
to University of Texas at Dallas experiments. Starting mixes, run
details and results are also listed in Table 2. One of this series of runs
(97PC2) produced cpx in equilibrium with carbonate melt (Table 2)
— phase compositions from this run are also listed in Table 3.

Analytical techniques

At the conclusion of each experiment the capsule was mounted
longitudinally in epoxy resin for polishing. Experimental products
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Table 1 Major and trace

element compositions of Element DigyAbyg . Di40Ab10Dmth Dolomite Diopside seed
starting materials. Major glass (97PC3)* glass (97PC1) (B1509)° (XPS 63-1827)
elements (Wt%) by EMPA;
trace elements (ppm) by SIMS. ~ Wt70 n=9 n =14 n=16 -
Average (and I(I;?d.))ofyn Si0, 56.65(16) 29.54(16) - 55.36
analyses. Totals include trace ALO; 3.93(5) 2.13(3) - bd
element oxides where analysed. FeO - - 0.16(5) 0.09
bd Below detection. Dashes I\CAgOO ég?lég)l) gz;gg; ggig% g%
o dics ans a . . . .
indicate element not analysed Na,0 223(7) 1237 > o0

Total 99.24 80.21 53.06 99.94

ppm n=23 n=23 — _

Li 673 (3) 560 (65) - -

K 236 (3) 224 (19) - -

Ti 93.4 (7) 110 (9) - 60

Ga 16.9 (7) 28.5 (13) - -

Rb 352 (1) 337 (36) - -

Sr 84 (2) 96 (9) - bd

Y 397 (2) 258 (14) - -

Zr 85 (1) 61 (2) - _

Nb 29 (2) 207 (8) . _

Cs 1383 (23) 1380 (135) - -

Ba 579 (7) 510 (44) - bd

La 1247 (12) 895 (58) - -

Nd 150 (1) 107 (9) - -

Sm 3103 (45) 2287 (176) - -

Yb 95 (1) 64 (3) - _

Pb 10 (1) 62 (4) - _

4 DiggAbyg glass starting material used for all Di-Ab runs

®Starting material used in some Di-Ab-Dmt runs (e.g. DC6). Other Di-Ab-Dmt runs used different
ratios of DigyAb, glass to dolomite (Table 2). Note that the DiggAb,g glass used to make these
starting materials was doped at higher levels than 97PC3

¢Sri Lankan dolomite. Not handpicked for purity; impurities probably contribute additional K, Sr and
Zr to Di-Ab-Dmt starting materials

Table 2 Experimental
conditions and results.

Experiment Starting composition Pressure (GPa) Temperature ( °C) Time (h) Result

Di diopside; Ab albite; Dmt

dolomite; starting compositions DCl D!43Ab12Dmt40
marked by * contained the DC2 DigsAb.Dmtyg
diopside seed PXPS. Cpx DC6 DiyAbjoDmts,
Clinopyroxene; O/ olivine; DC7 D¥32AbgDmt60 .
Lc quenched carbonate liquid; DC8 DiysAbj;Dmtyg
V vapour, predominantly CO»; DC9 D{léAb4Dmts(2k
Ls(g) silicate glass; Ls(q) sili- ~ DC10 Di;s4b,Dmigp i
cate quench. Only runs shown DCI1 D%15Ab4Dmt80*
in italic were analysed for trace DC14 D1'16Ab4Dmt80
elements DCI5 Di;sAbyDmtgy*
DCI6 Di]ﬁAb4Dﬂ1[8()*
DC17 DigyAbsg
DCI8 DigyAbyg
DCI19 DigyAbyg
DC20 DigyAbsg
DC22 DigyAb»y
DC23 DisyAbo
DC26 DigyAby
97PC1 Di4()Amemt5()
97PC2 Di40Ab10Dmt50
97PC3 DisyAbs

3.0 1375 12 Cpx, Lc, V

3.0 1375 24 Cpx, Lc, V

3.0 1375 12 Cpx, Ol, Le, V
3.0 1375 24 Cpx, Ol, Lc, V
3.0 1375 6 Cpx, Ol, Le, V
3.0 1375 12 Cpx, Ol, Le, V
3.0 1375% 24 Cpx, Ol, Lc¢

1.5 1350 24 Fo, Lc, V

3.0 1375 6 Cpx, Ol, Lc, V
3.0 1375 18 Cpx, Ol, Lc, V
3.0 1375 30 Cpx, Ol, Le, V
3.0 1645 6 Cpx, Ls(q), Ls(g)
3.0 1665 6 Ls(g)

3.0 1655 6 Ls(q), Ls(g)

3.0 1625 6 Cpx, Ls(g)

3.0 1635 6 Cpx, Ls(q), Ls(g)
0.8 1375 6 Cpx, Ls(g)

3.0 1640 6 Cpx, Ls(q), Ls(g)
3.0 1553 0.33 Le, V

3.0 1454 1.5 Cpx, Lc

1.8 1542 6 Ls(g)

#True temperature may have been 15 °C higher than this (see text)

containing carbonate melt are difficult to prepare for electron mi-
croprobe analysis due to their fragility. Consequently, charges were
ground under oil and repeatedly vacuum-impregnated with epoxy
resin and re-ground until a satisfactory surface for diamond pol-
ishing was obtained. This technique successfully minimises sample
degradation and a flat and well-polished surface for electron mi-
croprobe analysis (EMPA) can be attained.

Major elements were determined on C-coated mounts by
wavelength-dispersive EMPA on a 4-spectrometer JEOL8600 at
Bristol University using a 15 kV electron beam. Silicate phases
were analysed with a defocused (5-10 pm diameter) 15 nA beam,
using the techniques, including counting times, of Blundy et al.
(1995). Carbonate melts were analysed using a 5 nA, 20-pm
diameter beam calibrated on albite (Na, Al), diopside (Si) and
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Table 3 Major element phase compositions. Average (and SD) of n EMPA analyses, expressed as wt% oxide. na indicates phase not

analysed
Run DC14 DC15 DC16 DC10 97PC2 DC23 DC20 DC22 DC26
P (GPa) 3.0 3.0 3.0 3.0 3.0 0.8 3.0 3.0 3.0
T (°C) 1375 1375 1375 1375 1454 1375 1625 1635 1640
Glass/quench n = 83 n = 31 n =27 n = 108 n =35 n =16 n =39 n =50 n =19
SiO, 5.3(6) 4.8(1) 4.9(6) 9.4(14) 23.8(3) 56.7(2) 56.8(3) 56.2(2) 56.6(2)
AlLO4 0.55(8) 0.4909) 0.45(6) 0.91(21) 2.10(5) 5.51(7) 5.35(16) 4.44(8) 4.76(6)
MgO 14.3(6) 14.2(13) 14.2(6) 17.3(13) 18.1(2) 13.0(1) 12.7(5) 14.3(3) 13.95(11)
CaO 38.5(7) 38.3(12) 37.5(7) 34.909) 28.6(4) 19.0(7) 18.9(3) 19.9(2) 19.6(1)
Na,O 0.6(1) 0.54(13) 0.59(8) 0.30(10) 1.41(8) 3.06(7) 3.13(28) 2.37(16) 2.69(7)
Total® 59.26° 58.59 57.91 63.01 73.96 98.68 96.93 98.41 98.91
Ca/(Ca+Mg) 0.66 0.66 0.65 0.59 0.53 0.51 0.52 0.50 0.50
Olivine na n =11 n==~6 na - - - - -
SiO, - 42.9(3) 42.3(4) - - - - - -
Al,O3 - 0.12(3) 0.12(2) - - - - - -
MgO - 57.6(4) 57.3(3) - - - - - -
CaO - 0.43(5) 0.41(6) - - - - - -
Total® - 101.1 100.1 - - - - - -
Cpx n =14 n==~o n=12 n =13 n =12 n =15 n =16 n =15 n =16
Si0, 52.0(7) 50.8(6) 50.4(4) 54.4(6) 52.7(7) 56.2(2) 55.8(2) 55.7(2) 55.8(2)
ALO; 6.7(9) 8.5(8) 8.6(3) 3.1(5) 4.7(3) 0.56(12) 1.36(7) 1.14(19) 1.18(14)
MgO 19.2(5) 18.4(4) 18.6(6) 22.2(9) 22.2(8) 20.3(3) 19.43(13)  19.74(16) 19.67(15)
CaO 22.5(5) 22.0(2) 22.1(4) 21.1(5) 19.0(7) 23.5(4) 22.99(15)  22.9(4) 23.10(19)
Na,O 0.117(16) 0.13(3) 0.13(3) 0.101(12) 0.26(6) 0.179(19) 0.58(3) 0.46(4) 0.49(6)
Total® 100.5 99.83 100.87 99.85 8.91 100.3 100.2 99.90 100.09
Cations per

6 oxygens
Si 1.851 1.819 1.806 1.919 1.888 1.996 1.991 1.992 1.990
ALY 0.149 0.181 0.194 0.081 0.112 0.004 0.009 0.008 0.010
Al" 0.131 0.175 0.168 0.047 0.086 0.020 0.048 0.040 0.039
Mg 1.016 0.978 0.992 1.170 1.187 1.072 1.033 1.051 1.046
Ca 0.858 0.845 0.849 0.797 0.730 0.895 0.879 0.876 0.883
Na 0.008 0.009 0.009 0.007 0.018 0.012 0.040 0.032 0.034
Total 4.013 4.007 4.018 4.021 4.022 3.999 4.000 3.999 4.002

#Total includes trace elements, where SIMS data are available (Table 4)
®Shortfall in carbonate melt analyses approximates wt% dissolved CO,

dolomite (Ca, Mg). Carbon and oxygen were not analysed. In order
to take account of the effect of C on the ZAF correction procedure,
we used the “false oxygen stoichiometry” procedure of Lane and
Dalton (1994). Some coarser silicate quench mats were analysed by
rastering a focused beam over a 15 x 15 um area. Analytical totals
for the carbonate liquids were never 100 = 1 wt% because of the
presence of CO,. However, the analytical routine used and the
H,O-free nature of the run products (see below) gives us some
confidence that the difference from 100% fairly accurately repre-
sents the weight fraction of dissolved CO,.

Trace elements were determined on Au-coated mounts by sec-
ondary ion mass spectrometry (SIMS) on a Cameca IMS-4f ion
microprobe at the University of Edinburgh, using a 10.69 kV pri-
mary beam of O~ ions. Positive secondary ions were accelerated to
4500 V, with an offset of 77-79 V to reduce molecular ion trans-
mission. The energy window was set at =19 eV. Primary beam
currents were in the range 1-15 nA, depending on the spatial res-
olution required (about 10-um diameter at 1 nA). The following
masses were counted: 'Li, 20Mg, ¥K, *'Ti, "'Ga, **Rb, **sr, Y,
07r, 2> Nb, '3Cs, *¥Ba, '*La, Nd, '"YSm, ""*Yb and 2°*Pb, and
normalised to *°Si, as determined by EMPA. FeSi molecular ion
interference on Rb was monitored at mass 84; ZrH interference on
2Nb was monitored at mass 95. Both were found to be negligible.
Mass 130.5 was measured as background (always <0.1 counts s™',
and typically zero). NaO interference on °K was corrected em-
pirically using the EMPA-determined Na content, an Na/NaO
ratio of 1290 (R.W. Hinton, personal communication), and an
Na™/Si* weight ratio ion yield of 1.075 (Hinton 1990). This

amounts to a correction of about 1 ppm K in cpx and olivine, and
5 ppm in matrix. No correction was made for CaAl and CaSi on
"1Ga, so these values should be treated with some caution. Count
times were adjusted so as to yield a minimum of 100 counts for an
analysis of 3-15 cycles. Typical analytical precision is better than
+4% relative for all elements in glass, except Pb (12%); £10%
relative for all elements in cpx, except Nd and Pb (15-20%), Nb
and Ba (20-30%) and Cs (£ 50%, see below); 1% relative for Li
in olivine, +20-30% for all other elements.

Contamination of crystal analyses by surrounding matrix ma-
terial is a significant problem when crystal size is only slightly larger
than beam diameter (e.g. Beattie 1994). Contamination is most
apparent for highly incompatible elements, such as Cs. In this study
we used Cs as a monitor of contamination and corrected accord-
ingly the trace element data from crystal analyses with significant
glass contamination. This correction rarely amounts to more than a
few per cent relative, and is, of course, greatest for Ba and Rb. In
the case of Cs itself, we adopted the one or two crystal analyses
with the lowest Cs concentration and ascribed to them an arbitrary
uncertainty of +50% relative.

SIMS analyses were calibrated on NIST SRM610 glass for all
analyses. Replicate analyses of cpx standards SC8804 (in-house)
and KH-1 (Irving and Frey 1984) over a 6-year period demonstrate
that calibration on SRM610 yields results for a wide range of trace
elements that are accurate to better than +20% relative (Fig. 1).
This is also true of other silicate phases analysed at Edinburgh,
including amphibole (Blundy, unpublished data), garnet (Van
Westrenen et al. 1999) and orthopyroxene (Blundy, unpublished
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Fig. 1 Comparison of SIMS analyses of mineral and glass standards
with laser-ablation and solution ICP-MS analyses of the same
materials. 93-7a and 93-7b are DiggAb,, glasses doped with trace
elements and analysed by solution ICP-MS. 97PCI is trace element-
doped carbonated glass synthesised from DisAboDmtsy (Tables 1
and 2), and analysed by laser-ablation ICP-MS. SC8804 is a natural
San Carlos cpx, analysed by laser-ablation ICP-MS. KH1 is a natural
Kilbourne Hole cpx, analysed by INAA (Irving and Frey 1984). Error
bars are fully propagated 1 s.d. uncertainties based on multiple SIMS
analyses over a 6-year period. Note the overall similar trends for all
standard materials, indicative of no systematic matrix-dependent bias

data). To ensure SRM610 ion yields were also applicable to Di-Ab
glasses, we synthesised two DiggAb,g glasses (93-7a,b) in a vertical
quench furnace at 1 atmosphere for analysis both by solution ICP-
MS (at Bristol University) and by SIMS. These glasses were doped
with a slightly different suite of trace elements to those in our
partitioning experiments (i.e. no Zr, Nb, Nd, Yb, and lower Ba).
Comparison of ICP-MS and SIMS data indicates that accuracy is
again within £20% relative for all elements (Fig. 1).

Ion yields for carbonate-rich matrices may differ substantially
from those for silicate matrices for some elements. It is therefore
very important when carrying out ion-microprobe analysis of
coexisting phases for partition coefficient determination that any
effects due to differences in ion yield be eliminated (or at least
evaluated). To do this we synthesised a DiggAb;oDmts, standard
(97PC1), doped with the same trace elements as our other experi-
mental starting materials. Run details are given in Table 2. The
quenched run product, which liberated CO, gas when the capsule
was punctured, was homogeneous carbonated silicate glass (Ta-
ble 1) containing approximately 20 wt% CO,, and 0.071(4) wt%
H,O, as determined by FTIR at Bristol University. Of this glass
one aliquot was analysed by SIMS as a secondary standard, and a
second aliquot was analysed by LA-ICP-MS at VG Elemental
Laboratories, Winsford, UK (Fig. 1). For the elements of interest
our SIMS analysis of 97PC1 agrees with LA-ICP-MS to within
+25% relative, for all elements except Ti (~45% relative). Sig-
nificantly the pattern of the SIMS/ICP-MS ratios for this material
(Fig. 1) is similar to those of the cpx (SC8804 and KH1) and Di-Ab
glass standards (93-7a,b). We conclude that although there are
undoubtedly minor differences in secondary ion yields between
phases, these are not systematic. Based on the maximum difference
between silicate and carbonate standards in Fig. 1, we consider our
partition coefficients to be accurate to +20% relative. Demon-
strably they are not an artefact of ion-yield differences between
crystals and matrix.

Experimental results

In Di-Ab-Dmt experiments run products were
cpx + olivine + vapour and a quenched SiO,-bearing
carbonate melt (Fig. 2a). Quench crystals comprise an
intergrowth of carbonate and silicate on a 3—5 um scale.
Equant euhedral cpx + olivine crystals were distributed
evenly throughout the charge. The largest cpx were 30—

Fig. 2 Back-scattered electron-micrographs of experimental run
products. a Run DCI15 (Table 2) showing euhedral olivine (0) and
cpx (¢), some with tiny olivine inclusions, quenched carbonate melt
(¢), and vesicles (v), originally filled with CO,. Note the presence of
indistinct light cores to some cpx: these are remains of the diopside
seeds. Cpx in this image were not suitable for SIMS analysis: only
crystals with regions >15 um across, lacking seed and olivine
inclusions were analysed. Scale bar is 10 pm. b Run DC23 (Table 2)
showing euhedral cpx (c) in silicate glass matrix (g). Some cpx have
glass inclusions, and very thin quench rims. Bright regions at top and
bottom of image are Pt capsule. Bright spots in some cpx are also Pt,
sequestered from the capsule walls by the melt. Scale bar is 100 pm

50 um across, and often showed evidence of a tiny
(<15 pm) anhedral diopside seed in the core (Fig. 2a).
Some cpx contain tiny rounded olivine inclusions
(Fig. 2a). The coexistence of vapour is evinced by the
presence of vesicles in many runs (Fig. 2a), and/or the
liberation of gas on rupturing the capsule. We conclude
that with the exception of DC10 and 97PC2 (Table 2) all
Di-Ab-Dmt runs were CO,-saturated.

The Di-Ab experiments were designed to bracket
those of the Di-Ab-Dmt runs in terms of pressure



(3 GPa) and temperature (1375 °C). In these runs the
quenched assemblage consisted of euhedral to subhedral
cpx (2300 um long) in a matrix of feathery quench cpx
and clear glass (Fig. 2b). The glass either coalesces at the
top of the charge, or occurs as discrete pockets
throughout the quench. Crystals tend to accumulate at
the base of the charge — only those close to the melt
interface were analysed. Some crystals have rounded
glass inclusions (Fig. 2b), as observed in other Di-Ab
experimental run products (Blundy et al. 1995, fig. 1).
The capsule walls show evidence of Pt dissolution in the
melt during the run (Fig. 2b). As the solubility of me-
tallic Pt° in silicate melts is negligible (<100 ppb), but
increases linearly with fO, (Ertel et al. 1999), this ob-
servation is suggestive of relatively oxidising conditions
during the run.

Phase compositions from Di-Ab and Di-Ab-Dmt
runs are listed in Table 3. Analyses of three Di-Ab-Dmt
runs of different duration on the same starting material
show that crystal and melt compositions for all com-
ponents, including Al,O; in cpx, become constant after
~15 h (Table 3; Fig. 3), suggesting that this is sufficient
time for equilibrium to be achieved. Even after 15 h
some unreacted diopside seed can be seen in the cores of
large cpx (Fig. 2a); however, overgrown rims were oc-
casionally wide enough for SIMS analysis. In fact, be-
cause the starting materials are doped, minor
contamination of cpx analyses by natural (i.e. low trace
element content) diopside will have little influence on
concentration.

Cpx from Di-Ab runs are very similar in composition
to those reported by Blundy et al. (1995) under similar
conditions. They are characterised by low Al,O3
(<1.5 wt%), predominantly occurring as jadeite (Jd)
component rather than Ca-Tschermaks (CaTs). The
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Fig. 3 Effect of run duration on chemistry of Di-Ab-Dmt run
products. Selected components only are shown, including slow-
diffusing AlL,O; in the cpx, and cpx-carbonate melt partition
coefficient Da;. Lc is carbonate liquid. Note that all compositional
parameters converge within 1 s.d. error after around 15 h
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lower pressure run (DC23, 0.8 GPa) has lower Na and
Al than the 3 GPa runs, consistent with the pressure
sensitivity of Jd partitioning between cpx and silicate
melt (Blundy et al. 1995). Coexisting glasses have 4—
6 wt% Al,O3 and 2-3 wt% Na,O. Cpx from Di-Ab-
Dmt runs DC14-16 have elevated Al,Oz (>3 wt%)
compared to Di-Ab runs, with CaTs dominating over
Jd. Na,O contents are even lower than those in DC23.
These cpx are very similar to those on the CMAS-CO,
solidus at 3 GPa (Dalton and Presnall 1998a). Coexis-
ting carbonate melts have ~5 wt% SiO, and ~0.5 wt%
Al,O3 contents, again similar to those of near-solidus
liquids in CMAS-CO, (Dalton and Presnall 1998a) and
CMS-CO, (Moore and Wood 1998). For example, the
molar Ca/(Ca + Mg) ratios of our melts are 0.59-0.66
compared to 0.59 in CMAS-CO, at 3 GPa and 1245 °C.
The corresponding range in natural dolomitic carbona-
tites from Cape Verde Islands is 0.53-0.62 (Kogarko
1993). Sweeney (1994) suggests that primary mantle-
derived carbonatites have Ca/(Ca + Mg) = 0.50-0.53.
The minimum melt composition in the calcite-dolomite
system at 2.7 GPa has Ca/(Ca + Mg) = 0.59 (Wyllie
and Lee 1998). In contrast the Ca/(Ca + Mg) ratios of
melts in other cpx-carbonate partitioning experiments,
e.g. 0.78 (Brenan and Watson 1991), 0.75-0.85 (Klemme
et al. 1995), are substantially higher. Our experiments
are therefore of direct relevance to the petrogenesis of
primary dolomitic-carbonatite melts in the mantle, the
melt compositions being similar to natural (e.g. Kog-
arko 1993) and synthetic (Sweeney 1994; Dalton and
Presnall 1998a, 1998b; Wyllie and Lee 1998) melts.

Phase compositions in Di-Ab-Dmt run DCI10 differ
slightly from those in DC14-16, despite all experiments
being run under the same nominal conditions (Table 2).
Cpx in DCI10 has lower Al,O3 and higher MgO than
in DC14-16, while DCI0 melts have higher SiO,
(~9 wt%), ALO; (~1 wt%) and slightly lower Ca/
(Ca + Mg). Furthermore, DC10 has lower modal oli-
vine and a higher proportion of melt than DC14-16. All
of these differences are consistent with DC10 having
experienced a slightly higher temperature than DC14—
16. Comparison with higher temperature run 93PC2
(Table 3) supports this inference. The exact cause of the
proposed discrepancy between thermocouple tempera-
ture and run temperature is not known: it may reflect
slight changes in sample position relative to the furnace
hotspot. In any event the discrepancy need not be large.
For example, it is well known that melt SiO, content and
Ca/Mg ratio increase very rapidly with temperature just
above the solidus in CMS-CO, (Moore and Wood 1998)
and CMAS-CO, (Dalton and Presnall 1998b). Conse-
quently, the difference between true and nominal tem-
perature for DC10 may be as little as 15 °C. The absence
of vapour vesicles in DC10, in contrast to DC14-16
(Table 2), suggests that the higher melt fraction in this
run was able to fully dissolve all CO, present in the
starting materials.

Olivine has elevated CaO contents (>0.4 wt%) sim-
ilar to those reported by Brenan and Watson (1991) in
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their experiments on olivine-carbonate melt partitioning.
In our experiments high CaO is observed even in the
largest crystals (50-80 um diameter), suggesting that this
is not an artefact of secondary fluorescence (Dalton and
Lane 1996), but a genuine characteristic of olivines in
equilibrium with Ca-Mg carbonate melts.

Trace element partitioning

Trace element concentrations in run products and par-
tition coefficients for cpx and olivine are listed in
Table 4. Cpx values are plotted in Fig. 4 as “‘spider-
grams”’, ordered according to size and charge, to aid
comparison between Di-Ab and Di-Ab-Dmt runs.

Cpx-melt partition coefficients in all runs show a
considerable range in magnitude, from ~107* (D¢) to
~20 (D) and Dg,). Both Di-Ab and Di-Ab-Dmt runs
show similar overall patterns (Fig. 4), with an increase in
partition coefficient from large to small cations within a
given valence group. The anomalous behaviour of Cs in
some runs (e.g. DC16) almost certainly reflects small
amounts of persistent matrix contamination of the
crystal analyses (see above). Such contamination is in-
evitable when dealing with small crystals and some
caution should be used when interpreting Dc,. The
anomalous behaviour of Pb has a different origin. Pb>*
has slightly larger ionic radius than Sr** (Shannon
1976) but shows higher partition coefficients than Sr in
all runs (Fig. 4). Mixed valence of Pb (i.e Pb’>* and
Pb*") is not a plausible explanation for this behaviour,
because Pb** should have a lower partition coefficient
than Pb”>". Instead, the behaviour of Pb may reflect
analytical problems (note large uncertainties in Fig. 1),
or the electronic structure of Pb>" (Blundy and Wood
1994).

Despite the overall similarity in partitioning patterns
there are significant differences in cpx-melt partition
coefficients between Di-Ab and Di-Ab-Dmt runs. Di-
Ab-Dmt runs are characterised by much higher D values
for some highly charged cations (e.g. Zr, Ti, but not Nb)
and network-forming cations (Ga, Al, Si). For REE Di-
Ab-Dmt runs show a greater increase from Dy, to Dy,
than do Di-Ab runs (Fig. 4). Partition coefficients for
1+ and 2+ cations are very similar. Possible causes of
these differences are discussed below.

There are lesser differences in partition coefficients
between different runs on Di-Ab and Di-Ab-Dmt ex-
periments. In the case of Di-Ab the lower pressure run
DC23 (0.8 GPa) shows lower partition coefficients for
alkali elements than those at 3 GPa counterparts, in
keeping with their pressure-sensitive nature (Blundy
et al. 1995). For the Di-Ab-Dmt runs, experiment DC10
has lower partition coefficients for the more highly
charged cations than DCI15 and DC16. For most
elements the partition coefficients from DCI10 are inter-
mediate between those of DC15-16 and those of the Di-
Ab runs. This may be due to either the higher SiO,

content of the melt in DCI10, the lower CaTs content of
the cpx, or its higher putative run temperature.

Olivine-melt trace element partition coefficients from
Di-Ab-Dmt runs (Table 4) are considerably lower than
those for cpx for all elements except Li, for which
D™l is approximately 30% higher, as noted by Bre-
nan et al. (1998) in basaltic liquid. REE partition coef-
ficients increase rapidly with atomic number, as is well
known from silicate melt partitioning studies (e.g.
Beattie 1994). Dy, is comparable to that observed in the
olivine-carbonate melt partitioning study of Brenan and
Watson (1991) at 1.5 GPa and 1150 °C (i.e. 0.06-0.12),
and in several olivine-basalt partitioning studies (e.g.
Colson et al. 1988; Beattie et al. 1991). Olivine-melt
partitioning of Ca is almost identical to that observed by
Brenan and Watson (1991) for carbonate melts, but is
approximately three times lower than observed in basalt
melt partitioning studies, even after allowing for tem-
perature and elevated Dy, in the carbonate melt runs
(Watson 1979; Beattie et al. 1991). Conversely, D4 is
more than 10 times larger than values determined in
basaltic systems at 3 GPa and 1600-1800 °C (Taura
et al. 1998), and 40 times larger than at atmospheric
pressure (Colson et al. 1988).

Compositional effects

There are clear differences between cpx-melt partitioning
in the Di-Ab and Di-Ab-Dmt runs. We can directly
compare trace element partitioning in these two systems
by normalising the silicate melt partition coefficients to
the carbonate melt partition coefficients to give Dpx.sil/
D px-carb ON an isothermal or an isobaric basis (Fig. 5a).
As the design of our experiments serves to minimise the
effects of P and T, the cause of the variations in Fig. 5a
must be compositional in origin. There are two possi-
bilities: differences in melt chemistry or differences in
crystal chemistry.

In the case of crystal chemistry, it is well known that
partition coefficients for many elements increase with
cpx CaTs content (e.g. Gaetani and Grove 1995;
Lundstrom et al. 1998; Hill et al. 2000). This is consis-
tent with our observation of elevated partition coeffi-
cients in Di-Ab-Dmt runs, which have high CaTs
(~16 mol%) compared to Di-Ab runs (~1 mol%; Ta-
ble 3). The effect of CaTs is greatest for highly charged
cations entering the small M1 site in cpx, such as Ti and
Nb (Hill et al. 2000). In Fig. 5b we also plot the ratio of
partition coefficients for low and high CaTs cpx using
the 0.1 MPa isothermal data of Lundstrom et al. (1998),
at 1275 °C, and Hill et al. (2000), 1218 °C, which show
a range in CaTs contents of 1-6 and 14-28 mol%
respectively. The overall pattern is similar to Dcpx.sit/
D px-carb: however, the fractionation is not as extreme,
and in some cases shows the opposite sense to what we
observe. For example, the 0.1 MPa CMAS experiments
of Gaetani and Grove (1995) show that D¢, is more
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Fig. 4 Cpx-melt partition coefficients for silicate (Di-Ab) runs (open
symbols) and carbonate (Di-Ab-Dmt) runs (filled symbols). Elements
are ordered along the abscissa according to first ionic charge
(increasing to right) and then ionic radius (also increasing to right).
Comparison of silicate and carbonate melts shows marked differences
for some elements, notably Ga, Al, Si, Zr, Ti, heavy REE, but overall
similarity for others. Differences in partition coefficients between
DC23 (0.8 GPa) and DC22/26 (3 GPa), especially for alkali metals
and Al, reflect pressure differences. DC10 has elevated melt SiO,
(9 wt%), and lower cpx CaTs (6 mol%) content relative to DC15/16
(5 wt% and 17 mol% respectively), and consequently partition
coefficients tend towards those of the silicate melt runs (56 wt%
SiO,, 1 mol% CaTs). The irregular behaviour of Cs is an unavoidable
result of glass contamination of crystal analyses (see text)

sensitive to CaTs than Dyy, while D¢pygii/ Depx-carb ShOWs
the opposite trend from light to heavy REE (Fig. 5b).
Moreover, variations in Ds; and D4 with CaTs content
are modest compared to the differences seen between Di-
Ab and Di-Ab-Dmt runs. We consider this to be strong
evidence that not all of the difference between Di-Ab
and Di-Ab-Dmt runs can be ascribed to CaTs alone.
Several authors (e.g. Green et al. 1992; Klemme et al.
1995) have proposed that cpx-silicate melt and cpx-car-
bonate melt partitioning are strongly influenced by melt
chemistry in the same way that trace elements are frac-
tionated between coexisting silicate and carbonate lig-
uids (Hamilton et al. 1989; Fielding 1992; Veksler et al.
1998). However, in none of the cpx-melt partitioning
studies were the authors able to directly compare parti-
tion coefficients from carbonate and silicate systems
under matched P-T conditions, and they could not rule
out the possibility that P-T effects alone were the cause
of the differences. This is especially problematic because,
in general, cpx coexists with melt at lower temperature in
carbonate-bearing systems than in carbonate-free sys-
tems. Figure 5a goes a long way to isolating the effects
of melt composition from those of P and 7, and so
permits direct comparison with available partitioning
data for immiscible silicate-carbonate melts. Unfortu-
nately there are no experimental two-liquid partitioning
data at 1375 °C or 3 GPa. However, two recent exper-
imental studies at lower pressures and temperatures
(0.5-1.5 GPa, 1200-1300 °C - Fielding 1992; 0.08-
0.09 GPa, 965-1015 °C — Veksler et al. 1998) present
partition coefficients (D.1-si1) for many of the elements

studied here. In Fig. 5c, we compare their D¢, Values
with our D¢pysii/ Depx-carv Values. The agreement in both
magnitude and pattern is striking, especially for the
REE, Si, Al and Zr. The only significant mismatch oc-
curs for the large alkali metals (Rb, Cs), suggesting that
this may be a result of the large pressure difference be-
tween our experiments and the two-liquid experiments.
Overall, the close agreement suggests that the primary
control on the different partitioning behaviour of cpx in
silicate melt and carbonate melt systems is melt structure
rather than crystal chemistry. However, until the effect
of CaTs on cpx-melt partitioning has been fully quan-
tified by carefully designed experiments in simple sys-
tems (e.g. Hill et al. 2000), we cannot completely
eliminate this important effect. Certainly we recognise
that changing activity of the CaTs molecule in crystal
and melt may produce complementary effects. Whatever
the cause of the differences between Di-Ab and Di-Ab-
Dmt systems, it is clear that the common practice of
estimating cpx-carbonate melt partition coefficients from
cpx-silicate melt partition coefficients by dividing the
silicate melt values by D61 1S @ good approximation,
provided that P-T conditions are suitably matched.

Lattice strain

The dominant control on mineral-melt trace element
partitioning is the ability of the relatively rigid crystal
lattice to accommodate misfit cations, i.e. those of dif-
ferent size and/or charge to the host cation normally
resident on a particular lattice site. This fact, first rec-
ognised by Goldschmidt (1937), is well illustrated by
plots of partition coefficient versus ionic radius, so-
called Onuma diagrams (Onuma et al. 1968). For a
given series of isovalent cations entering a given lattice
site, partition coeflicients vary approximately paraboli-
cally with ionic radius. The maximum of the parabola
reflects the optimum size of the lattice site, while the
curvature of the parabola reflects the host crystal’s
ability to accommodate misfit cations (Blundy and
Wood 1994). Where more than one site is available for
substitution (e.g. T, M1 and M2 sites in cpx) a series of
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Fig. 5.a Ratio of cpx-silicate T
melt to cpx-carbonate melt
partition coefficients (Dpy.sii/
Depx-carp) under isothermal
(open symbols) and isobaric
(filled symbols) conditions
Elements ordered as in Fig. 4.
D py-sil/ Depx-carb Was determined
by dividing each cpx-carbonate
melt partition coefficient into
the partition coefficients from
DC23 (isothermal comparison),
or the average of DC22 and
DC26 (isobaric comparison).
Data for DC10 (squares), DC15
(circles) and DC16 (triangles)
are shown as separate thin lines.
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but in detail does not reproduce
either the magnitude or the
pattern of observed fractiona-
tions, especially for the REE.
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et al. (1998). Note that Dpysii/ 10
Depy-carb 18 quantitatively very
similar to D¢arp.sii and faithfully
reproduces the observed REE
pattern and low values for Al,
Si and Zr. Differences for large
alkali metals may be a conse-
quence of the significant pres-
sure differences between the two
data sets. The close similarity
suggests an important role for
melt chemistry in controlling
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overlapping parabolas are observed (e.g. Onuma et al.
1968; Purton et al. 1996).

In Fig. 6, we plot cpx-melt Onuma diagrams for one
Di-Ab and two Di-Ab-Dmt experiments. Only large
cations entering the M2-site are plotted. (An Onuma
diagram for DC23 appears in Fig. 4a of Wood and
Blundy 1997.) Overall, cpx from both Di-Ab and Di-

Rb Cs Mg Ca Sr Ba Al GaYb Y SmNd La Si Ti Zr Pb Nb

Ab-Dmt runs show similar partitioning parabolas with
maxima at approximately 1 A, demonstrating the
overarching importance of crystal structure. There are,
however, subtle differences between parabolas for the
Di-Ab and Di-Ab-Dmt systems, as discussed above.
These are best illustrated by reference to the lattice
strain model of Blundy and Wood (1994), which enables
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the parabolic variation in Onuma diagrams to be
quantified and related to crystal chemical and physical
parameters. The model describes partitioning of ele-
ments i with valence n+ entering lattice site o, in terms
of r;, the radius of i"", rg(;), the ideal site radius,
E".'the effective Young’s modulus of the site, and DS&),
thi strain-free partition coefficient for a cation of radius
Fo():

n+t

n "o(a) n 2 n 3
—AnE} Ny |5 (ri — ro&)) +3(ri— ”0&))

Djr- = Dij,y % exp RT

()
where R is the gas constant, N, is Avogadro’s number
and T is the temperature in K. row), £, and Dy, are
different for each valence group: E, increases with in-
creasing charge on the substituent ion (Blundy and
Wood 1994; Wood and Blundy 1997), Dy is typically
lower for heterovalent than homovalent substitution
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Fig. 6 Onuma diagrams of partition coefficient versus ionic radius in
8-fold co-ordination (Shannon 1976) for 1+, 2+ and 3+ cations
entering the cpx M2-site. a DC26; b DC10; ¢ DCI1S. Lines are
weighted non-linear least squares fits to Eq (1); fit parameters are
given in Table 5. 1 SD error bars are shown where greater than
symbol size. Mgy, is calculated from the structural formulae
in Table 3. The anomalous behaviour of Cs* is due to glass
contamination; that of Pb>* reflects either complexation phenomena
in the melt, or analytical problems (see text). Note the greater
variation in roaz) with charge for the carbonate melts, and the
progressive increase in Dg+ relative to Dg+ from DC26 to DCI0 to
DC15, probably reflecting systematic changes in solution energy of
REE with changes in crystal and melt chemistry (see text)

(Blundy and Wood 1994), and ry, tends to increase
with decreasing charge (Van Westrenen et al. 1998; Law
et al. 2000).

We have fitted Eq. (1) to all of the experiments re-
ported here, in addition to the experimental data of
Klemme et al. (1995) and Green et al. (1992) which also
include a large number of trace elements. [Note that cpx-
carbonate melt partition coefficients of Sweeney et al.
(1995) are so consistently close to unity for a wide range
of elements that we suspect some contamination of
crystals by melt during PIXE analysis may have affected
the results.] Fit parameters for Eq. (1) are highly cor-
related (Wood and Blundy 1997). A preliminary fit of
our data revealed that E3}, is consistently within error
(£30 GPa) of values predicted by Eq. (14) of Wood and
Blundy. Fitted Ell\Z_Z and E%\/E are approximately one third
and two thirds respectively of EISVE, in accordance with
the observed dependence of E, on cation charge (Blundy
and Wood 1994; Wood and Blundy 1997). Therefore, in
order to reduce cross-correlation in our fit parameters,



Table 5 Lattice strain parameters for cpx M2-site from fits
of partitioning data to Eq (1). Run numbers in italic are from
carbonate melt experiments; others from silicate melt. Un-
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certainties are 1 SD expressed in terms of last significant digits. nd.
fit not determined, data too scattered

DC15 DC10 DC16 DC23 DC26 DC22 K2 K4 GASP
1+  Eyy (GPa)* 93 93 93 88 90 90 - - -
ro (A) 1.251(5)  1.270(16) 1.304(12) 1.234@8)  1.205(1) nd - - -
Do 0.28(1) 0.44(13)  0.36(7) 0.063(6)  0.191) nd - - -
2+ Eyy (GPa)® 187 187 187 177 180 181 189 189 -
ro (A) 1.063(4)  1.065(5)  1.061(5)  1.081(3)  1.085(1)  1.085(2)  1.088(20)  1.082(23) —
Dy 0.71(3) 0.74(4) 0.73(3) 1.32(3) 1.19(1) 1.15(2) 0.75(9) 0.6909) -
3+  Ewp (GPa) 280 280 280 265 270 271 283 283 290
ro (A) 0.971(11)  0.983(6)  0.975(6)  1.030(7)  1.0233)  1.028(4)  1.009(8) nd 0.989(14)
Dy o 10325 0.57(5) 1L17(17)  0.243(14)  0.188(6)  0.202(5)  0.40(4) nd 0.25(2)
W&BY 1y (A)  1.022 1.025 1.022 1.033 1.031 1.031 1.024 1.029  -¢

4Data from Klemme et al. (1995)

®Data from Green et al. (1992)

°Young’s moduli for M2-site calculated from Eq. (2a—) at the
experimental P and T

we imposed Eyp, values for each charge, according to the
folllowing equations, and fitted for Dggm) and ’”S(ﬁwz)
only:

Eyh = 1062423 P—0.012T (2a)
Eh =21244 4.6 P —0.024T (2b)
E3, =318.6 4 6.9P — 0.036T (2c)

E and P are in GPa, T is in K. Fit parameters are listed
in Table 5, where model ”8(+M2) values obtained by Wood
and Blundy (1997) from REE partitioning data in
anhydrous silicate melts are shown for comparison.
Several interesting features emerge from Table 5.
First roo2) decreases with charge for both Di-Ab and
Di-Ab-Dmt runs, as observed in garnet-melt (Van

1.4
L O carbonate melt (this study)
N —@— silicate melt (this study) ]
1.3 m] carbonate melt (Klemme et al, 1995)1
[ EE M| carbonate melt (Green et al., 1992) |}

"
o (A) 1.1
1

09 [ ]

08¢ :
0+ 1+ 2+ 3+ 4+

Charge

Fig. 7 Variation in ro Wwith charge in silicate and carbonate
systems. Data are from Table 5, with 1 SD error bars. Points are
offset slightly along the abscissa to facilitate comparison. For silicate
melts (solid symbols), roomz) decreases with ionic charge, as observed
for other minerals. This variation is illustrated qualitatively by the
solid line. For carbonate melts, including data of Green et al. (1992)
and Klemme et al. (1995), a more extreme decrease is observed. This is
ascribed to differences in complexation energy for cations in carbonate
melt versus silicate melts (see text)

4 Calculated value of r?ﬁv{z) from Wood and Blundy (1997)
®Major element mineral chemistry not reported by Green et al.
(1992)

Westrenen et al. 1998) and wollastonite-melt (Law et al.
2000) partitioning studies, but not previously recognised
for cpx. Note that ”8-;/[2 from Di-Ab runs is in excellent
agreement with the values of Wood and Blundy (1997).
Significantly, the rate of decrease in ro2) wWith charge is
greater for carbonate melt than for silicate melt experi-
ments, with a cross-over around 2+ (Fig. 7). This is the
first reported experimental evidence that ron2), hitherto
considered to be an exclusively crystal-controlled pa-
rameter (Blundy and Wood 1994; Wood and Blundy
1997), is influenced by melt composition.

A second feature of note in Table 5 and Fig. 6 is the
systematic difference in Dyno) values for 1+, 2+ and
3+ cations between Di-Ab and Di-Ab-Dmt experi-
ments. Thus in Di-Ab runs DSZFMZ) > DSTNQ) ~ D(S)erz)’ as
previously observed in other cpx-silicate melt runs (e.g.
Blundy and Wood 1994). In contrast Di-Ab-Dmt runs
show elevated DSZ’MZ) that may equal or exceed DéZLMz)- In

2 ~ N3 ~ DI H H
DC10 D0(+M2) ND0(+M2) NDO(+M2)’ while in DC15 and
DC16, D) > Diva) > Doy (Fig. 6, Table 5). Evi-

dently melt structure may also change the optimum ca-
tion charge at a given lattice site. In the following section
we discuss these observations in terms of the energetics
of trace element exchange between minerals and melts.

Energetics

Trace element partitioning between crystals and melts
involves two, near-simultaneous substitutions: removal
of the host cation from the crystal lattice site of interest
and insertion of a trace cation; and removal of the trace
cation from the melt and insertion of the host cation. In
the case of M?" exchanging for Ca®>" on the diopside
M2-site, we can write

Caypy, < Mis (3a)
MG, < Cagly (3b)



368

Both Eq. (32) and (3b) can be considered as defect re-
actions with an associated finite defect energy. It is
useful to consider this defect energy as consisting of two
parts (e.g. Purton et al. 1996): an initial defect energy
due to breaking one set of cation-anion bonds and
forming another; and a relaxation energy due to read-
justment of the positions of surrounding ions to
accommodate the new cation. The sum of the initial
defect energy and relaxation energy is termed the final
defect energy. The magnitude of the initial defect energy
depends on the nature of the co-ordinating anion (O°,
F~, CO%f etc), and the co-ordination number, while the
relaxation energy is related to the structure of the host
material (crystal or melt), and its elastic properties. To a
first approximation the initial defect energy will be
similar in crystal and melt, provided that the co-ordi-
nating anions and co-ordination number of M?* and
Ca’" are the same in both phases. This effective can-
cellation of initial defect energies will result in a solution
energy for the exchange reaction, i.e. Eq. (3a) + (3b)

Calzv1+2 + Mmell Mﬁz + Camelt (3¢)

that is controlled by the difference in relaxation energies
between crystal and melt. Because crystal structures are
typically more rigid than melt structures, the solution
energy will tend to be dominated by the relaxation energy
of the crystal. Thisis the explicit assumption at the heart of
the lattice strain model (e.g. Brice 1975; Blundy and Wood
1994). It is borne out by lattice statics computer simula-
tions of partitioning (e.g. Purton et al. 1996; Van Wes-
trenen et al. 2000b), which demonstrate that the crystal
relaxation energy varies parabolically with ionic radius in
a fashion that closely resembles variations in mineral-melt
partition coefficients (e.g. Fig. 6). The calculated relax-
ation energies can be fit to the Brice model [Eq. (1)] to yield
values for ry,) and E, that are similar to those observed in
experimental studies of the same crystal phase.

In reality, although the relaxation energy of the melt
is less than that of the crystal, it is not necessarily neg-
ligible, and may make a significant contribution to the
overall solution energy. The form of relaxation energy
versus ionic radius relationship in the melt is not known,
and cannot be directly calculated using lattice statics
techniques. It is important, however, to note that,
whatever form it takes, the melt relaxation energy
should be added to the crystal relaxation energy to ob-
tain a closer approximation to the solution energy. For
example, if the melt relaxation energy varies linearly
with ionic radius, the effect of adding the melt and
crystal relaxation energies will be to produce a second
parabola, broadly similar to the crystal relaxation en-
ergy parabola, but displaced in terms of its ry(, and E,.
To illustrate this, in Fig. 8 we show the effects of adding
a Crystdl relaxation energy parabola centred about the M2
site in diopside (room2) = rca = 1.12 A Envi> = 200 GPa),
to a hypothetlcal melt relaxation energy that increases
linearly with ionic radius (80 kJ mol™" A™"). Note that
the resultant is also a parabola, which can be described by
Eq. (1), but that ro2) has shifted to less than 1.12 A, and

200_.. T T T
L |===-- Crystal relaxation energy
r —— -Melt relaxation energy &
150 L = Solution energy ;

100 |

50 |

Energy (kJ mol™")

0'....| R P
07 08 09 1 11 1.2 1.4
ionic radius

13

Fig. 8 Illustration of the likely effect of melt structure on the
parameters o) and E,, due to the non-zero relaxation energy of
silicate melts. The thin dotted curve denotes the relaxatlon energy around
an 8-fold co-ordinated crystal site occupied by Ca®* (ry = 1.12 A) with
Young’s modulus E, = 200 GPa, calculated using Eq. (1) The thin
broken line denotes the (hypothetical) lmear varlatlon in relaxation
energy around an eight-fold co-ordinated Ca®" site in the co-existing
melt. The solid bold line is the resultant obtained by adding the crystal
and melt relaxation energies. This curve can also be fit to Eq. (1), with
parameters ronz) (1.068 A) and Enps (189 GPa) that are significantly
different from the crystal relaxation energy parameters. Note that in this
example the overall variation in melt relaxation energy is small
(~60 kJ mol™") compared to that for the crystal (~150 kJ mol™")

Enz < 200 GPa. The magnitude of the shift in rg, and
E, is a function of the slope of the melt relaxation energy-
ionic radius trend: a flatter trend would give a smaller
shift, and vice versa. Likely causes of changes in the form
of the melt relaxation energy-ionic radius trend are
changes in the co-ordination environment of cations in
the melt (e.g. from six- to four-fold), or changes in the co-
ordinating anion (e.g. from 0%~ to CO3").

From the previous discussion and Fig. § it is readily
apparent how changes in melt chemistry and structure
may influence ro.,y and E,. Unfortunately, there are no
experimental or simulation data pertaining to the varia-
tion in defect energies of cations in silicate melts with
which to test the predictions of Fig. 8. An alternative
approach, employed in lattice statics simulations, is to
approximate the final defect energy of reaction (3b) using
the lattice energy differences (AU, between isostruc-
tural phases of suitable composition, e.g. MO and CaO or
MCOj; and CaCOs, to simulate the melt phase. AU}, is
then added to the calculated final defect energy of reac-
tion (3a) to produce an estimate of the solution energy
[reaction (3c)] at 0 K. Previous studies (Purton et al.
1996; Van Westrenen et al. 2000b) have found that vari-
ations in solution energy calculated in this way are, like
the variations in crystal relaxation energy, parabolic with
ionic radius and can be fitted to Eq. (1). Typically, the
solution energy parabola has a different value of r¢(,) and
E, than the crystal relaxation energy parabola. More
importantly, Van Westrenen et al. (2000b) noted that if
different assumptions about the trace element melt
“species” are made when calculating AUy, different fit
values of ry,, and E, for the solution energy parabola
result. Thus, in modelling exchange equilibria of REE



between the pyrope X-site and silicate melt, Van Wes-
trenen et al. (2000b) found that when REE,O3 is used as
the melt species, fits of Eq. (1) to the solution energy give
Foe) = 0.85 £ 0.01 A and E, =550 + 40 GPa, while
when a YAG-type component is used (REE3;AlsO»)
Fooy = 0.73 £ 0.03 A and Ex =210 £ 20 GPa. These
findings were used by Van Westrenen et al. (2000b) to
propose that melt structure may exert some influence on
Fox) and E, and that these should not be considered as
exclusively crystal-controlled parameters. Our experi-
mental results corroborate this view, especially in the case
of heterovalent substituents (Fig. 7), when the substitu-
tion of charge-balancing defects into crystal and melt
must also be taken into account. Variation in D%ﬁm) with
charge, as described above, may also originate in this way
as the ease of charge-balancing, for example by Al-Si
exchange, is likely to be very different in silicate versus
carbonate melts.

We conclude that the observed differences between
o) and E, for silicate melt versus carbonate melt par-
titioning parabolas are consistent qualitatively with a
change from O® to CO3™ as the principal co-ordinating
(or complexing) anion for many trace cations in the
melt. In other words, the parabolic variation in solution
energy with ionic radius is characterised by different
values of rg,) and E, in the two simple end member
exchange reactions that best describe silicate melt and
carbonate melt partitioning, i.e.:

MO i-mett) + Camz = Mm2 + CaOij-mer (4a)

MCO;3(carb-melt) + Camz = Mmz + CaCOj3(carb-melr) (4b)

In this context it is worth noting that in their experi-
mental study of garnet-hydrous melt partitioning (up to
20 wt% dissolved H,O in the melt), Green et al. (2000)
obtained very similar values of ryx) and Ey, to those
obtained by Van Westrenen et al. (1999, 2000a) under
anhydrous conditions. Evidently the addition of water to
melts has a much smaller effect on ry, and E, than the
addition of CO,. Even in the case of cpx partitioning with
carbonate melts the effect is small (~0.04 A, ~30 GPa)
and by no means invalidates the parameterisation of
roomzy and Enp, for cpx of Wood and Blundy (1997). We
note also that where a cation shows distinct complex-
ation behaviour in the melt relative to isovalent cations
of similar size, marked deviations for the partitioning
parabola may be expected. Law et al. (2000) have used
similar arguments to account for anomalies in the par-
titioning of some 2+ cations between wollastonite and
carbonate melt, and that explanation may account for
the unusual behaviour of Pb>" in the experiments re-
ported here (Fig. 6). Further experiments on melts with
high concentrations of other anion species, such as ha-
lides or phosphate, are required to test these proposals.

Application to carbonate melt metasomatism

A full discussion of carbonatite petrogenesis and mantle
metasomatism is beyond the scope of this work. How-
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ever, for the benefit of geochemists working on these and
related problems, we can draw several potentially useful
inferences. Firstly, the primary difference between cpx-
silicate melt and cpx-carbonate melt partitioning derives
from differences in melt structure. A reasonable ap-
proximation to cpx-carbonate melt partition coefficients
can therefore be made by dividing cpx-silicate melt
partition coefficients by Dc,1,.si1 provided that P-T and
crystal composition are properly matched.

Secondly, the similarity of our experimental melt and
cpx compositions to those obtained in experiments on
the CMAS-CO, solidus, suggests that, although our
primary aim was to elucidate the systematics of parti-
tioning, our data has direct relevance to partial melting
of carbonated lherzolite at ~3 GPa. This claim is
strengthened by the fact that the only component of
significance lacking from the CMAS-CO, system, when
considering carbonate melt generation in the mantle, is
FeO. As primary carbonatites are characterised by ele-
vated mg-numbers in the range 0.80-0.90 (e.g. Sweeney
1994), the lack of this component has little bearing on
phase relations. From the point of view of partitioning,
Wood and Blundy (1997) have shown that variations in
mg-number have a directly proportional effect on REE
partitioning. Thus for small differences in mg-number
between CMAS-CO, and nature, i.e.1.0 to 0.8, the effect
on partition coefficients is negligible (+£20% relative).

Thirdly, partitioning behaviour appears to change
systematically with melt silica content (Fig. 4). We do
not yet have enough data to discern whether this vari-
ation is linear. Suffice to say that for practical purposes
experiments DC15 and DCI10 (Table 4) bracket the
likely range of cpx-melt partition coefficients during
melting of carbonated lherzolite up to the point of ex-
haustion of a residual carbonate phase. Further experi-
ments are required to fully characterise the change in
partitioning as liquids evolve smoothly from carbonate
at the solidus to silicate with increased degree of melting
(Dalton and Presnall 1998b; Moore and Wood 1998).

Finally, our results can be used to shed some light on
the different chemical styles of silicate melt versus car-
bonate melt metasomatism of mantle rocks. The ele-
vated partition coefficients for Zr, Ti, Al, Ga and HREE
in carbonate systems relative to silicate systems (Fig. 5a)
means that during low degree melting of carbonated
lherzolite these elements will be preferentially retained in
the cpx-bearing residue. Melts will be characterised by
overall highly elevated incompatible trace element con-
centrations (due to low degree of melting) with marked
depletions of Al, Ga, Zr and Ti (but not necessarily Nb)
and steep REE patterns. In fact these are widespread
and diagnostic feature of carbonatites (Nelson et al.
1988; Woolley and Kempe 1989). As these melts migrate
through, and react with, carbonate-free lherzolites at
shallower depths they will undergo a variety of disso-
lution—precipitation reactions principally involving cpx
(e.g. Dalton and Wood 1993). Cpx precipitated directly
from carbonate melt will show overall elevated incom-
patible elements with negative anomalies for Al, Ga, Ti,
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Zr and HREE. Hauri et al. (1993) describe cpx with
precisely these characteristics in carbonate-metasoma-
tised peridotites from the western Pacific. Cpx that
forms as a result of progressive wall rock reaction will
show a range of trace element signatures between in-
compatible element-depleted with modest HFSE anom-
alies, characteristic of lherzolites (Johnson et al. 1990),
and incompatible element-rich with negative Zr and Ti
anomalies, characteristic of carbonatites. Significantly,
the contrast in trace element concentration and pattern
between reactants (carbonate melt and lherzolite cpx)
during this process makes it uniquely amenable to
modelling by chromatography or reactive melt transport
(e.g. Navon and Stolper 1987; Reiners 1998).
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