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Abstract

We have experimentally investigated the effects of crystal chemistry on the partitioning of U and Th between
clinopyroxene and anhydrous silicate melt in a wide range of synthetic systems from 1 to 8 GPa and 1330 to 1735°C. We
have also generated limited additional data for garnet-melt and pigeonite-melt U-Th partitioning. We find that for
sub-calcic clinopyroxenes, of the variety which characterise the mantle solidus, Dy is greater than Dy, as previously
predicted from theoretical considerations based on the size of the M2 site into which substitution occurs. Melt
composition appears to have a minor effect on partitioning. The new partitioning data have been combined with
existing experimental data to derive a thermodynamically based expression that predicts Dy, and Dy from crystal
chemistry, pressure and temperature. This model has been combined with published experimental determinations of
clinopyroxene composition along the mantle solidus to derive the variation in D1, and Dy/Dry during mantle melting.
A simple, one-dimensional model dynamic mantle melting using the new data shows that 2**Th excesses, expressed as
the activity ratio (3*°Th/>*®¥U), of up to 1.34 can be generated within the spinel Iherzolite stability field. This value is in
excellent agreement with the maximum 2*°Th excess (1.35) observed in mid-ocean ridge basalt (MORB). The magnitude
of excess correlates linearly with the depth to the onset of melting. These findings, which are relatively insensitive to
plausible variations in mantle porosity and melt productivity, are consistent with observed global variations in MORB
230Th excesses with ridge axial depth. We conclude that significant 2*°Th excess can be generated by melting of spinel
lherzolite, in the absence of garnet. © 2001 Published by Elsevier Science B.V.
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1. Introduction

The 23¥U-decay series is a potentially powerful
tool for deciphering the nature and timescales of
magmatic processes [1-4]. The parent isotope U
decays to 2°Pb via a decay series which includes
the intermediate short-lived isotope 2°Th with a
half-life of 75.38 ka. Mantle-derived young vol-
canic rocks (e.g. mid-ocean ridge basalts
(MORBEs) and ocean island basalts younger than
approximately 350 ka) commonly display secular
disequilibrium in the *¥U-decay series, with ex-
cesses of (2*°Th) over (***U) most frequently ob-
served’. This means that >*Th is preferentially
fractionated into the melt phase relative to 2%U
during mantle melting (i.e. U is more compatible
in the solid residue than Th) and that melt trans-
port is rapid relative to the half-life of 2*Th.
These observations require the presence of a solid
phase on the mantle solidus for which the ratio of
partition coefficients (D) for U and Th (i.e. Dy/
Dry) is greater than unity, and a bulk solid par-
tition coefficient for U, DBUK, of the same order as
the threshold porosity at which melt is extracted
[5]. Although not well-known, the latter is likely
to be greater than 107> [6]. Available experimen-
tal studies for olivine, orthopyroxene and clino-
pyroxene, the three major mantle minerals, con-
firm that olivine and orthopyroxene have Dy/
Dty >1, but very low absolute Dy values of
about 1073 [7], while almost all available clinopyr-
oxene data suggest Dy/Dty, <1 at absolute Dy of
1072-1073 [7-10]. When these data are used to
calculate bulk partition coefficients relevant to
mantle melting the value for clinopyroxene dom-
inates. Therefore, in the absence of an additional
phase with high Dy values and Dy/Dt, > 1, ex-
cesses of 2°Th cannot be generated during melt-
ing in the spinel lherzolite stability field. In con-
trast the pyrope-rich garnets typical of mantle
peridotite yield high Dy/Dt, values of about 4
and absolute Dy values similar to those of clino-
pyroxene [4,11,12]. For this reason the generation
of U-decay series disequilibrium during mantle

3 The parentheses denote activities of the isotopes rather than
concentrations.

melting is almost universally attributed to the ini-
tiation of melting in the garnet lherzolite stability
field, rather than occurring entirely in the spinel
lherzolite stability field.

A major shortcoming of most of the available
experimental clinopyroxene partitioning data used
in modelling U-decay series equilibria is that there
are apparent discrepancies between experimental
and natural conditions and compositions. These
include both temperature and pressure and, of
particular importance for the partitioning of
highly charged ions, the crystal composition.
For example Lundstrom et al. [10] have demon-
strated that the clinopyroxene-silicate melt Dy is
a strong function of the concentration of Al in
tetrahedral coordination in clinopyroxene. Exper-
imental studies on the melting behaviour of lher-
zolite in natural and synthetic systems [13-18]
show that the composition of clinopyroxene on
the lherzolite solidus is extremely sensitive to
changes in pressure and temperature. With in-
creasing pressure and temperature on the lherzo-
lite solidus, clinopyroxenes become progressively
enriched in the enstatite (En), jadeite (Jd) and
calcium-tschermaks (CaTs) components and de-
pleted in the diopside (Di) component. In the sim-
ple Na,0-CaO-MgO-Al,03;-SiO, (NCMAS)
system, this corresponds to a change in clinopyr-
oxene composition from 0.03 Na, 0.7 Ca, 1.0 Mg
and 0.3 Al atoms per formula unit (apfu) at 1.2
GPa/1295°C to 0.08 Na, 0.4 Ca, 1.3 Mg and 0.4
Al apfu at 3 GPa/1531°C along the spinel lherzo-
lite solidus (or expressed in endmember molecules
from Jd;CaTsj4En;3 Dis; at 1.2 GPa/1295°C to
JdsCaTs7EnsyDiy; at 3 GPa/1531°C) [15]. Most
of the U-Th partitioning data from previous stud-
ies, however, refer to low pressure diopsidic clino-
pyroxenes (i.e. >0.8 Ca, <1.0 Mg and <0.2 Al
apfu or > Diss and < Enyy) and do not take into
account the different clinopyroxene composition
on the mantle solidus nor its changing behaviour
with increasing pressure and temperature. This is
particularly unfortunate since U-Th partitioning
has been shown to be strongly dependent on cli-
nopyroxene composition [10,19].

Recently, Wood et al. [19] presented a theoret-
ical model for the partitioning of U and Th be-
tween clinopyroxene and silicate melts, using the
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‘lattice strain’ model for element partitioning of
Blundy and Wood [21]. Based on the long estab-
lished observation that mineral-melt partition co-
efficients for a series of isovalent trace elements
show a near-parabolic dependence on cation radi-
us (e.g. [22]), Blundy and Wood [21] demon-
strated that trace element partitioning on a given
lattice site is a function of the site radius (ry), its
Youngs’s modulus (E) and the theoretical strain
free partition coefficient Dy for an element with
‘ideal’ radius ryp:

Di = Dy exp {% [%O(Vi—ro)z + %(Vi_VO)S:H

where r; is the radius of an element i of interest,
Na is Avogadro’s number, R is the gas constant
and T is temperature in K. Wood and Blundy [23]
applied this model to published experimental data
for rare earth element (REE) clinopyroxene—melt
partitioning. They found that the apparent value
of ry for the M2 site is a simple function of cli-
nopyroxene composition:

% =0.974 +0.067XM2—0.051 X! (A) (2)

where XM2 and XM refer to the atomic fractions
of Ca and Al on the clinopyroxene M2 and M1
sites, respectively. For the Young’s modulus of
the M2 site Wood and Blundy [23] extracted val-
ues by fitting Eq. 1 to experimental data and sug-
gested dependencies on pressure and temperature
derived from measurements of the elastic proper-
ties of Di:

E}, = 318.6 + 6.9P—0.036T (GPa) = 3/4Ey/,
)

where P is in GPa and T in K. Using this relation-
ship and the compositions of near-solidus clino-
pyroxenes in peridotite from a number of studies
[13-15,17,19,20] Wood et al. [19] showed that r}!?
decreases substantially with increasing pressure on
the mantle solidus. Assuming that: (1) U** is the
dominant species under fo, conditions relevant to
mantle melting; (2) Th** (r=1.05 A in 8-fold co-
ordination [25]) and U** (r=1.00 A in 8-fold co-

ordination [25]) exclusively enter the large dis-
torted M2 site usually occupied by Ca (r=1.12
A in 8-fold coordination [25]); and (3) the
Young’s modulus E of the M2 site is approxi-
mately linearly dependent on the charge of the
substituent cation [21], Wood et al. [19] applied
Eq. 1 to the partitioning of Th*" and U*" be-
tween clinopyroxene and melt. The exact descrip-
tion in terms of the lattice strain model is:

Dy/D1n =

—4nEH N A [PM2 1
exp| T MNA 3 )~

4)

Substituting Eqgs. 2 and 3 into Eq. 4 Wood et
al. [19] were able to predict how Dy/Dr, should
vary for clinopyroxene on the mantle solidus.
They concluded that, since ry <rp, and since
rM2 decreases with increasing pressure, the ratio
Dy/Dty should increase with increasing pressure
on the mantle solidus.

Fig. 1 shows the predicted variation of the Dy/
Dy, ratio calculated from Eq. 3 plotted as a func-
tion of r}!2. The solid and broken lines are upper
and lower limits, respectively, for predicted Dy/
Dty values calculated from ionic radii for U and
Th from Shannon [25] (solid line), and revised
ionic radii for U and Th of Wood et al. [19] cor-
rected for differences in bond lengths between hal-
ides and oxides (broken line). Also plotted are
new experimental Dy/Dr, values from Wood et
al. [19] and Salters and Longhi [26] for low-Ca
clinopyroxenes that closely match the composi-
tions of clinopyroxenes on the mantle solidus
and, for comparison, the experimental data for
high-Ca, diopsidic clinopyroxene from previous
studies [7-10,27]. Only data from experiments car-
ried out at least one logfp, unit below FMQ or
run dry in graphite capsules at high pressures
have been plotted to ensure that partition coeffi-
cients refer predominantly to U*" (for details see
[19]). The r}? radii of experimentally produced
clinopyroxenes were calculated from Eq. 2 using
the reported bulk compositions. The shaded area
depicts the predicted decrease in M2 site radii for
clinopyroxenes on the mantle solidus from about
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Fig. 1. Predicted (lines; Wood et al. model [19]) and ob-
served (symbols; literature) Dy/Dry values for clinopyrox-
ene-liquid partitioning under fo, conditions relevant to man-
tle melting. Pressure range of experiments is one atmosphere
to 2.8 GPa. Solid and dashed lines refer to uncertainty in
ionic radii and M2 site radius and hence give upper and low-
er limits of predicted Dy/Dy, values. Error bars (shown if
bigger than symbols) are +1 S.D. Note the scatter in the
data reported by Salters and Longhi [26] for low-Ca clino-
pyroxene with Dy/Dry ranging from 0.5 to 2.0 for the same
clinopyroxene bulk compositions. No error bars are plotted
for data of Salters and Longhi (see text for discussion).

1.013 A at 1 GPa to 0.985 A at 3 GPa [19]. The
striking features of Fig. 1 are that, within limits of
error: (1) the majority of the data plot on the
trend predicted for Dy/Dty by Wood et al. [19];
(2) data for high-Ca diopsidic clinopyroxene are
suggestive of Dy/Dty, < 1; and (3) the limited data
available for (high pressure) low-Ca clinopyrox-
ene clearly suggest that Dy/Dty, > 1. In the con-
text of U-series disequilibrium, these findings sug-
gest that at pressures above 1 GPa °Th excesses

can be generated by clinopyroxene without the
need for garnet in the residuum. However, since
the available U-Th partitioning data for low-Ca
clinopyroxene stable on the mantle solidus at con-
ditions relevant to mantle melting are few and the
data reported by Salters and Longhi [26] are am-
biguous because they lack an estimate of relative
uncertainty (see Fig. 1) the suggestion that **Th
excess can be generated by clinopyroxene alone
has been received sceptically (e.g. [28]). The aim
of this study was therefore to test the model pre-
dictions of Wood et al. [19] by performing U-Th
partitioning experiments for a broad range of cli-
nopyroxene compositions. In this contribution,
we shall demonstrate that low-Ca clinopyroxene
indeed has Dy/Dy values > 1 and can potentially
account for the generation of significant >**Th
excess within the spinel lherzolite stability field
without garnet needed as a residual phase.

2. Experimental materials and methods

All experiments presented in this study were
performed in the system NCMAS because a large
body of experimental work reporting equilibrium
clinopyroxene and silicate melt compositions al-
ready exists, and NCMAS offers a close approx-
imation to natural systems (e.g. NCMAS makes
up ~93% of proposed upper-mantle composi-
tions). The absence of iron from our experiments
has only limited consequences for the applicability
of the results to natural systems. As Mg>" and
Fe”* mix near-ideally in most crystals and melts,
partition coefficients likely scale linearly with Mg

Table 1
Nominal major element compositions of starting materials
DiggAbyg DiyAbg S&H* S&H W&P W&P W&P W&P W&P
AD-Na AD 122-1 2311-07 2701-07 P7 P10
wt%
SiO, 58.6 66.5 50.6 48.9 49.8 48.4 47.6 48.4 53.4
Al,O4 4.5 16.1 15.2 13.3 19.8 18.7 17.8 18.7 18.8
MgO 14.3 3.2 5.4 7.6 15.0 18.5 20.9 18.6 12.1
CaO 19.9 4.4 26.0 30.2 15.4 13.1 12.5 13.0 12.4
Na,O 2.7 9.8 2.8 - - 1.3 1.2 1.3 33
Total 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0

4S&H = composition of starting material obtained from Schosnig and Hoffer [31].
PYW&P = composition of starting material obtained from Walter and Presnall [15].
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number (cf. [23]). As mantle minerals and melts
have high Mg numbers (> 70) this effect will be
relatively minor.

In order to produce clinopyroxenes that cover a
wide range of compositions our experimental ap-
proach was 2-fold: (1) a first set of experiments
was carried out using starting glasses of composi-
tions 80 wt% Di-20 wt% albite (DiggAbyy) and 20
wt% Di-80 wt% albite (DiyAbgg). Pressure and
temperature conditions given by Blundy et al. [29]
were used for experiments performed in the sys-
tem DigyAbyy. Since the phase relations for the
composition DiyyAbgy are only poorly known
for the high pressures of this study several recon-
naissance runs were carried out to constrain the
liquidus phases and temperatures (for details see
[30]). (2) A second set of experiments was based
on previous experimental work by Walter and
Presnall [15] and Schosnig and Hoffer [31]. Re-
ported clinopyroxene and silicate melt composi-
tions were added in desired proportions (generally
90% melt and 10% clinopyroxene) to calculate a
bulk composition. Experimental run conditions
given by Walter and Presnall [15], calculated
with the MELTS software program of Ghiorso
and Sack [32], or from reconnaissance runs were
applied. The nominal (gravimetric) compositions
of all starting materials used in this study are
reported in Table 1.

A mixture of 1 g of each bulk composition was
prepared from desired amounts of high-purity
powdered oxides (SiO;, Al,O3, MgO) and carbo-
nates (CaCOj;, Na,CO;). Each mixture was
ground under acetone in an agate mortar to a
fine powder, decarbonated and subsequently fused
in a platinum crucible at 1350°C for ~ 10 min.
Each mixture was ground and fused two or three
times to obtain homogeneous glass powders. Usu-
ally about 1000 ppm of Th and 800 ppm of U
were then added in nitrate solution to the glass
powders using 1000 ppm AAS standard solutions
(note that some starting materials were doped
with about 50-200 ppm each of U and Th and
that starting materials for multianvil experiments
were doped with 2000 ppm U and 800 ppm Th;
see Tables 3a—c for explanation). The glass pow-
ders were also doped with selected REE and yt-
trium (REE+Y: La, Ce, Nd, Sm, Yb, Lu and Y)

and high field strength elements (HFSE: Ti, Zr
and Hf) introduced for a simultaneous study of
trace element partitioning between clinopyroxene
and melt, the results of which will be presented
elsewhere. There are no indications that the total
amount of trace elements present (<0.5 wt%
trace element oxides for all produced starting ma-
terials) has any effect on phase relations and the
partitioning behaviour of U and Th. After drying
and denitrification, the doped powders were again
fused in a platinum crucible at 1350°C for ~ 10
min, ground under acetone in an agate mortar
and dried at 150°C. The resulting fine glass pow-
ders were used as starting materials.

Experiments were carried out at the University
of Bristol using the following apparata: (1) 1-3.5
GPa experiments were carried out in 1-inch end-
loaded piston cylinder apparata using BaCO3 and
BaCOs-silica glass pressure cells, graphite furna-
ces, alumina spacers and WRe3/WRe25 (type D)
thermocouples in alumina sleeves. No pressure
correction was applied to thermocouple EMF.
Based on calibrations using a number of equilib-
ria (for details see van Westrenen et al. [12,33]) a
pressure correction of —10% and —13% to the
nominal pressure was applied for the BaCO;
and BaCOs;-silica glass cells, respectively, to ac-
count for frictional losses. The samples were con-
tained in graphite-lined Pt capsules of 3 mm outer
diameter and 2-3 mm length. The graphite lining
ensured that fo, is at least 1.3-1.4 log units below
the FMQ buffer for the conditions applied in our
experiments [34]. Prior to welding, the loaded Pt
capsules were heated for several minutes to 700—
800°C in a furnace to ensure near-anhydrous con-
ditions [24,35]. The capsule was protected from
the thermocouple by a 0.1 mm thick Pt disc.
The temperature difference between thermocouple
and sample is =20°C based on geothermometric
calibration using Di-En equilibria. To facilitate
growth of large crystals, experiments were pres-
surised and heated to 60°C above the run temper-
ature for 10 min. Temperature was then lowered
slowly to the run temperature and held for 3-72
h, depending on the composition of the starting
material (see Table 2). (2) Experiments at 5.6 and
8.1 GPa were carried out in a “Walker-type’ multi-
anvil apparatus [36] with MgO (Ceramcast® 584)
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octahedra with an edge length of 18 mm, unta-
pered LaCrOj furnaces and ZrO; sleeves between
octahedron and furnace. Temperature was moni-
tored by an axial W—Re thermocouple in an alu-
mina sleeve. No pressure correction was applied
to thermocouple EMF. The samples were con-
tained in welded Pt capsules of 1.8 mm outer di-
ameter and typically 3 mm length. The temper-
ature difference between thermocouple and
sample in this assembly is no more than *20°C
based on calibration using two thermocouples.
Samples were taken directly to run temperature
and run times were =15 min. Experimental run
conditions of all experiments reported in this
study are given in Table 2.

3. Analytical techniques

The major element chemistry of minerals and
silicate glasses of all experiments was determined
on carbon-coated polished mounts at the Univer-
sity of Bristol using a Jeol JXA-8600 electron mi-
croprobe analyser (EMPA) in wavelength disper-
sive mode. Accelerating voltage and beam current
were 15 kV and 15 nA, respectively. For mineral
analysis, beam diameter was 1 um, while a slightly
defocussed beam of 5-10 um diameter was used
for silicate glass analysis to minimise migration of
sodium. Standards used for calibration were albite
(Na), wollastonite (Ca, Si), olivine (Mg) and
spinel (Al). All raw data were reduced using a
ZAF correction scheme. Typical 1o precision is
generally better than 2% for >5 oxide wt%, 4%
for 5-3 oxide wt%, and 6% for <3 oxide wt%.
Analyses of secondary standards (Di and KKI1
kaersutite) were consistently within 26 of pub-
lished values.

All trace element concentrations were deter-
mined on Au-coated mounts by secondary ion
mass spectrometry (SIMS) using the Cameca
IMS-4f ion microprobe at the University of Edin-
burgh. If possible, SIMS and EMPA measure-
ments were performed at the same spot. The pri-
mary beam was nominally 10 keV O~ ions with a
sample current of 6-12 nA, corresponding to a
spatial resolution of ~30-50 um. The secondary
ion accelerating voltage was 4500 V with an offset

of 75 V and energy window of *20 eV to reduce
molecular ion transmission. Calibration was per-
formed under similar operating conditions using
NIST SRM 610 glass, adopting the NIST recom-
mended values of 457.2 ppm for Th and 461.5
ppm for U (in reality the exact values adopted
have no bearing on our partition coefficients
which, of course, are ratios). 2¥U and 2**Th
were measured and ratioed to 3°Si as determined
by electron microprobe. Mass 130.5 was used to
monitor background; all analyses reported here
have zero background counts. Count times were
adjusted so as to ensure a statistical precision of
better than 5% relative for all measured isotopes.
Accuracy of SIMS analyses was assessed by ana-
lyzing regularly a set of secondary standards (Kil-
bourne Hole clinopyroxene KH1, San Carlos cli-
nopyroxene  SC8804, Madagascan garnet).
Comparison of the results obtained over a 5 yr
period with independently determined and pub-
lished analyses of these materials indicates that
accuracy is better than 15% and there is no sys-
tematic variation in ion yield between silicate
glasses and mantle minerals.

4. Experimental results

Experimental run products are listed in Table 2.
In DigyAbyy and DiyAbgy systems experimental
run products were 14-32% clinopyroxene coexist-
ing with 68-86% homogeneous glass and spheru-
litic quench matter (see Fig. 2a). In the 5-8.1 GPa
runs, clinopyroxene is joined by coesite as a stable
phase. Clinopyroxenes were generally euhedral
and varied in length between 50 and several 100
um. In S and H experiments (starting materials
after Schosnig and Hoffer [31]) run products
were 10-36% large euhedral clinopyroxene up to
500 um in size surrounded by 64-90% clear ho-
mogeneous glass (see Fig. 2b). In W&P experi-
ments (starting materials after Walter and Pres-
nall [15]) the quenched assemblages can be
divided in two groups: (a) in the first group run
products were 15-40% clinopyroxene coexisting
with 60-85% clear homogeneous glass. Clinopyr-
oxenes in these runs are euhedral to subhedral
and 100-200 pm in size; (b) in the second group
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Fig. 2. Secondary electron photomicrographs of typical experimental run products (see Table 2 for run conditions): (a) 1 GPa
run 99PC11-II showing euhedral clinopyroxene (cpx) in matrix of spherulitic quench matter (¢) and homogeneous glass (g/).
(b) 1 GPa run AD-1 showing large euhedral clinopyroxene (cpx) in homogeneous glass matrix (g/) surrounded by graphite lining
(gph). (c) 3.5 GPa run 2701-07-11 showing an interlocking matrix of fine grained clinopyroxene and garnet at the base of the cap-
sule (m), subhedral clinopyroxene (cpx) and euhedral garnet (gf) coexisting with a homogeneous glass (g/) and spherulitic quench
matter (¢) surrounded by graphite lining (gph). (d) 2.7 GPa run 2701-07-1 showing subhedral clinopyroxene (cpx) and spinel (sp)
coexisting with homogeneous glass (g/) and a spherulitic quench rim at the crystal-melt interface. Scale bar in each photomicro-

graph is 200 um.

run products were 13-50% homogeneous glass*
sperulitic quench matter and variable proportions
of clinopyroxene * garnet or spinel. An interlock-
ing matrix of fine grained clinopyroxene and gar-
net typically forms near the base of the capsule,
while large subhedral clinopyroxene of up to 300
um * euhedral garnet or subhedral spinel occurs
at the melt interface near the top of the capsule
(see Fig. 2c). Only crystals close to this interface
were analysed. Spherulitic quench matter typically
forms rims at crystal-melt interfaces (see Fig. 2d).

Major element analyses of all experimental run
products are listed in Tables 3a—c. The small stan-

dard deviation (S.D.) for each of the analysed
glasses demonstrates that they are chemically ho-
mogeneous. Spherulitic quench mats inevitably
show local heterogeneity leading to problems dur-
ing EMPA [29]. Thus, the larger S.D. values for
some of the analysed quench mats (for example
MgO in runs 99PC24-11I, 99MA1 and 2701-07-1I)
are likely due to analytical uncertainty because of
the small number of points analysed rather than
reflecting chemical inhomogeneity. Observed melt
chemistry, expressed as degree of depolymerisa-
tion of the melt (Table 2), shows a large variation
from fully polymerised (NBO/T values about 0.2
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Table 3b

(See Table 3a for explanations)

Run AD-1 AD-2 AD-3 AD-Na-1 AD-Na-2 AD-Na-3 AD-Na-4
System S&H S&H S&H S&H S&H S&H S&H

P (Gpa) 1 2 3 1 2 2.5 3

T (°C) 1380 1520 1620 1350 1520 1550 1590

wt% Pyroxene

n® 11 9 24 77 59 16 21

Sio, 49.88 (23) 47.74 (35) 47.26 (49) 50.64 (42) 48.81 (28) 48.33 (51) 47.18 (24)
AL O3 10.00 (22) 12.36 (25) 14.00 (18) 9.68 (40) 14.50 (46) 16.20 (30) 17.17 (17)
MgO 14.72 (13) 13.94 (14) 12.96 (24) 14.66 (24) 12.15 (23) 10.95 (19) 10.09 (9)
CaO 26.23 (14) 26.08 (15) 26.16 (35) 25.24 (17) 24.21 (17) 23.11 (28) 23.37 (17)
Na,O 0.02 (1) 0.03 (2) 0.04 (2) 0.54 (5) 1.35 (10) 1.87 (7) 1.78 (4)
Total 100.85 (27) 100.16 (43) 100.42 (111) 100.76 (60) 101.03 (40) 100.46 (96) 99.59 (28)
ppm

n 6 5 5 6 5 5 5

U 3.5 (6) 2.8 (7) 1.2 (1) 2.1 (6) 1.9 (3) 1.0 (2) 1.1 (3)
Th 5.8 (10) 5.9 (20) 1.7 (2) 4.0 (15) 3.3 (4) 1.5 (5) 1.6 (5)
U/Th¢ 0.60 (3) 0.51 (10) 0.73 (7) 0.56 (5) 0.59 (5) 0.66 (7) 0.65 (6)
wt% Glass

nP 43 22 24 21 103 80 21

SiO, 48.33 (19) 48.18 (31) 48.96 (41) 50.44 (40) 51.32 (20) 51.20 (22) 51.20 (14)
Al O4 14.24 (12) 13.70 (9) 13.25 (11) 15.81 (14) 15.73 (12) 15.71 (9) 15.03 (7)
MgO 6.08 (6) 4.68 (8) 4.50 (6) 4.38 (5) 3.88 (6) 4.59 (5) 3.27 (8)
CaO 30.82 (18) 31.92 (13) 32.39 (17) 26.06 (20) 26.31 (22) 26.38 (14) 27.20 (13)
Na,O 0.06 (2) 0.03 (2) 0.04 (2) 3.07 (17) 3.04 (6) 2.38 (6) 2.98 (7)
Total 99.53 (33) 98.51 (39) 99.14 (50) 99.76 (68) 100.28 (36) 100.26 (33)  99.68 (21)
ppm

nP 6 6 6 6 6 6 6

U 503 (29) 770 (16) 785 (9) 492 (35) 704 (31) 475 (4) 604 (32)
Th 730 (37) 1065 (15) 1089 (15) 724 (42) 999 (48) 701 (6) 891 (58)
U/Th® 0.69 (2) 0.72 (1) 0.72 (1) 0.68 (1) 0.705 (4) 0.677 (2) 0.678 (8)
Dy 0.0070 (13) 0.0037 (9) 0.0015 (1) 0.004 (1) 0.0027 (4) 0.0021 (4) 0.0018 (5)
Dty 0.0080 (15) 0.0055 (19) 0.0015 (1) 0.005 (2) 0.0033 (5) 0.0021 (6) 0.0018 (5)
Dy/Dy, 0.87 (5) 0.70 (13) 1.01 (9) 0.82 (7) 0.84 (8) 0.97 (11) 0.96 (9)

in DiyyAbgy runs) to depolymerised melts (NBO/T
of 1.2 in DigyAby runs). However, no correlation
between Dy/Dtn or Dy, values and NBO/T is
observed and experiments with quite different
NBO/T values show the same Dy/Dt, and Dty
values.

Although homogeneous clinopyroxene crystals
are notoriously difficult to grow, the majority of
experimentally produced clinopyroxenes reported
in this study are remarkably homogeneous. With
a few exeptions, the observed chemical variation
even for species showing slow interdiffusion is in-
significant. For example, the greatest observed
variation in Al,O3 is ~ 12% relative (for pigeonite
in run W&P 122-1), but is generally = 6% relative

for the majority of clinopyroxenes. The average
observed variation in Al,O3 is only ~ 4% relative.
Moreover, for ~60% of the experimentally pro-
duced clinopyroxenes the observed variation in
Al,O; is below the analytical precision. This
also holds true for garnets produced in runs
W&P 2311-07-1I1 and W&P 2701-07-11, and
spinel in runs W&P 2701-07-1 and W&P 23P7.
In addition, no systematic or complementary ma-
jor element zonation is observed for clinopyrox-
ene, garnet and spinel.

The homogeneity of almost all run products
and the close match between clinopyroxene major
and trace element compositions in our duplicated
experiment at 3.5 GPa/1735°C (99PC24-I11/
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99PC24-1V) provide compelling evidence for equi-
librium. Furthermore, all crystals and melts pro-
duced are essentially unzoned with respect to the
REE+Y and HFSE added (see above) and mea-
sured partition coefficients for these elements fol-
low the parabolic dependence on ionic radius pre-
dicted for equilibrium partitioning by Nagasawa
[37] and Brice [38]. We therefore conclude that
our experiments offer a very close approximation
to equilibrium.

Clinopyroxenes in the NCMAS system are
quarternary solid solutions involving the Di com-
ponent (Di=CaMgSi,O¢), the En component
(En=Mg;Si;0¢), the Jd component (Jd=
NaAlSi;Og), and the CaTs component (CaTs=
CaAl;SiOg). Clinopyroxene compositions from
our experiments recalculated into endmember
mole fractions are given in Table 2. Mole frac-
tions are calculated from six-oxygen structural
formulas using the following expressions:
XEn = l—Ca—Na, de = Na, XCaTs = (Al—Na)/2,
and Xp; = 1—Xgn—Xj9—Xcats. Mole fraction end-
member components for pigeonite (run W&P 122-
1) are calculated from: Xp;=Ca, Xjq=Na,
XMgTs = (Al—Na)/2, and XEn = I_XDi_X]d_
Xwmgrs where MgTs is the component MgAI>SiOg.

Experimentally produced clinopyroxenes show
a wide range of compositions from diopsidic, ja-
deiitic and Ca-tschermakitic to En-rich clinopyr-
oxenes. In DigygAbyy runs clinopyroxenes are high-
Ca, low-Al Di: Jd and En content increase and Di
content decreases with increasing pressure. In
DiyyAbgy runs clinopyroxenes are high-Na, high-
A1V jadeiitic clinopyroxenes: Jd content strongly
increases with increasing pressure from 38 mol%
at 3 GPa to 72 mol% at 8.1 GPa. In S&H systems
clinopyroxenes are high-Ca, high-CaTs clinopyr-
oxenes: CaTs content increases with increasing
pressure, from 18 mol% at 1 GPa to 30 mol%
at 3 GPa. In W&P systems clinopyroxenes are
low-Ca, high-Al En-rich clinopyroxenes: compo-
sitions range from JdyCaTs,sDiq;Enys at 3 GPa/
1590°C to Jd5CaTsngi24En43 at 3.5 GPa/1700°C.
Euhedral to subhedral clinopyroxenes produced
in run W&P 122-1 are low-Ca, En-rich pigeonites
(MgTs4DigEny7).

Large euhedral garnets (up to 600 um in diam-
eter) produced in runs W&P 2311-07-1IT and

W&P 2701-07-11 fall on the pyrope-grossular
join and are pyropic in composition (PygsGrs;s
and Pyg3Grsy7, respectively).

5. U and Th partitioning

U and Th contents of all experimental run
products as determined by SIMS and partition
coefficients for clinopyroxene and garnet are given
in Tables 3a—c. Some crystalline phases exhibit a
slight zoning in U and Th, but the U/Th ratio is
essentially constant across the crystals. Dy/Dry
values calculated from the ratio of U/Th values
of clinopyroxene and melt have a higher precision
than Dy/Dty, values calculated from absolute val-
ues of Dy and Dty [19] and are reported sepa-
rately in Tables 3a—c. Note that the U/Th ratio
of the melt phases is below unity for the majority
of our experiments and hence contamination by
concurrently analysed glass during SIMS analyses
of clinopyroxene can only shift Dy/Dy, ratios
closer to or even below unity. Hence Dy/Dry val-
ues for these experiments are minimum values.

In Fig. 3 the results of this study are compared
with the predicted Dy/Dry values calculated from
Eqgs. 2-4. The solid line is calculated using ionic
radii of U and Th from Shannon [25] (1.00 A and

Comparison of predicted (Wood et al. 1999) and
observed (this study) clinopyroxene DUIDm-vaIues

25 —T T T T T T T
® WA&P(1.9-3.5GPa)
T & S&H(1-3GPa)
20 A DiB0AD20 (1-3.5GPa) | ]
‘-.\ A Di20Ab8O (3-8.1 GPa) | |
15| .
D /D P
vt | ?%
1.0 T P 2
K
05 ! S ]
F mantle solidus e
SGE’E(———I —>1$3Pa ; ;

o i
094 09 098 100 102 104 106 1.08 1.10
M2-Site Radius (A)

Fig. 3. Predicted Dy/Dy, values compared with the results of
this study. For high pressure clinopyroxenes on the mantle
solidus (W&P) Dy/Dr, is >1 at values of M2 site radius
<1.0 A. Error bars (shown if bigger than symbols) are
+1S.D.
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1.05 A, respectively) and the dashed line is calcu-
lated using the revised ionic radii of U and Th
from Wood et al. [19] (0.983 A and 1.041 A, re-
spectively). Shaded area depicts the predicted de-
crease of M2 site radii for mantle solidus clino-
pyroxenes from 1.013 A at 1 GPa to 0.985 A at
3 GPa. The striking features of Fig. 3 are that: (1)
within error all data (except some of the very Jd-
rich experiments in the system DiyyAbgy and one
experiment in the system W&P) plot on the pre-
dicted trend for Dy/Dry; and (2) that Dy/Dty
crosses over from values <1 at M2 site radii
>1.00 A (diopsidic and Ca-tschermakitic clino-
pyroxenes in systems DigyAbyy and S&H, respec-
tively) to values >1 at M2 site radii < 1.00 A
(high pressure Ca-poor, Al-rich pyroxenes on the
NCMAS mantle solidus, system W&P, and ja-
deiitic clinopyroxenes, system DiyyAbgy). The
clear implication of Fig. 3 is that for mantle sol-
idus clinopyroxenes with M2 site radii < 1.00 A
the clinopyroxene-melt values of Dy/Dty, are > 1.

The absolute values of Dy and Dty vary by two
orders of magnitude (between 3 X 10™* for clino-
pyroxenes with AI'Y) <0.025 apfu and 1.3x1072
for aluminous clinopyroxenes with AIV! >0.125
apfu) and are in excellent agreement with values
from the literature [7-10,19,26]. Because the par-
titioning behaviour of Th is, unlike that of U,
independent of oxygen fugacity [10,19] we will
focus on the partitioning behaviour of Th in order
to develop a simple thermodynamic model of Th
partitioning between clinopyroxene and silicate
melt that incorporates all partitioning data re-
ported in the literature.

The strong correlation between absolute Dy
values and tetrahedrally coordinated Al was first
demonstrated by Lundstrom et al. [10]. Lund-
strom et al. suggested that this correlation is
caused by the fact that only tetrahedral Al (and
not octahedral Al) can effectively charge balance
Th**, e.g. as ThMgAl,Og. This is supported by
the low Dy, values for the jadeiitic clinopyroxenes
in the system DiyyAbgy, where Al is almost exclu-
sively octahedrally coordinated. However, the de-
pendence of absolute Dy, values on Al™! holds
only up to a ‘threshold” AI'™Y! content of ~0.125
apfu; at higher Al™! contents Dy, is relatively
insensitive to AlY! (see figure 6 in [39]). Wood

and Blundy [39] ascribe the Al'Y! dependence of
Dty to the availability of clinopyroxene M2 sites
with the appropriate 4+ charge, and the electro-
static energy penalty for inserting Th onto a site
with lower charge.

An alternative way of looking at Th partition-
ing is in terms of intensive variables. Fig. 4 shows
that temperature also has a marked effect on Th
partitioning. Linear regression of RT In Dy, ver-
sus temperature for all high pressure data yields a
correlation coefficient of 0.68 and an entropy of
fusion of 92 J mol~! K~!. This value is in good
agreement with values for Di (83 J mol™! K™!
[40]), REE-pyroxene (66 J mol~! K~! [23]) and
Jd (65 J mol™' K~! [29]). Note that all near-iso-
baric, polythermal data plot in an array close to
the regression line. Isothermal data from one at-
mosphere experiments [7,8,10] reflect the strong
influence of crystal composition (i.e. All'Y! content
[10,39]; see above) in controlling Th partitioning.
However, the higher pressure data on which the
regression is based consistently have more than
0.125 Al apfu (except those of Beattie [7])
and are therefore insensitive to Al content. As
mantle clinopyroxenes also have elevated Al con-
tents it is these compositions which are of the
greatest interest to us in developing our models.

Clearly both intensive variables and phase com-
positions control partitioning, and should be in-
cluded in a comprehensive model. Such a model is

Temperature dependence of Th partitioning
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408
-60
-80

-100

Th

RTIND_ (kJmol'K)

120 + 7
@ high pressure data (1.1 - 8.1 GPa) +
< 1 atmosphere data ,

-140 | A nearisobaric data (2.8 + 0.2 GPa) 7
1 Il 1 1 1 1

1400 1500 1600 1700 1800 1900 2000 2100
T(K)

Fig. 4. RT In Dy, as a function of temperature. Note the
marked temperature dependence of R7 In Dty values. Linear
regression of all high pressure data gives RT In
Dt =80.46—0.0927 [K] and a correlation coeflicient of 0.68.
Error bars (shown if bigger than symbols) are +1 S.D.
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currently under development, but is beyond the
scope of this paper. Our goal here is to parame-
terise Th (and U) partitioning in a thermodynami-
cally valid way, so that our data can be applied to
problems of mantle melting. To this end we have
used the melting curve approach of Wood and
Blundy [23] wherein partitioning is discussed in
terms of the free energy of fusion of a fictive
component containing the trace element(s) of in-
terest.

Following Lundstrom et al. [10] and Wood et
al. [19] we consider that the most plausible
charge-balanced  clinopyroxene  species  is
ThMgAlL,Og¢. Hence Th partitioning is controlled
by the fusion reaction:

ThMgAl,O4 (pyroxene) = ThMgAlL,Og (melt)
()

For this reaction the equilibrium constant for
Eq. 5 K5 is related to the entropy (ASt), enthalpy
(AH¢) and volume (AVy) of fusion by:

—RT In Ks = AH{—TAS; + PAV; (6)

In order to formulate K5 we require activity—
composition relationships for ThMgAl,Og¢ in
crystal and melt. Following Wood and Blundy
[23] we use a mixing-on-sites model for the crys-
tal, assuming complete short-range order between
M and T sites, thus the activity of ThMgAl,Og in
clinopyroxene is given by:

Cpx _ M2, M2 pMI, Ml
O Thmealo, = XTh 7Th X Mg ¥V Mg (7)

where the X and yterms denote mole fraction and
activity coeflicients, respectively, for the species
(subscript) and site (superscript) of interest. WMé
is given by exp(Wwmg—ai/RT) where Wyg—_al is a
Mg-Al Margules binary interaction parameter
for the M1 site. Based on available experimental
data Wy a1 has a value of ~7.5 kJ mol™! [41]
and this value has been adopted in this study.
Note that this value of Wyg_ar is sufficiently
small that its exclusion would have very little
bearing on our model. The value of Y12 can be
readily calculated from the lattice strain model, in
terms of the energy required to insert Th into a

lattice site of radius ry:
Th—M2
7/M2 = exp AGstrain _
Th RT

ATEYY,

[%;NA {%O(rTh_VO)Z + %(”Th—ro)3” (8)
For the melt, in an analogous fashion to Wood

and Blundy [23], we adopt a model of ideal mix-

ing of six-oxygen [Al,O¢]°™ units [23]:

melt _ 60X 60X
O ThMeALOe = X Th X Mg )

Fitting all available 71 Dty values (27 from this
study and 44 from the literature) and subse-
quently excluding five outliers gives the following
expression that describes Th partitioning between
clinopyroxene and silicate melt from temperature,
pressure and crystal and melt chemistry:

RT In Dy X g Y/ X vig =

214.79—0.757T + 16.42P—1.50 P> (10)

where R is the gas constant (0.008314 kJ mol™!),
Tis in K and P is in GPa, and Xy, and X}, are
the mole fractions of Mg on the clinopyroxene
M1 position and in the liquid, calculated on a
six-oxygen basis, respectively. The goodness of
the fit is of,=3.0 kJ mol™'. In Fig. 5 observed
Dty values are plotted as a function of predicted
(from Eq. 10) Dty values. Given the fact that Dy
values vary by two orders of magnitude, the
agreement between observed Dy, values and those
predicted from Eq. 10 is reasonable. The only
persistent outliers are the high pressure data of
Beattie [7], and some one atmosphere data. With
respect to the latter it is clear that our attempt to
account for all crystal chemical dependence of
partitioning using Al-Mg interaction on M1 is
inadequate. However, for the high pressure data,
which are the most relevant to mantle melting,
Eq. 10 gives a very good fit to the data. This is
illustrated by the good correlation (R=0.84) be-
tween the observed and predicted values of Dry
for the high pressure data (excluding those of
Beattie [7]).
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Comparison of predicted (from Eq. 10)
and observed D_, values

This study 1-8.1 GPa

Wood et al. 1.5 - 1.9 GPa [19]
Salters & Longhi 1.2 - 2.8 GPa [26]
Haurietal. 1.7 - 2.5 GPa [9]
Lundstrom et al. 1atm [10]

Beattie 1atm [7]

Beattie 1 & 1.1 GPa [7]

LaTourette & Burnett 1atm [8]

RN R R Y )

E T T
feeene y=0.001+0.954x, R=0.84
e

D,, observed

10+ 10° 102 10°
D_, predicted

Fig. 5. Comparison of observed Dy, values (this study and
literature data) with D, values predicted from temperature,
pressure and crystal composition using Eq. 10. Linear regres-
sion of all high pressure data (broken line; excluding the
data of Beattie [7]) gives D$P*red =0.001 1+O.954D?i.fd‘md and
a correlation coefficient of r=0.84. Error bars (shown if big-
ger than symbols) are 1 S.D. No error bars are plotted for
data of Salters and Longhi (see text for discussion).

For garnet (experiments W&P 2311-07 and
2701-07) we obtained Dy/Dry values of 4.9 and
3.3 at absolute Dy values of 0.020 and 0.024,
respectively. These values are in excellent agree-
ment with values from the literature [11,12]. For
pigeonite (experiment W&P 122-1) we obtain Dy/
Dy, of 2.8 and a Dy of 5X 107*. These values are
close to those reported for pyroxenes with similar
low Ca content (i.e. Ca<<0.15 atoms per formula
unit [19,26]).

6. Application to mantle melting

Key results of our study are that Dy/Dr, in
clinopyroxene at the solidus of spinel lherzolite
crosses over from values <1.0 below 1.2 GPa
to values >1.0 above 1.2 GPa, and that absolute
values of Dy decrease by half along the spinel
lherzolite solidus from 2x1072 at 1 GPa to
1X107% at 3 GPa. This is illustrated in Fig. 6

where Dy/Dty and Dty values, calculated using
Egs. 24, 8 and 10, for compositions of near-sol-
idus clinopyroxenes [14,15] are plotted as a func-
tion of pressure. These findings have important
implications for the generation of **Th excess
during mantle melting. The most important is
that 2°Th excess may potentially be generated
during melting of spinel lherzolite without the
presence of garnet on the mantle solidus.
Although a detailed survey of the importance of
our new partitioning data for mantle melting is
beyond the scope of this paper (and will be pre-
sented elsewhere), we will briefly discuss the im-
plications with respect to the generation of >**Th
excess beneath mid-ocean ridges.

Young MORBs exhibit (3°Th/>#¥U) ratios
ranging from ~0.9 (i.e. 2®U excess) up to 1.35
(i.e. 2°Th excess) [42]. Most values are clustered
in the range of 1.05-1.25, i.e. 2Th excess is most
commonly observed. Moreover, the observed
20Th excess is inversely correlated with ridge
axis depth [42], such that melting that initiates
at great depth (shallow ridges) produces melts
with a greater 2°Th excess, than melting that ini-
tiates at shallow depth (deep ridges). These obser-
vations have been previously explained by the
presence of solidus garnet at the onset of melting
beneath shallow mid-ocean ridges, i.e. a signifi-
cant proportion of melt in these settings is derived

Predicted values of DTh (filled symbols) and

DU/DTh (open symbols) as a function of pressure

T T T T T 14
@ Walter & Presnall D_, [15]
#  Falloon & Green D, [14]
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Fig. 6. Predicted Dty and Dy/Dty, values (from Egs. 2-4 and
10) for experimentally produced clinopyroxenes stable on the
mantle solidus [14,15] as a function of pressure. Note that
lines are included to depict the overall trend and are not ob-
tained by linear regression.
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from a deep mantle source [4]. An alternative pos-
sibility is that garnet-bearing lithologies, such as
pyroxenite, are present within the spinel lherzolite
field [44]. In both cases the **Th excess observed
is a mixture of a garnet signal (large excess) and a
clinopyroxene signal (negligible excess). Our re-
sults suggest an alternative explanation.

We performed dynamic melting calculations us-
ing the model of MeKenzie [1] in order to quan-
titatively estimate the amounts of **Th excess
produced during mantle melting using our new
partitioning data. Applying the Dy and Dy, par-
tition coefficients calculated for near-solidus man-
tle clinopyroxenes (see above) and Dy and Dty
partition coefficients for olivine and orthopyrox-
ene from the literature [12,19] we calculated bulk
partition coefficients for U and Th as a function
of depth along the mantle solidus (Table 4). U
and Th partition coefficients for spinel were as-
sumed insignificant [8]. The following mineral
modes were used: 62% olivine, 20% orthopyrox-

ene, 17% clinopyroxene and 1% spinel (spinel
lherzolite); and 60% olivine, 20% orthopyroxene,
10% clinopyroxene and 10% garnet (garnet lher-
zolite). Densities of the solid and the liquid were
3370 kg m—* and 2700 kg m 3, respectively. The
porosity was set to 107>, melt production rate to
107> kg m3 yr~!, and upwelling velocity to 0.03
m yr~!. These values correspond to a melt pro-
ductivity rate of 0.01% km™' for near-solidus
melting, comparable to the values estimated by
Hirschmann et al. [43] based on MELTS calcula-
tions. The value of 107> for porosity is a minimal
value, consistent with that estimated by McKenzie
[6].

The obtained values of 2**Th excess (Th*) are
listed in Table 4 and plotted as a function of
depth in Fig. 7. As can be seen 2*Th excesses
from 1.08 of up to 1.34 can be generated within
the spinel lherzolite stability field by using our
new partitioning data. Moreover, the strong cor-
relation between 2*Th excess and depth of the

Table 4
Parameters used for dynamic melting calculations and calculated Th excess (Th*)
Source? Run P Depth T Drn_cpx Dy/Dtp Dy_Buik D1h_Bulk Th*°
(GPa) (km)® (0
W&P 701-12 0.7 21.2 1225 0.0247 0.93 0.00424 0.00436 0.97
W&P 901-12 0.9 27.2 1240 0.0272 0.93 0.00467 0.00479 0.98
W&P 1002-10 1 30.2 1280 0.0220 1.01 0.00413 0.00390 1.05
W&P 1101-12 1.1 333 1255 0.0276 1.03 0.00516 0.00485 1.06
W&P 1203-10 1.2 36.3 1295 0.0250 1.05 0.00483 0.00442 1.09
W&P 1302-10 1.3 39.3 1310 0.0217 1.08 0.00433 0.00386 1.11
W&P 1406-04 1.4 42.3 1355 0.0153 1.10 0.00321 0.00277 1.14
W&P 66-17-5 1.7 514 1380 0.0151 1.17 0.00335 0.00273 1.20
W&P 2008-03 2 60.5 1424 0.0147 1.16 0.00326 0.00267 1.20
W&P 2303-04 2.3 69.6 1480 0.0131 1.18 0.00297 0.00239 1.21
W&P 2702-03 2.7 81.7 1507 0.0124 1.32 0.00314 0.00228 1.33
W&P 3002-03 3 90.7 1531 0.0117 1.33 0.00299 0.00215 1.34
W&P 3202-11 32 96.8¢ 1580 0.0101 1.29 0.00639 0.00228 2.584
W&P 3403-11 34 102.8¢ 1580 0.0109 1.29 0.00650 0.00236 2.54¢
W&P 3503-11 3.5 105.94 1594 0.0100 1.29 0.00637 0.00227 2.58¢
F&G T-1516 0.8 24.2 1350 0.0086 1.05 0.00188 0.00162 1.14
F&G T-1511 1 30.2 1285 0.0190 1.04 0.00370 0.00340 1.08
F&G T-1989 1.5 454 1360 0.0160 1.12 0.00339 0.00289 1.16
F&G T-1515 2 60.5 1420 0.0155 1.17 0.00344 0.00281 1.20
F&G T-2086 2.5 75.6 1550 0.0081 1.27 0.00211 0.00155 1.30
F&G T-2065 3 90.7 1600 0.0071 1.29 0.00190 0.00137 1.31
F&G T-2087 3.5 105.9¢ 1600 0.0091 1.31 0.00614 0.00217 2.59¢

AW&P = Walter and Presnall [15]; F&G = Falloon and Green [14].
bCalculated using an average density of 3370 kg m™>.

°Th excess is expressed as the activity ratio (***Th/>U).

dGarnet present.
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Calculated Th-excess as a function of depth
for spinel Iherzolite dynamic melting

Th*

Gamet |

0.9 - -
120 100 80 60 40 20 0

Depth (km)

Fig. 7. Th excess (Th*) generated by dynamic melting of
lherzolite as a function of depth. Boundaries between plagio-
clase-, spinel- and garnet lherzolite stability fields are de-
picted as vertical lines. Note the difference in scale for Th ex-
cess generated by melting of garnet lherzolite.

onset of melting is reminiscent of the inverse cor-
relation between 23°Th excess and ridge axis depth
found by Bourdon et al. [42] in their study of U-
series disequilibria in a global MORB dataset.
Furthermore, the maximum value of 2°Th excess
obtained in that study, 1.348 from an Atlantic
MORB, is in good agreement with the maximum
value obtained in our models for melting just
above the garnet-spinel boundary at 90 km depth
(Th*=1.31-1.34; Table 4). Thus for melting ex-
clusively in the spinel lherzolite field our model
can potentially account for both the absolute
magnitude of MORB *Th excesses and the ob-
served linear relationship between the extent of
230Th excess and the apparent depth of beginning
of melting beneath ocean ridges.

Our findings are at odds with many other stud-
ies of U-series disequilibria, which ascribe >*Th
excesses to the presence of garnet in the source
region. Such conclusions are in large part a con-
sequence of the available partitioning data which
suggested that clinopyroxene was incapable of
producing the 2°Th excesses observed. Our new
partitioning data delineate more clearly what ex-
cesses can (and cannot) be generated by melting
of spinel lherzolite. Appreciably greater excesses

can, of course, still be generated in the presence of
garnet (Fig. 7). However, it is as yet unclear
whether garnet is required to observe the U-series
data. We recognise that other geochemical (e.g.
Lu—Hf isotopes [48]) and geophysical (e.g. seismic
tomography [49]) lines of evidence might be sug-
gestive of garnet in the source regions of MORB.
It is not our intention to dismiss such evidence,
nor to eliminate garnet as a contributor to the
observed ?**Th excesses in MORB and other
mantle-derived melts. We simply emphasise that
clinopyroxene has a much more important role in
generating >°Th excesses than has been previ-
ously recognised. The ability of spinel lherzolite
melting to generate a linear relationship between
the depth to the onset of melting and the magni-
tude of 2*Th excess appears to be a particularly
attractive feature of our model. Such linearity is
less readily explained by mixing-in of partial melts
of garnet-bearing heterogeneities in the mantle,
unless these are systematically distributed with
depth, or unless the extent of melting is deter-
mined largely by the abundance of heterogeneities
rather than the depth at which melting is initiated.

Such is the potential capacity of clinopyroxene
for generating 2°Th excesses, that it is worth ex-
ploring those conditions under which >*Th ex-
cesses will not be observed through melting of
garnet-free lherzolites. Mantle porosity has an im-
portant influence on the extent of *Th excess
that can be generated (e.g. [7,19]). If the porosity
is significantly larger than the bulk D for U then
no 2%Th excess can be generated [1]. However, as
bulk Dy for garnet lherzolite is only two to four
times higher than for spinel lherzolite (Table 4),
the same constraint applies equally to both lith-
ologies. In fact the observed ??°Ra excesses in
MORB [46] require that porosity must be signifi-
cantly less than the bulk partition coefficient for
Th during melting, i.e. <1073. Such a high value
will reduce the 2°Th excesses that can be gener-
ated in spinel lherzolite, but only by a few per-
cent. For example, the maximum 2**Th excess
that can be generated in spinel lherzolite (Table
4) is reduced from 1.34 (at a porosity of 107°) to
1.26 (at 107%). We conclude that a better con-
straint on mantle porosity would be useful, but
is unlikely to compromise our findings.
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The melt production rate also has an important
influence on 2*°Th excesses (e.g. [7,19]). The value
that we have chosen (107> kg m—3 yr!) is at the
low end of generally accepted values. The corre-
sponding melt productivity (0.01% km™') is ap-
preciably lower than the average melt productivity
over the entire melting column, which is con-
strained to produce the observed crustal thickness
(i.e. 0.1-0.2% km™'). However, a low value is
consistent with theoretical [43] and experimental
[45] evidence that melt productivity is very low
close to the near-solidus region where all >*°Th
excesses are generated. Increasing the melt pro-
ductivity to 0.025% km™! (the value estimated
by Hirschmann et al. [43]), at a constant upwell-
ing rate of 0.03 m yr—!, will reduce the maximum
20Th excess that can be generated from 1.34 to
1.28. Combining a higher melt productivity
(0.025% km™') with a higher porosity (1073) still
only reduces the maximum >°Th excess to 1.22.
Again, we conclude that better constraints on
melt productivity (and upwelling rate) would be
of great value, but are unlikely to significantly
compromise our findings.

Finally, the composition of solidus clinopyrox-
enes is also important in controlling the extent of
U-Th fractionation, and hence the magnitude of
20Th excess. The compositional data that we
have used are the most reliable available, but we
recognise that if the true mantle clinopyroxenes
are significantly more calcic (and hence have large
r)2) than those used here, then smaller 2°Th ex-
cesses will result. Similarly, if bulk compositional
variations in the spinel lherzolite source lead to
changes in r}'? then changes in 2°Th excess will
result. In this context it is interesting to note that
Asmeron et al. [28] use the combined 2*'Pa and
230Th excesses in lithospheric melts from the west-
ern USA to constrain the Dy/Dt, ratio in the
source region of three samples to be 0.98 £0.02,
1.01£0.04 and 1.06%£0.11 (weighted mean=
1.00£0.01). This is a robust and incisive con-
straint, which unfortunately the authors use to
conclude that the proposal of Wood et al. [19]
regarding clinopyroxene-melt U-Th partitioning
is unfounded. On the contrary, the observation
that Dy/Dy is within a few % of unity simply
indicates that r}!? at the onset of melting beneath

the western USA is approximately 1.00%0.05 A
(Fig. 4). If the clinopyroxenes in the lithospheric
source region are similar in composition to those
adopted here, then this range in r)? is suggestive
of initiation of melting at pressures of 0.8-1.3
GPa. The three asthenospheric melts from the
same region [28] have calculated source region
Dy/Dtn values of 1.54%0.19, 1.79%+0.05 and
1.87£0.05. We concur with the authors that
such large values are unlikely to have been pro-
duced by melting of spinel lherzolite (see Fig. 7),
and that garnet lherzolite is a more plausible
source.

7. Conclusions

Experimental determination of U and Th par-
titioning between clinopyroxene and silicate melts
in a wide range of synthetic systems demonstrates
that sub-calcic aluminous clinopyroxenes, of the
variety typical for the mantle solidus, preferen-
tially incorporate U relative to 2**Th. Conse-
quently melting of a sub-calcic aluminous clino-
pyroxene-bearing source rock can generate
excesses of 2*Th, even in the absence of garnet,
a finding at odds with previous studies, which
were constrained to using partitioning data for
inappropriately calcic clinopyroxenes. Simple,
one-dimensional dynamic models of mantle melt-
ing show that the extent of 2°Th excess that can
be generated by spinel lherzolite melting is consis-
tent with the observed range for MORB. More-
over, the 2Th excess generated correlates linearly
with the depth at which melting begins, in a fash-
ion that resembles the correlation between *°Th
excess and ridge axial depth for a global MORB
dataset. Plausible variations in melting parame-
ters, especially porosity and melt productivity, re-
duce only slightly the maximum 2*Th excess that
can be generated by melting of spinel lherzolite.
Although our results by no means eliminate a role
for garnet in the generation of MORB, they con-
firm theoretical predictions that clinopyroxene
plays an important role in generating >Th ex-
cesses during mantle melting. This role cannot
be ignored when modelling U-series disequilibri-
um during mantle melting.
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