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Abstract We have determined mineral-melt partition
coefficients (D values) for 20 trace elements in garnet-
pyroxenite run products, generated in 3 to 7 GPa,
1,425-1,750°C experiments on a high-Fe mantle melt
(97SB68) from the Parana-Etendeka continental-flood-
basalt (CFB) province. D values for both garnet
(~Pys3AlysGryy) and clinopyroxene (~Cag,MgoeFeq 2
Si,0g) show a large variation with temperature but are
less dependent on pressure. At 3 GPa, DP9 values
for pyroxenes in garnet-pyroxenite run products are
generally lower than those reported from Ca-rich py-
roxenes generated in melting experiments on eclogites
and basalts (~Cao_3_0V5Mg0.3_0_6F60_07_0_28i206) but
higher than those for Ca-poor pyroxenes from peri-
dotites (~Cao,Mgy-Fe(1Si,06). D& values for light
and heavy rare-earth elements are <0.07 and >0.8,
respectively, and are similar to those for peridotitic
garnets that have comparable grossular but high/?r

rt/li

pyrope contents (PY70,88A1]7,20GI'8,14). 97SB68 D RE
values are higher and D¥Ki%: values lower than those
for eclogitic garnets which generally have higher
grossular contents but lower pyrope contents (Py,o_70

Alyy_s50Gry0_s5). D values agree with those predicted by
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lattice strain modelling and suggest that equilibrium
was closely approached for all of our experimental
runs. Correlations of D values with lattice-strain
parameters and major-element contents suggest that
the wollastonite component and pyrope:grossular ratio
exert major controls on 97SB68 clinopyroxene and
garnet partitioning, respectively. These are controlled
by the prevailing pressure and temperature conditions
for a given bulk-composition. The composition of co-
existing melt was found to have a relatively minor ef-
fect on 97SB68 D values. The variations in D values
displayed by different mantle lithologies are subtle and
our study confirms previous investigations which have
suggested that the modal proportions of garnet and
clinopyroxene are by far the most influential factor in
determining incompatible trace-element concentra-
tions in mantle melts. The trace-element partition
coefficients we have determined may be used to place
high-pressure constraints on garnet-pyroxenite melting
models.

Keywords Ferropicrites - Garnet pyroxenite -
Partition coefficients - Trace elements

Introduction

The results of experimental and numerical studies of
mantle melts and their source regions suggest that,
during adiabatic decompression in upwelling mantle
plumes and/or at extensional settings, partial melting of
peridotite predominantly occurs at depths <120 km
(e.g. Takahashi and Scarfe 1985; White and McKenzie
1995; Herzberg and O’Hara 2002). As a consequence
of this, and the significant technical difficulties associ-
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ated with high-pressure experiments, most investiga-
tions of mineral-melt trace-element partitioning have
been limited to pressures of <3 GPa (e.g. Hart and
Dunn 1993; Johnson 1998; Salters and Longhi 1999;
Klemme et al. 2002; Pertermann and Hirschmann
2003a). Nevertheless, an increasing amount of experi-
mental and geochemical evidence suggests that the
convecting mantle is heterogeneous and that pyroxene-
and garnet-rich lithologies may be a significant source
region of melts generated at both mid-ocean-ridges
and upwelling mantle plumes (Hirschmann and Stolper
1996; Cordery et al. 1997; Campbell 1998; Takahashi
et al. 1998; Yaxley 2000; Leitch and Davies 2001).
Many pyroxene-rich mantle lithologies have a lower
solidus and will therefore melt at higher pressures than
anhydrous peridotite (Kornprobst 1980; Hirschmann
and Stolper 1996; Hirschmann et al. 2003; Kogiso et al.
2003). Experimental studies have shown that these
early-formed Si-rich pyroxenite-derived melts may re-
act with the surrounding peridotite and convert it to an
olivine-free pyroxenite (e.g. Yaxley and Green 1998;
Yaxley 2000; Kogiso et al. 1998). At high pressures
(~5 GPa) the melt contribution from the garnet
pyroxenite will dominate that from the surrounding
peridotite and produce Fe-rich picritic melts (Gibson
et al. 2000).

It has been shown that mineral-melt partition coef-
ficients generally increase with decreasing temperature
and increasing melt silica-content (Wood and Blundy
1997; O’Neill and Eggins 2002; Blundy and Wood
2003) but the dependence of these D values on pres-
sure is less significant. In order to model mantle melt
generation processes in detail, it is necessary to have a
coherent and precise set of mineral-melt trace-element
partition coefficients (D values) for appropriate com-
positions, temperatures and pressures. In pyroxenites
and peridotites, clinopyroxene and garnet are the ma-
jor hosts of REEs, Sr, Y, high-field-strength elements,
Hf and Zr.

The contents of Ca and Ti in the garnet structure are
believed to affect the partitioning behaviour of highly
charged cations (REEs, Zr, Hf, Ti, Nb, Ta, U; van
Westrenen et al. 2001; Pertermann et al. 2004). Con-
centrations of both Ca, Ti and D& values are high in
garnets from eclogites (CaO = 5.6-15.57 wt.% and
TiO, = 0.49-2.64 wt.%; Pertermann and Hirschmann
2003a, b; Pertermann et al. 2004) and pyroxenites
(Ca=487-821 wt.% and TiO, = 0.1-0.63 wt.%;
Hirschmann et al. 2003; Kogiso et al. 2003; Keshav
et al. 2004) and are greater than those for peridotites
(3.58-5.52 wt.% CaO; <0.66 wt.% TiO,; Takahashi
1986; Walter 1998; Salters and Longhi 1999).
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For pyroxenes, contents of Ca, Al and Na are
thought to correlate positively with D values for the
REEs, Sr, Y, Ti, Th, U, Nb, Zr, Hf and Sc (e.g. Gaetani
and Grove 1995; Hill et al. 2000; Pertermann and
Hirschmann 2002; Bennett et al. 2004). Clinopyroxenes
from 2 to 5 GPa experiments on pyroxenites, eclogites
and basaltic rocks in which CaO > 12 wt.%,
AlLOj3; = 7-20 wt.% and Na,O >~ 1 wt.% (Hart and
Dunn 1993; Hauri et al. 1994; Johnson 1998; Klemme
et al. 2002; Pertermann and Hirschmann 2002, 2003a,
b; Hirschmann et al. 2003; Kogiso et al. 2003; Perter-
mann et al. 2004) have similar or higher major element
contents to those generated in experiments on peri-
dotites at similar pressures (CaO < 12.7 wt.%, AlLO3
= 6.15-9.63 wt.%, Na,O = 0.3-2.75 wt.%; Takahashi
1986; Walter 1998; Salters and Longhi 1999; Salters
et al. 2002).

We have investigated the behaviour of trace-ele-
ment partitioning in experimental run products of a
high-Fe mantle melt (ferropicrite) that is in equilib-
rium with garnet pyroxenite at pressures between 3 and
7 GPa and at temperatures ranging from 1,425 to
1,750°C (Tuff et al. 2005). The major-element con-
centrations of garnet and clinopyroxene in the experi-
mental charges were found by Tuff et al. (2005) to vary
with pressure and temperature and it is likely that DP¥
4 and DN at least for trivalent cations (Y, REE,
Sr), will be significantly affected by these composi-
tional changes. Importantly, the major-element con-
tents of clinopyroxene and garnet in our run products
are intermediate between those present in peridotites
and eclogites and allow us to more accurately assess
the compositional controls of different mantle litholo-
gies on partition coefficients. The trace-element parti-
tion coefficients that we have determined represent
original values that are useful in models of pyroxenite
melting.

Experimental and analytical procedures

The starting material in our experiments was a ferro-
picrite (sample 97SB68) from the base of the Early-
Cretaceous Parana-Etendeka CFB succession in NW
Namibia (Table 1; Gibson et al. 2000). The sample is
petrographically fresh and has a low loss-on-ignition
value (0.43 wt.%). It contains euhedral olivine phe-
nocrysts (~30 modal%) that lack disequilibrium or
deformation textures and have low forsterite (Fogs) but
similar Ni contents (660 ppm) to olivines crystallising
from other primary mantle melts (Gibson 2002);

assuming a DSl “ig of 0.32 (Ulmer 1989) these olivines
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Table 1 Compositions (in wt.%) of basalts, picrites, pyroxenites and peridotites used in experimental studies

1 2 3 4 5 6 7 8 9

97SB68 KLB-1 KR4003 MIX1G G2 A B C 79-35 g 1,921 KB
SiO, 46.91 44.48 44.90 45.56 50.05 56.99 56.62 54.77 53.47 46.70 50.00
TiO, 1.75 0.16 0.16 0.90 1.97 6.30 5.52 5.14 5.02 0.50 2.60
ALO3 9.09 3.59 4.26 15.19 15.76 14.66 15.38 17.12 19.15 18.00 12.60
FeO*?* 14.90 8.10 8.02 7.71 9.35 791 6.20 5.82 569 8.03 10.80
MnO 0.17 0.12 0.13 0.15 0.17 0.08 0.08 0.07 0.06 0.15 0.24
MgO 14.94 39.22 37.3 16.67 7.90 2.14 4.28 4.31 421 9.52 9.39
CaO 8.08 3.44 3.45 11.48 11.74 7.37 7.36 8.84 8.63 12.00 10.90
Na,O 1.94 0.3 0.22 1.44 3.04 3.99 3.69 341 3.32 2.05 2.33
K,O 0.68 0.03 0.09 0.04 0.03 0.56 0.53 0.46 0.45 0.07 0.48
P,Os 0.19 - - - - - - - - 0.05 -
NiO 0.08 - - - - - - - - - -
CI'203 - 0.31 0.41 - - - - - - - -
Total 100.31 99.75 98.94 99.20 100.00 100.00 99.66 99.94 100.00 97.07 99.30
Mg-no. 64 90 89 79 60 33 55 57 57 68 61

# FeO* = total Fe as FeO

1 Ferropicrite, Parana-Etendeka CFB province (Gibson et al. 2000)

2 Fertile spinel lhezolite, Kilborne Hole crater (Takahashi 1986; Hirose and Kushiro 1993; Takahashi et al. 1993)

3 Fertile garnet lhezolite, West Kettle River (Walter 1998)

4 Silica-deficient garnet pyroxenite prepared from natural mineral and rock powders (Kogiso et al. 2003)

5 MORB:-like pyroxenite prepared from natural garnet and cpx + natural kyanite and quartz + TiO, (Pertermann and Hirschmann

2003a, b)

6 Synthetic mixture similar to a low-degree melt of a quartz eclogite (Pertermann and Hirschmann 2002)
7 Synthetic mixtures based on starting material no. 6 and modified by Pertermann et al. (2004):

A Starting material no. 6 + 10 wt.% pyrope80/grossular20
B Starting material no. 6 + 15 wt.% pyrope50/grossular50
C Composition B + a small amount of Al,O3

8 High-alumina basalt, Medicine Lake, California (Hauri et al. 1994)

9 1,921 Kilauea olivine tholeiite (Johnson 1998)

are in equilibrium with the bulk-rock which has Mg/
(Mg + Fe) of 65. Clinopyroxenes are found as rare
1 mm, euhedral phenocrysts (< ~5 modal%) of Ti-rich
augites (Mg# = 79-61; Gibson et al. 2000). Sample
97SB68 is among the most primitive of the Parana-
Etendeka ferropicrites and an appropriate starting
material for studying mantle-melting processes (Tuff
et al. 2005).

The ferropicrite melt was found to be in equilibrium
with a garnet and clinopyroxene residue at =5 GPa
(Tuff et al. 2005), so we have studied the trace-element
behaviour of 97SB68 at both 5 and 7 GPa. The 3 GPa
phase relations of 97SB68 suggest a melt in equilibrium
only with clinopyroxene, but runs at this pressure have
also been included in our study because (1) the 3 GPa
melting behaviour is similar to that at 5 and 7 GPa; (2)
the 3 GPa data set is more complete than at higher
pressures and allows the trace-element behaviour of
clinopyroxene to be examined over a wide temperature
range; and (3) we are able to compare our results with
previous studies of mineral-melt trace-element parti-
tioning in eclogite (e.g., Klemme et al. 2002; Perter-

mann and Hirschmann 2002; Pertermann et al. 2004),
peridotite (e.g. Salters and Longhi 1999) and basalt
(Hart and Dunn 1993; Hauri et al. 1994; Johnson 1998)
that have only been undertaken at <3 GPa.
Experimental work was conducted using a fO,-
controlled 1 atmosphere furnace, piston-cylinder and
multi-anvil apparatus at Tokyo Institute of Technology
(Tuff et al. 2005). Piston-cylinder experiments used the
Y-inch, talc-Pyrex assembly of Takahashi and Kushiro
(1983), with the sample housed in a 1.8 mm O.D.
graphite capsule (~4 mm length) and sealed in a Pt
container. The pressure medium for multi-anvil
experiments was an 18 mm edge-length MgO/Al,O;
octahedron with a LaCrOs; heater and ZrO, outer
sleeve. The sample was again housed in a 1.8 mm O.D.
graphite capsule (~2 mm length) and sealed in Pt.
22 runs were undertaken between 3 and 7 GPa and at
temperatures ranging from 1,425°C to 1,750°C; seven
run products with the largest mineral grains were
selected for our trace-element partitioning study
(Table 2). Major-element analysis was conducted on
polished epoxy-mounted carbon-coated run charges
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Tabl? 2 Experimental run Run no. Apparatus Pressure Temperature Duration Run products Mode
conditions (GPa) °C) (h)
P 529 BE piston 3 1,425% 25 cpx 61
grt 24
ol 10
Melt 5
P 511 BE piston 3 1,475 24 cpx 76
grt 8
/ < olivi Melt (+qc) 16
o' = ofvine. P 507 BE piston 3 1,500 24 cpx 30
cpx = clinopyroxene, Melt (+qc) 70
grt = garnet, (qc) = quench P 510 BE piston 3 1,525 24 cpx 20
crystals, BE pzstori :dBoyd— Melt (+qc) 30
England piston cylinder
apparatus, SPI 1000 = SPI S 1295 SPI 1000 5 1,500 4 Cth E
1000 multi-anvil apparatus l%/r[elt (+qc) 1
* Reverse run starting from S 1300 SPI 1000 5 1,600 4 cpx 55
1,525°C melt (for 1 h), and grt 18
cooling to 1,425°C over 12 h, Melt (+qc) 27
before being held at 1,425°C g 1339 SPI 1000 7 1,750 4 cpx 4
for 12 h. Modes estimated by grt 1
mass-balance calculations Melt 95

after Walter (1998)

using a JEOL JXAS8800 electron microprobe (EPMA)
at Tokyo Institute of Technology (Tuff et al. 2005).
Table 3 shows representative major element analyses
of phases from the 3 to 7 GPa runs.

Trace-element concentrations in garnet, clinopy-
roxene and co-existing glass were determined on gold-
coated run charges by secondary-ion mass spectrome-
try (SIMS) using a Cameca IMS-4f ion microprobe at
the University of Edinburgh. A primary O™ beam was
used with a net impact energy of ~14.5 keV. The en-
ergy offset was 75 eV and the energy window was
+20 eV. Primary beam currents were between 2 and
5 nA, resulting in a beam diameter of ~15-20 um. The
following masses were counted: 42Ca, *“Ca, *Sc, ¥'Ti,
88Sr, 89y, 07 SNb, 138Ba, 1¥La, 4°Ce, “1Pr, 3Nd,
149G, 151gy, 157Gd, 159Th, 1Dy, 95Ho, '97Er, 17lyb
and '"Lu relative to *°Si, as determined by EPMA
(Tuff et al. 2005). Ion yields were calibrated on NIST
610 glass standard. Background counts were monitored
using mass 130.5 and were below detectible limits for
nearly all determinations. Analyses were carried out on
SRM 610 at least three times each day and the relative
ion yields were checked against those of standard
garnet and clinopyroxene minerals. There was found to
be no need for a matrix correction on either the garnets
or clinopyroxenes reported here.

Clinopyroxene crystals were large enough (>40 um)
to avoid matrix contamination. In some of the run
charges, however, the garnets were only slightly larger
than the 15-20 um beam diameter, a problem
encountered in other experimental studies (e.g., Beat-
tie 1994; Klemme et al. 2002). In order to precisely
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determine crystal locations and reduce the possible
contamination of garnet by surrounding phases, high-
quality back-scattered electron images were taken be-
fore and after analysis (Fig. 1). Matrix contamination
was examined using the concentrations of highly
incompatible trace elements (e.g. Ba). Crystal analyses
that demonstrated matrix contamination were dis-
carded.

Mineral phases in the 3-7 GPa run products appear
to be in equilibrium with the surrounding melt. Tuff
et al. (2005) calculated Fe-Mg partition coefficients for
clinopyroxene and melt ranging from ~0.24 to 0.36, and
for garnet and melt from 0.42 to 0.48; these are com-
parable to those determined in previously published
studies (e.g. Takahashi 1986; Herzberg and Zhang
1996; Walter 1998; Kogiso et al. 2003). In addition,
phases exhibited systematic trends with pressure and
temperature and we found little or no evidence for
zoning in the crystals, by examination of either their
textures or major-element compositions (Figs. 2, 3),
indicating that equilibrium had been reached for most
experimental runs (Fig. 1; Tuff et al. 2005).

Results

Trace-element concentrations of minerals and melts in
the 97SB68 experimental run products, together with
calculated D values are shown in Tables 4 and 5,
respectively. Only minerals with the least evidence of
melt contamination are shown. Errors are shown as
one standard deviation and are comparable to those
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S-1330: 7 GPa, 1750°C

Fig. 1 Back-scattered electron image of run S-1330 (7 GPa,
1,750°C), showing the size of the ion-probe spot (black circles) in
relation to individual garnet grains

published in previous studies of natural and synthetic
starting materials (e.g. Garrido et al. 2000; Hill et al.
2000; Pertermann and Hirschmann 2002). The low
variation in trace-element compositions within indi-
vidual phases suggests that most phase compositions

were relatively homogenous and had closely ap-
proached equilibrium.

Clinopyroxene and garnet trace-element
concentrations and partitioning

Clinopyroxene is the principal mineral host of the light-
rare-earth elements (LREEs) and Sr in the experi-
mental charges of 97SB68. Concentrations of Ti
are <3,029 ppm, Sr < 125 ppm, Zr = 5-30 ppm, La =
0.6-2 ppm and Lu < 0.1 ppm (Table 4). On chondrite-
normalised REE plots, the clinopyroxenes are slightly
depleted in LREEs and heavy-rare-earth elements
(HREEs) relative to middle-rare-earth elements
(MREEs; e.g. [La/Sm],, = 0.48-0.84; [Sm/YD], = 1.67-
3.04; Fig. 4)

As expected, the large-ion-lithophile elements and
LREE:s are strongly incompatible (e.g. D9 < 0.005;
D{?9<0.07) and the HREEs are moderately
incompatible (e.g. Df?¥'9 = 0.18-0.38; Table 5). Sc is
only compatible at 3 GPa and 1,425°C (D&Y = 1.2).
At higher temperatures and pressures it becomes
incompatible and D" = 0.9-0.6 (Table 5).

Garnets in the 3 to 7 GPa ferropicrite run products
are the major hosts of the HREEs (e.g., Lu = 0.4-
1 ppm), Sc (50-90 ppm), Y (20-48 ppm) and Zr (50-
95 ppm). They also have low contents of Sr (<15 ppm)

Fig. 2 Variation in major- 0.40 - 0.60
element content with 1 Mg /Ecloglte
temperature in 0.30 Basalt
clinopyroxenes from 3 to | / 1 0.40 1
7 GPa experiments on 0.20
97SB68. Also shown are data ’
for: peridotite clinopyroxenes 1 0.20 - O
at <2 (open hexagons) and 0.10
2.8 GPa (closed hexagons, 7
Salters and Longhi 1999); 0.00 1 0.00 '
quartz eclogite
clinopyroxenes at 3 GPa 0.60 - ]
(open diamonds, Pertermann a 0.20 -
and Hirschmann 2002; closed o ] m| 0
diamonds, Pertermann et al. Q 0.40 A
2004); pyroxenes in alkali (ED 0.10 -
basalt at 1.7-2.5 GPa (open 0.20 1
triangles, Hart and Dunn 1 A
1993) and in high-Al basalt at 0.00 t } t } t 0.00 . ' . ' .
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Fig. 3 Variation in major 1.6 - 0.25
elements with temperature in Ca bl 1
97SB68 garnets at 3-7 GPa. 1.2 g 0.20+
Also shown are garnets from S 0.1 5:
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triangles, Hauri et al. 1994; s 1 5 0.04- O
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and LREEs (e.g., La < 0.3 ppm; Table 4). On chon- _4rEN {r_o (ri = ro)? +1 (i — ro)?
drite-normalised REE plots the garnets are depletedin ~ p. _ p_ exp Az SR

LREE:s relative to MREEs and are slightly depleted in
MREE:s relative to HREEs (e.g. [La/Sm], = 0.06-0.12;
[Sm/YDb], = 0.34-0.70; Fig. 4). The garnets show a
strong compatibility for Sc, Y and the HREEs (e.g.
DEYd = 15-4), moderate incompatibility for the
MREEs (e.g. D&Y = 0.12-0.24) and strong incom-
patibility for the LREEs (e.g. D§2"9 < 0.007) such that
LREE/HREE fractionation is large (Table 5).

Modelling controls on trace-element partitioning:
lattice strain model

We have compared the D values determined from
the results of our analytical study with those pre-
dicted by the lattice strain model of Blundy and
Wood (1994) and Wood and Blundy (1997). This
model is based on simplified activity-composition
relations for the hypothetical pyroxene REEMgSi-
AlOg and has the advantage of eliminating the effect
of liquid composition on mineral-melt partitioning
(Blundy and Wood 2003). According to Wood and
Blundy (1997), the partitioning of an ion with radius
r; into a crystal site is related to the radius of the site
(ro), its apparent Young’s Modulus (E) and the
strain-free partition coefficient (D,). For an element
with a radius r;:

RT

where N, is Avogadro’s number, R is the universal gas
constant and 7 is the temperature in Kelvin. A non-
weighted Levenberg-Marquardt-type, non-linear least-
squares fitting routine was employed to derive best-fit
values for r,, D, and E for the partitioning of trivalent
REE and Y. The elements are all assumed to partition
into the clinopyroxene M2 site and the garnet X site
(Klemme et al. 2002). For clinopyroxenes, r, varies
primarily with crystal composition. Initial r, values
were calculated using Equation 15 of Wood and
Blundy (1997):

ro = 0.974 4+ 0.067X53 — 0.051X7),

roin garnet varies with the pyrope-grossular ratio (van
Westrenen et al. 1999), but in our 3-7 GPa run prod-
ucts pyrope-grossular ratios vary only slightly (from
84:16 to 86:14; Tuff et al. 2005) and so we have used
initial r, values of between 0.93 and 0.935 in accor-
dance with those of Klemme et al. (2002) and van
Westrenen et al. (1999).

The best-fit values for r,, D, and E for 3* cations for
both clinopyroxenes and garnets in 97SB68 run prod-
ucts are shown in Table 6. The values of E for 3 GPa

@ Springer



376

Contrib Mineral Petrol (2007) 153:369-387

Table 4 Representative trace-element concentrations (in ppm) of phases

Run no. P-529 P-511 P-507 P-510

Pressure 3 3 3 3

(GPa)

Temp. (°C) 1,425 1,475 1,500 1,525

Phase cpx grt Melt cpx grt Melt cpx Melt cpx Melt

n? 6 4 3 5 3 2 4 4 4 4

Sc 20.93(0.99) 75.16(3.77) 17.54(0.35) 20.30(1.02) 88.96(4.52) 22.69(0.32) 19.70(0.18) 28.79(2.10) 19.51(0.58) 31.75(1.23)
Ti 3,029(92) 4,066(43) 27,285(330) 2,184(72) 4,075(122) 14,647(248) 1,820(38) 15,827(986) 1,834(53) 12,763(231)
Sr 75.56(2.27) 3.36(0.34) 883.12(80) 42.83(1.36) 4.15(0.42) 671.56(56) 38.39(1.88) 695.20(44) 27.80(1.50) 462.77(6.61)
Y 6.01(0.22) 43.12(1.62) 17.36(0.59) 5.29(0.12) 48.16(1.44) 19.77(0.87) 4.85(0.12) 22.24(1.57) 4.36(0.32) 20.23(0.49)
Zr 17.90(0.54) 94.39(0.66) 374.34(26) 11.09(0.14) 79.57(4.85) 245.58(15) 8.18(0.82) 253.72(16) 6.41(0.30) 181.39(3.99)
Nb 0.21(0.01) 0.28(0.01) 35.52(3.76) 0.08(0.001) 0.17(0.05) 22.94(1.07) 0.13(0.01) 22.44(0.58) 0.14(0.05) 16.62(0.35)
Ba 0.85(027) 0.80(0.05) 729.48(77) 1.11(0.11) 2.31(0.23) 390.54(20) 0.12(0.03) 424.22(16) 0.77(0.17) 265.01(18)
La 1.48(0.15)  0.22(0.07) 71.65(9.35) 1.19(0.07) 0.26(0.08) 54.86(3.46) 0.74(0.22) 61.36(3.80) 0.73(0.05) 29.71(0.62)
Ce 482(0.81) 1.03(0.10) 109.10(11) 2.62(0.04) 0.92(0.28) 68.77(4.95) 2.11(0.07) 70.50(3.52) 1.79(0.26) 50.79(0.96)
Pr 0.87(0.20) 0.38(0.08) 14.10(0.89) 0.45(0.04) 0.29(0.09) 8.39(0.84) 0.43(0.02) 8.79(0.60)  0.34(0.08) 6.75(0.29)
Nd 6.03(028) 3.15(0.23) 63.77(3.00) 3.45(0.31) 2.97(0.52) 40.44(2.26) 2.87(0.20) 40.95(2.34) 2.60(0.17) 31.67(1.01)
Sm 1.93(0.19) 2.27(0.19) 12.22(0.27) 1.24(0.07) 1.93(0.18) 8.21(0.51) 0.81(0.24) 8.50(0.74)  0.89(0.04) 6.84(0.42)
Eu 0.68(0.10) 1.01(0.12) 4.52(0.05) 0.36(0.01) 0.82(0.05) 2.61(0.06) 0.31(0.09) 2.84(0.11) 0.30(0.02) 2.38(0.18)
Gd 2.15(0.13) 4.05(0.34) 11.27(0.56) 1.69(0.03) 3.59(0.20) 8.30(0.42) 1.10(0.11) 8.84(0.61) 0.84(0.20) 6.34(0.15)
Tb 0.34(0.03) 0.89(0.08) 1.40(0.13) 0.24(0.05) 1.07(0.03) 1.10(0.04) 0.25(0.03) 1.17(0.01)  0.14(0.02) 0.95(0.07)
Dy 1.52(0.05) 7.71(0.71) 6.63(0.41)  1.65(0.03) 9.57(0.97) 5.83(0.42) 1.52(0.04) 6.71(0.04) 1.15(0.16) 5.41(0.32)
Ho 025(0.02) 1.58(0.14) 0.99(0.08) 0.22(0.04) 1.93(0.27) 1.03(0.09) 0.23(0.05) 1.16(0.08) 0.19(0.02) 0.97(0.04)
Er 0.66(0.08) 5.02(0.27) 2.52(0.03) 0.55(0.05) 5.82(0.59) 2.79(0.05) 0.58(0.07) 2.84(0.26)  0.59(0.10) 2.73(0.13)
Yb 043(0.11) 491(028) 125(027) 0.44(0.08) 6.15(0.09) 1.96(0.29) 0.52(0.01) 2.09(0.21) 0.51(0.06) 2.05(0.19)
Lu 0.07(0.04) 0.77(0.09) 0.19(0.03)  0.09(0.001) 0.98(0.19) 0.31(0.05) 0.08(0.01) 0.30(0.001) 0.08(0.01) 0.32(0.03)
Run no. S-1295 S-1314 S-1330

Pressure (GPa) 5 5 7

Temp. (°C) 1,500 1,600 1,750

Phase cpx grt Melt cpx grt  Melt cpx grt Melt

n* 4 3 4 5 ND 2 4 5 4

Sc 20.21(0.10)  52.78(1.98) 30.31(1.87)  18.10(0.26) 25.94(0.36)  15.50(0.53) 56.27(1.90) 26.09(1.38)
Ti 2,666(65) 3701(66)  15,029(259)  2,552(53) 20391(188)  1433(58)  3,385(142)  15344(55)
Sr 123.17(4.55) 14.67(0.44) 454.62(35) 117.93(3.54) 924.00(14) 94.97(2.85) 4.16(0.42)  716.59(34)
Y 511(0.09)  24.99(0.21) 16.22(0.80)  5.20(0.07) 23.65(0.16)  3.31(0.24)  19.92(0.04)  20.36(0.43)
Zr 13.99(0.42)  75.99(4.50)  309.29(26) 29.71(1.01) 401.03(20) 11.52(0.35) 49.11(1.47)  267.15(13)
Nb 0.19(0.08)  037(0.11)  21.10(0.53)  0.23(0.07) 31.50(0.84)  0.11(0.02)  0.33(0.13)  24.87(1.40)
Ba 1.80(0.15) 2.33(0.23)  346.60(4.05) 1.37(0.14) 652.56(28) 0.71(021)  0.93(0.28)  564.55(28)
La 1.78(0.57)  0.17(0.05)  25.55(1.28)  1.39(0.14) 50.00(2.5)  0.60(0.18)  0.21(0.06)  30.00(1.50)
Ce 5.25(0.52) 0.75(0.23)  48.07(2.40)  4.98(0.18) 104.59(3.53) 2.45(0.21)  0.93(0.003) 75.41(3.98)
Pr 0.77(0.04)  021(0.06) 6.63(047)  0.87(0.13) 13.03(0.46)  0.47(0.03)  0.18(0.01)  9.68(0.38)
Nd 4.85(0.35) 2.48(0.25)  33.55(1.98)  4.86(0.06) 5828(2.06)  3.06(0.01)  1.37(0.14)  44.15(1.17)
Sm 133(0.03)  1.71(0.08)  7.30(0.35)  1.52(0.21) 11.84(0.55)  0.68(0.05)  1.13(0.14)  9.43(0.23)
Eu 0.47(0.06) 0.61(0.14)  2.36(0.03) 0.41(0.05) 3.89(0.18) 0.33(0.02)  0.44(0.13) —

Gd 138(022)  3.00(031)  8.00(0.50)  1.36(0.14) 13.05(0.62)  1.02(0.03)  2.18(0.10)  9.88(0.47)
Tb 0.21(0.04) 0.69(0.05)  1.07(0.06) 0.26(0.04) 1.62(0.11) 0.13(0.04)  0.46(0.01)  0.98(0.19)
Dy 138(0.14)  4.96(0.10)  5.32(0.37)  1.41(0.06) 8.09(0.25)  094(0.16)  3.79(0.11)  4.59(0.23)
Ho 0.22(0.02) 1.06(0.06)  0.85(0.13) 0.22(0.04) 1.13(0.06) 0.16(0.03)  0.85(0.03)  1.03(0.04)
Er 0.57(0.06) 2.90(0.24)  2.28(0.06) 0.54(0.06) 2.40(0.12) 0.38(0.11)  2.35(0.34)  2.30(0.11)
Yb 0.51(0.13) 2.61(0.46)  1.53(0.05) 0.69(0.001) 1.77(0.13) 0.36(0.01)  2.46(0.25)  1.49(0.07)
Lu 0.07(0.01)  0.45(0.05)  0.19(0.03)  0.03(0.01) 025(0.04)  0.05(0.01) 041(0.03)  0.27(0.04)

Descriptions of runs are given in Table 2
Uncertainties (in brackets) are one standard deviation
ND Not determined

# Total number of spots analysed for each phase
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Fig. 4 Chondrite normalised REE plots of 97SB68 clinopyrox-
enes and garnets at 3, 5 and 7 GPa. Data are from Table 4

clinopyroxenes (~140-320) are similar to those re-
ported for eclogites (Klemme et al. 2002; Pertermann
and Hirschmann 2002) and for the Na,O-CaO-MgO-
AlL,O5-SiO, (NCMAS) system (Hill et al. 2000).
Overall, 97SB68 clinopyroxene values for D, (~0.3)
and r, (~0.98) at 3 GPa are lower than those previously
reported. Values of r, generally display a positive
correlation with clinopyroxene Ca content and a weak
negative correlation with ™)Al content, which corre-
spond to the Wo and CaTs components, respectively
(Fig. 5). D, and E display negative correlations with
Ca and Wo, but little or no correlation with ™Al or
CaTs. D, and r, display stronger correlations with Wo
content than with CaTs, suggesting that the former
exerts a greater control. Values of r, and D, correlate
positively and negatively with temperature, respec-
tively (Fig. 5).

Values of E for 97SB68 garnets at all pressures
display a good agreement with those previously re-
ported (e.g. Hill 2000; Klemme et al. 2002; Table 6),
although D, values are lower. Differences in D, and E
may reflect the variations in phase compositions that
result from the changes in pressure and temperature of
the 97SB68 runs (Wood and Blundy 1997). These
variations may also partially reflect the slight change in
the pyrope-grossular content of the garnet.

Plots of ionic radius versus D" and D& for
REEs, Y and Sc in the experimental run products of
97SB68 are shown in Figs. 6 and 7. Overall, a rea-
sonable agreement is found between the theoretical
and experimental values for both mineral phases,
indicating that equilibrium was closely approached
for most experimental runs (Klemme et al. 2002).
Some HREE D values for 97SB68 clinopyroxenes are
lower than those predicted by the theoretical values.
This may be due to errors in the determination of
melt trace-element contents at these pressure and
temperature conditions, leading to lower D values. Sc
was not used in the non-linear model fitting routines,
but has been plotted to test the accuracy of the
parabolic curve fits for garnet. Figure 7 shows that Sc
fits on the left limb of the model curves at all run
conditions.

Discussion
Major-element controls on clinopyroxene D values

Mineral-melt trace element partitioning is strongly
linked to the major-element composition of an indi-
vidual phase, which in turn is controlled by the pre-
vailing pressure and temperature conditions for a given
bulk-composition (Klemme et al. 2002; Blundy and
Wood 2003). In clinopyroxene, trivalent cations (such
as the REEs, Sr and Y) are incorporated in to the M2
site and their partitioning is dependent on the amount
of replacement of Si by ™Al or Ca by Na. Previous
studies have noted increased partitioning of these
trivalent cations with increases in the wollastonite
(CaSiO3; Wo) and Ca-Tschermak (CaAl,SiOg; CaTs)
components (e.g. McKay et al. 1986; Gallahan and
Nielsen 1992; Jones and McKay 1992; Lundstrom et al.
1994; Gaetani and Grove 1995; Blundy et al. 1996;
Wood and Blundy 1997; Hill et al. 2000). Although
Bennett et al. (2004) found no simple correlation be-
tween trace-element partition coefficients and the
jadeite (NaAlSi,Og¢) content in pyroxene, it was noted
that partitioning of trivalent, tetravalent and to a lesser
extent, divalent cations in pyroxene increases with
increasing Na,O concentrations.

D4 yalyes for the LREEs (< ~0.1), MREEs
(< ~0.3) and Zr (< ~0.05) in 3 GPa run products of
97SB68 are lower than those determined in previous
studies of eclogites and basalts, undertaken at compa-
rable temperatures (1,200-1,470°C) and pressures. The
overall patterns displayed by D values on multi-ele-
ment plots are, however, similar (Fig. 8; Hart and
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Table 6 Best fits for r,, D, and E obtained by regression of REE partition coefficients to the lattice strain model

P (GPa) T (°C) IVIA] Ca CaTs? Wo? ro (A) D, E (GPa)

Clinopyroxene

3 1,425 0.103 0.407 0.071 0.205 0.979 + 0.005 0.32 + 0.010 286 + 40

3 1,475 0.088 0.354 0.068 0.181 0.979 + 0.005 0.30 =+ 0.010 281 +23

3 1,500 0.085 0.341 0.069 0.175 0.978 + 0.005 0.24 + 0.008 322 +£32

3 1,525 0.082 0.334 0.065 0.172 0.978 + 0.003 0.24 + 0.005 240 = 17

5 1,500 0.021 0.412 0.052 0.216 0.980 + 0.003 0.27 + 0.005 138 £ 7

5 1,600 0.043 0.386 0.062 0.201 0.980 + 0.004 0.22 + 0.007 224 +21

7 1,750 0.004 0.432 0.064 0.234 0.981 + 0.004 0.17 + 0.006 284 + 32
Py:Gss

Garnet

3 1,425 84:16 0.935 + 0.003 472 +0.25 500 + 43

3 1,475 86:14 0.930 + 0.002 4.40 £ 0.18 461 + 26

5 1,500 86:14 0.930 + 0.003 270 £ 0.22 436 + 52

7 1,750 86:14 0.930 + 0.002 2.09 £ 0.14 522 +53

# CaTs and Wo components calculated using the method of Gaetani and Grove (1995)

Dunn 1993; Hauri et al. 1994; Johnson 1998; Klemme
et al. 2002; Pertermann et al. 2004). DP9 values for
3 GPa 97SB68 experimental clinopyroxenes are similar
or slightly higher in magnitude and display comparable
ratios to those in clinopyroxenes generated in perido-
tite experiments at 2.8 GPa (Salters and Longhi 1999).
Figure 8 also shows the effect of temperature and
pressure on 97SB68 D14 values. In general, D14
values increase with increasing pressure: the 5 GPa
values at 1,500°C are higher than those at 3 GPa and
similar temperatures. However, temperature appears
to have a greater effect on D" values: both the 3

and 5 GPa runs show decreasing DP¥"4 values with
increasing temperature.

Figure 9 shows the effect of clinopyroxene major-
element composition on a range of trace-element D
values for the 3-7 GPa experimental runs. Only major
elements that were found to have an effect on D values
are shown; these are principally Ca and IVIA] (Fig. 9).
The Ca contents (i.e. principally Wo components) of
97SB68 clinopyroxenes decrease with increasing tem-
perature but remain relatively constant with increasing
pressure (Fig. 2). At 3 and 5 GPa DPXE9 values for
97SB68 generally increase with Ca content (Fig. 9).

Fig. 5 Variation in M™VAl, 0.982
Ca, CaTs and Wo contents
and run temperatures of 09814 A = " ©
97SB68 clinopyroxenes with 0.980 4 A m 1 . le) o)
lattice strain parameters r,,
D, and E. Data are from 09799 &aa OO L 16 ©
Table 6 09781 M O = . oo
o r r
L 0977 : : : — f 2
)
% 0.35 - 5
a AA a ]
5] 0.30{ AA [ ] L © O
A A m} | O
£ 0254 A o - i co
S 0201 -
7]
o o015{ * . "ot °b
£ 040 } } } } . t 2
il“ 3 0 A"“Al mCa
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Fig. 6 Onuma diagrams (Onuma et al. 1968), showing 97SB68
partition coefficients (D) verses ionic radius (from Shannon
1976) of 3" ions entering the clinopyroxene M2 site. Error bars

DR values of 97SB68 clinopyroxenes exhibit a
stronger correlation with increasing Ca content than
they do with increasing ™Al content (Fig.9), in
agreement with the results from the lattice-strain
modelling (see above). D9 and D9 show little
or no correlation with Ca. 97SB68 clinopyroxene Ca
contents at 3 GPa generally fall between those of
eclogites and peridotites at similar pressures and D
values correlate with these variations over the com-
positions examined (Fig. 9).

0.1 4

0.01 4§

0.001 3

D,=4.72 +/-0.25
0.0001 t t t

D(grt/melt)

0.1

0.01

0.001

D,=2.70 +/- 0.22
0.0001 + + + + +

0.7 0.8 0.9 1 1.1
lonic radius (A)

Fig. 7 Onuma diagrams (Onuma et al. 1968), showing 97SB68
partition coefficients (D) verses ionic radius (from Shannon
1976) of 3" ions entering the garnet X site. Error bars are 1
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are 1 standard deviation and are shown where larger than the
symbols. Data are from Tables 5 and 6

Clinopyroxenes from 97SB68 experimental run
products at 3-7 GPa (~Cag,Mgg¢Fe(,Si,0¢) contain
lower CaTs components than those from experiments
on pyroxenites, eclogites and basalts, but are broadly
comparable to those from peridotites (Fig. 10). The
sub-calcic augites present in the experimental run
products of 97SB68 have little Al in the fourfold co-
ordination site (<0.1 mol prop.). In the 3 GPa runs, the
clinopyroxenes exhibit a decrease in VAl with
increasing temperature, but at 5 GPa ™Al increases

10

0.1

0.01

0.001

D, =4.40 +/- 0.18
0.0001 + + +

D,=2.09 +/-0.14
0.0001 T T T T T

0.8 0.9 1 1.1
lonic radius (A)

standard deviation and are shown where larger than the symbols.
Data are from Tables 5 and 6
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Fig. 8 a Comparison of incompatible trace-clement D14
values of 97SB68 at 3 (shaded field), 5 and 7 GPa. Data are
from Table 4. b Comparison of 97SB68 DP¥ values at 3 GPa
(shaded field) with those from eclogite (Pertermann et al. 2004),
basalt (Hart and Dunn 1993; Hauri et al. 1994; Johnson 1998)
and peridotite (Salters and Longhi 1999) at similar pressures

with increasing temperature (Fig.2). D values for
HREEs, Y and Ti at 3 GPa follow the overall slightly
positive correlations shown by peridotites and eclogites
(Fig. 9). The weaker correlations shown in Fig. 9 sug-
gest that Ca (i.e. Wo) is the dominant control on
clinopyroxene D values because VAl (i.e. CaTs)
contents are so low. In addition, Na was found to have
little effect on D values of 97SB68 clinopyroxenes even
though 97SB68 jadeite components are elevated com-
pared to clinopyroxenes from peridotite experiments
(Fig. 10). Both the lattice strain model and major-ele-
ment correlations of 97SB68 clinopyroxenes suggest,
while ™’Al and CaTs contents exert some influence,
Ca in Wo is the principal control on clinopyroxene D
values.

Major-element controls on garnet D values

In an idealised garnet solid-solution, X5Y,Z;01,, the X
site hosts the divalent cations Fe?*, Mg®*, Ca®* and
Mn?**, the Y site is occupied principally by AI**, Fe**,
Cr** and Ti** and the Z site consists of Si**. Parti-

tioning of the LREEs, Sr, Nb, Ta, U and Th into the
garnet X site may be affected by the Ca and Mg con-
tents of the garnet (van Westrenen et al. 1999, 2001;
Klemme et al. 2002). Other trace-elements, such as Ti,
Hf and Zr, are believed to enter the Y site by replacing
Al

In general, D&Y values correlate positively with
Ca, Al and Fe** and negatively with Mg (Fig. 11), i.e.
they exhibit a positive correlation with temperature
(Fig. 3). DFYEL values do not correlate with any of the
major-elements and are not included in Fig. 11. DEY"4
values exhibit a scattered correlation with Ti, Mg and
Ca and the control on Nb partitioning in the experi-
mental run products of 97SB68 is unclear (only Ti is
shown in Fig. 11). According to Pertermann et al.
(2004), highly charged trace-element cations (e.g. Nb,
Ta, Th, U) substitute into the garnet X site and have
lower garnet-liquid (D&9) values for Ti-rich garnets
(~1.5 wt.%) than Ti-poor garnets (=~0.5 wt%).
97SB68 garnets at 3-7 GPa have TiO, contents be-
tween 0.7 and 1.2 wt.% (Fig. 3; Tuff et al. 2005) and
fall within the range of low-Ti and high-Ti garnets
defined by Pertermann et al. (2004). Peridotite garnet
Ti contents are generally <0.1 wt.% (e.g. Takahashi
et al. 1993; Salters and Longhi 1999). Although some-
what scattered, 97SB68 D&Y values fall within the
range of those in garnets from peridotite and eclogite
(Fig. 11).

In the 3-7 GPa ferropicrite run products, garnet is
essentially a pyrope (Mgs;ALSi;O;) — almandine
(Fe;ALSi;0p,) — grossular  (CaszAlSizOq,)  solid
solution (Fig. 12). Garnets in natural peridotites have
similar grossular and almandine, but higher pyrope
contents (Py;o_ggAlj720Grg_14) than garnets in ferro-
picrite run products. Eclogite garnets have higher
grossular and lower almandine and pyrope contents
(Py20_70Aly0_50Gryo_ss; Fig. 12). The calculated D&M
values for the 3 GPa 1,425°C ferropicrite run prod-
ucts agree well with data reported for garnets from
experimental charges of peridotites, eclogites and an
olivine tholeiite at similar pressures and temperatures
(Fig. 13; Salters and Longhi 1999; Klemme et al.
2002; Pertermann et al. 2004; Tuff et al. 2005). It is
noted that at higher temperatures (1,475°C) 3 GPa
DEYEL values are higher (e.g. DEY™ = 0.047) than
those at lower temperatures (1,425°C) and approach
the values obtained for an Al-rich basalt (D§EY" =
0.065 at 1,430°C; Hauri et al. 1994). 97SB68 D&1d
values follow the trends described above for clino-
pyroxenes in that they decrease with increasing
temperature; this temperature effect appears to
dominate the effect of pressure. In general, D&
values for 97SB68 are more similar to those of per-
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Fig. 9 Variation in D>
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with major elements for
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shown are data for: peridotite
clinopyroxenes at <2 (open
hexagons) and 2.8 GPa
(closed hexagons, Salters and
Longhi 1999); quartz eclogite
clinopyroxenes at 3 GPa
(open diamonds, Pertermann
and Hirschmann 2002; closed
diamonds, Pertermann et al.

2004); pyroxenes in alkali
basalt at 1.7-2.5 GPa (open
triangles, Hart and Dunn
1993) and in high-Al basalt at
3 GPa (closed triangles, Hauri
et al. 1994)
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idotites than eclogites. At 3 GPa 97SB68 experi-
mental garnets have lower Ca and Al and higher Mg
contents than eclogite garnets and exhibit lower
HREE D values. This relationship between DgM4
values and pyrope:grossular ratio is in agreement
with the results of synthetic experiments (van Wes-
trenen et al. 1999, 2001; Klemme et al. 2002) and
suggests that the grossular content of 97SB68 garnets
exerts a strong control on D values.
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The effect of liquid composition on D values

The composition of a liquid that co-exists with solid
phases (such as garnet and clinopyroxene) may also
have an influence on trace-element partitioning (e.g.
Hirschmann and Ghiorso 1994). Increased liquid Si
contents are expected to increase trace-element parti-
tion coefficients. This is because increased Si causes a
higher degree of polymerisation within the melt that
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Pyroxenites, eclogites & basalts

Peridotites
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En

(b)

Wo
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Fig. 10 Ternary diagram showing the compositions of 3-7 GPa
97SB68 clinopyroxenes in terms of a Wollastonite-Enstatite-Ca
Tschermak and b Enstatite + Ferrosilite—Wollastonite—Jadeite
components. Also shown are clinopyroxenes from Parana-
Etendeka ferropicrites (Gibson et al. 2000); experiments on
basalts at 1.7-3 GPa (Hart and Dunn 1993; Hauri et al. 1994;
Johnson 1998); quartz eclogites at 2-3 GPa (Pertermann and
Hirschmann 2002, 2003a, b); silica undersaturated garnet
pyroxenite at 2-5 GPa (Hirschmann et al. 2003; Kogiso et al.
2003) and peridotites at 2.8-7 GPa (Takahashi 1986; Walter
1998; Salters and Longhi 1999)

‘forces’ greater amounts of incompatible trace-ele-
ments into the co-existing crystals (Blundy and Wood
2003). It follows that increased liquid contents of sili-
cate ‘framework’ elements (such as Si and Al) should
cause an increase in DP9 and D& In contrast,
increasing the concentration of non-framework cations
(such as Fe** and Mg) in the liquid may reduce the
degree of polymerisation and allow higher contents of
incompatible trace-elements. Although some correla-
tion between clinopyroxene and garnet D values and
framework elements was observed, the effect was
minor compared to the effect of the major- element
concentration on the minerals (Tuff 2005).

Bulk-partition coefficients

We have shown above that both garnet and clinopy-
roxene exert major controls on trace-element parti-
tioning in 97SB68 run products. In order to examine
the effect of these phases on trace-element ratios in
mantle melts, we have calculated bulk-partition coef-
ficients (bulk-Ds).

97SB68 is believed to represent a primary mantle
melt derived from a pyroxenite source (Tuff et al.
2005) and the liquidus phases should therefore be in
equilibrium with the source lithology (Maalge 2004).
On the liquidus, the garnet:clinopyroxene ratio in-
creases from 0:100 at 3 GPa to 25:75 at 5 GPa and
50:50 at 7 GPa (Table 7). Although calculated clino-
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Fig. 11 Variation in D#"' with major-element contents of
97SB68 garnets from 3 to 7 GPa runs. Also shown are garnets
from experimental runs on peridotite at 2.8 GPa (closed hexagons,

Salters and Longhi 1999); quartz eclogite at 3 GPa (closed
diamonds, Pertermann et al. 2004) and basalt at 2.5-3 GPa
(closed triangles, Hauri et al. 1994; open triangles, Johnson 1998)
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Fig. 12 Variation in garnet composition in terms of end-
members: Pyrope (Py; Mg;Al,Si304,); grossular (Gr; CazAl,.
Si301,); andradite (And; CazFe,Si;0;5); uvarovite (Uv; CazCr,.
Si301,); almandine (Alm; Fe;AlSi;O,) and spessartine (Spes;
Mn;AlLSi;Oy,) after van Westrenen et al. (2001) and data
sources therein. 97SB68 garnets at 3-7 GPa lie to the left of the
19% (Gr + And + Uv) line defined by van Westrenen et al.
(2001). Data are from Tuff et al. (2005)

pyroxene and garnet modes near the 7 GPa liquidus
are 4 % and 1%, respectively (Table 2), they are—
within error (due to phase analysis and mass-balance
calculations)—essentially present in equal amounts.

10 3,5&7GPa
1
= 0.1
5
&
Q 001 L)
A—3 —A—P-529 3GPa 1425°C
0.0014& —/—P-511 3GPa 1475°C
—8—5-1295 5GPa 1500°C
1 (a) —{1~5-1330 7GPa 1750°C
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—@=—Quartz eclogite (2.9GPa, 1425-1390°C)
—A—Al-rich basalt (2.5 GPa, 1430°C)
—(O—Eclogite (3GPa, 1400°C)
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Fig. 13 a Comparison of incompatible trace-element D&V!id

values of 97SB68 at 3 (shaded field), 5 and 7 GPa. b Comparison
of 97SB68 D&V values at 3 GPa (shaded field) with those from
eclogite (Pertermann et al. 2004), basalt (Hart and Dunn 1993;
Hauri et al. 1994) and peridotite (Salters and Longhi 1999) at
similar pressures
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Bulk-partition coefficients for the ferropicrite run
products were calculated using the liquidus modes in
Table 7 and D4 and D& values that are as near
to the liquidus at each pressure as possible (Table 5).
At 5 GPa, however, we were only able to use 1,500°C
trace-element partition coefficients because D14
values for 5 GPa at liquidus temperatures were not
determined (Table 5). Based on the trends in D values
seen above (Figs. 8, 13), the lower temperature D
values used at 5 GPa will be over-estimates of the true
values, since 97SB68 D values are lowered with
increasing temperature. Variations in bulk-D values
reflect the changing relative abundances of garnet and
clinopyroxene on the ferropicrite liquidus: the increase
in modal garnet with pressure causes an increase in the
bulk-Ds for the HREEs and Sc, so that the 7 GPa
values are the highest. In contrast, bulk-D values are
lowest for the LREEs at 7 GPa (Fig. 14). Bulk-D
values for some LREE at 5 GPa are higher than those
at 3 GPa. This may reflect the lack of D& values at
liquidus temperatures.

At 3 GPa, bulk-partition coefficients in the 97SB68
run products are intermediate between those previ-
ously estimated for quartz eclogite and peridotite
(Fig. 14; McKenzie and O’Nions 1991; Salters and
Longhi, 1999; Pertermann et al. 2004). Peridotite is
dominated by olivine (>50% ), which has extremely low
D values for the REEs; at high pressures (>3 GPa),
modal proportions of garnet (<17%) and clinopyrox-
ene (<36%) remain relatively low (e.g., Walter 1998)
and incompatible trace-element bulk-D values are not
expected to vary significantly with increasing pressure.
Eclogites/pyroxenites become richer in garnet with
increasing pressure (Hirschmann et al. 2003; Kogiso
et al. 2003) and may exhibit similar trends in bulk-D
values to 97SB68 at higher pressures, although this is
not certain due to the lack of pyroxenite trace-element
data at >3 GPa. In the absence of such data, trace-
element partition coefficients for 97SB68 may be used
to place important constraints on pyroxenite melting
models.

Conclusions

We have shown that (1) trace-element partition coef-
ficients for clinopyroxene and melt in garnet pyroxe-
nites, generated in experiments on a high-Fe picrite,
are lower than those in eclogites but higher than for
peridotites at ~3 GPa; (2) trace-element partition
coefficients for garnet and melt are higher for the
LREE but lower for the HREE than those calculated
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Table 7 Calculated bulk- Run 3 GPa 5GPa  7GPa  Eclogite  Garnet Peridotite
partition coefficients for 3 GPa® peridotite® 3 GPad
fervopicrite 975808, eclogite  Modet ol 0.00 0.00 0.00 0.00 0.60 0.60
p opx 0.00 0.00 0.00 0.00 0.20 0.17
cpx 1.00 0.75 0.50 0.75 0.08 0.13
grt 0.00 0.25 0.50 0.25 0.12 0.10
Sc 0.614 0.935 1.376 3.260 - -
Ti 0.144 0.195 0.157 - 0.028 -
Sr 0.060 0.211 0.069 0.054 0.007
Y 0.216 0.622 0.571 1.380 - 0.340
Zr 0.035 0.095 0.114 0.223 - 0.064
" Modes expressed as weight ~ ND 0.009 0011 0.009 0.007 0.001 0.003
fraction on the liquidus Ba 0.003  0.006 0.002 0.006 - -
(97SB68) and solidus La 0.024 0.054 0.014 0.021 0.006 -
(eclogite and peridotite). Ce 0.035  0.086 0.022 0.044 0.011 0.005
97SB68 modes have been re- Pr 0.051 0.095 0.034 - 0.019 -
caleulated from those in Nd 0082 0127 0.050 0.164 0.033 0.016
Table 2 Sm 0130 0195 0.096 0.233 0.048 0.045
® Preferred average eclogite Eu 0.124 0.214 - 0.242 0.064 -
of Pertermann et al. (2004) Gd 0.133 0.223 0.162 0.501 0.084 -
S et al Tb 0.147 0313 0.301 - 0.115 -
Garnet peridotite of Dy 0214 0.428 0.515 1.029 0.153 -
McKenzie and O’Nions Ho 0.194 0.507 0.487 - 0.206 -
(1991) Er 0217 0508 0.593 1.797 0.260 0.375
Peridotite of Salters and Yb 0.249 0.674 0.948 2.555 0.496 0.612
Longhi (1999) calculated by Lu 0.237 0.871 0.840 2.905 0.667 0.785
Pertermann et al. (2004)
Fig. 14 Bulk-partition 10
coefficients (D) of ferropicrite
runs at 3, 5 and 7 GPa. Data
are from Table 7. Also shown _ o~
are bulk-Ds of a quartz 14 — °
eclogite at 2.9 GPa £ S >b
(Pertermann et al. 2004) and (3] Vad / \U‘
peridotite (McKenzie and E o—o—7 /A—A\n/g/“t
O’Nions 1991; Salters and o ,/‘Q A—p— ’/6
Longhi 1999) 5 ¢ m
S " |
p= ./A/ . O
g SO )
X~ N M o O
@ A o
< g —A— 3GPa -€-5GPa —Hl-7GPa
-@- Quartz eclogite (Pertermann et al., 2004)
-~ Peridotite (McKenzie & O'Nions, 1991)
—D— Pendome (Salters & Longhl 1999)

from peridotite and eclogite experiments at ~3 GPa;
(3) trace-element partition coefficients between garnet,
clinopyroxene and melts decrease with increasing
temperature.

The lattice strain modelling of 97SB68 clinopyrox-
enes suggests, while ™Al and CaTs contents exert
some influence, Ca in Wo is the principal control on
clinopyroxene D values. Garnet D values are princi-
pally controlled by the grossular content. In contrast,
the liquid major-element composition, for a given
97SB68 experimental run charge, has a minor effect on

La Ce Pr

Nd Sm Eu Gd Tb Dy Y Ho Er Yb Lu Sc Ti

trace-element partitioning compared to the composi-
tions of mineral phases.

Bulk-D values reflect the importance of modal
mineralogy on trace-element partitioning. 97SB68
bulk-D values are intermediate between those for
eclogites (garnet- and pyroxene-dominated mineral-
ogy) and peridotites (olivine-dominated mineralogy) at
3 GPa. At 5 GPa, garnet is likely to become more
prominent in pyroxenite mantle lithologies and will
strongly affect partitioning, particularly of the HREEs
and Sc. The trace-element partition coefficients that we
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have determined for 97SB68 demonstrate this effect
and may provide useful constraints in future numerical
models of pyroxenite source regions.
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