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Abstract

We report results of nominally anhydrous near-liquidus experiments on a synthetic analog to very low-titanium Apollo 15 green C
lunar picritic glass from ~2 to 5 GPa. Apollo 15 green C glass (A15C) is saturated with garnet and pyroxene on the liquidus at ~3 GPa.
However, such an assemblage is unlikely to represent the lunar-mantle source region for this glass, and instead an olivine + orthopyrox-
ene-dominated source is favored, in accord with earlier lower-pressure experiments on A15C. Near-liquidus garnet has a slight but sig-
nificant majorite component at ~5 GPa in this iron-rich bulk composition, as expected from our previous work in ordinary-chondritic
bulk compositions. Ion microprobe measurements of partitioning of Sr, Ba, Sc, Nd, Sm, Dy, Yb, Y, Zr, Hf, and Th between garnet and
coexisting melt in these experiments are the first garnet partition coefficients (D values) available that are directly relevant to lunar com-
positions. D values for these garnets differ significantly compared to D values for garnets grown in more magnesian, terrestrial bulk com-
positions, which until now are all that have been available in modeling the possible role of garnet in the lunar interior. For example, D
values for heavy rare earth elements are lower than are those from terrestrial basaltic systems. These partitioning values are well-de-
scribed by the lattice-strain partitioning model, but predictive relationships for garnet partitioning using that model fail to match the
measured values, as was the case in our earlier work on chondritic compositions. Using our new D values in place of the “terrestrial”
values in a variety of models of lunar petrogenesis, we suggest that garnet is unlikely to be present in the source regions for very titanium-
poor lunar liquids despite its appearance on the liquidus of A15C.
© 2006 Elsevier Inc. All rights reserved.

1. Introduction

Insights on petrogenetic processes occurring in the lunar
interior have been gained from decades of study of samples
returned by Apollo and Luna missions. These earlier stud-
ies have been augmented in recent years by increasing inter-
est in lunar science prompted in part by results from
robotic orbiters such as Lunar Prospector and Clementine,
and by consortia such as the New Views of the Moon. Not-
withstanding these intensive efforts, fundamental questions
remain regarding the nature both of the source regions for
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lunar magmas and of the pressure-temperature conditions
over which melting took place that gave rise to them, e.g.,
Shearer and Papike (1999) and Hess (2000).

Lunar picritic glasses are thought to be the result of fire-
fountain eruptions on the Moon, more or less during the
period of peak lunar magmatism (Papike et al., 1998).
Their compositions span the range of nearly all lunar bas-
alts. As probes of the lunar interior, picrite glasses are un-
ique in that they are quenched near-primary liquids that
originated at greater depths in the Moon compared to
dominantly crystalline mare basalts. Picrite glass composi-
tions range from a very low-Ti end member having
~48 wt% Si0,, <0.5 wt% TiO,, Mg# (molar ratio of Mg/
Mg + Fe) ~65, and CaO/Al,O3; ~ 1.1 to a very high-Ti
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endmember having ~34 wt% SiO,, ~16 wt% TiO,, Mg#
~50, and CaO/Al,O3 ~ 1.35 (Delano, 1986). Along with
lunar mare basalt compositions, the glasses were extensive-
ly studied experimentally (largely during the 1970s) in
applications of the inverse experimental approach, i.e.,
mapping liquidus mineralogy as a function of pressure
(Basaltic Volcanism Study Project, 1981), in order to con-
strain their depths of origin (Longhi, 1992a). Most of these
picrite glass studies, summarized below, found points of
near-liquidus multiple saturation in the pressure range
1.5-2.5GPa, and these findings have contributed to the
variety of interpretations for lunar magmagenesis, e.g., ex-
tents of magma ocean processing, role of cumulate over-
turn, degree of source region refertilization by Ti- and
incompatible-rich materials such as KREEP (K-, rare earth
element-, and P-rich component), and the role of assimila-
tion (Delano, 1986; Longhi, 1992b; Hess and Parmentier,
1995; Shearer and Papike, 1999; Hess, 2000).

Most of the pre-1990s studies of mare basalts concluded
that garnet was not in their mantle sources. This conclusion
was based on (1) the assumption that mare magmatism rep-
resented melting in the shallow lunar mantle outside the sta-
bility field of garnet, (2) the observation that the trace
element data for the mare basalts did not exhibit typical
“garnet signature” trace-element fractionations, and (3)
the prediction from lunar magma ocean models that the
source region of the mare basalts were essentially low-Al
cumulates. In ensuing years, reinterpretation of experimen-
tal studies on the lunar pyroclastic glasses by Delano
(1986) and Longhi (1992b) expanded the mantle pressure re-
gimes over which mare magmatism may have occurred
(~1000 km). More recent trace element and isotopic data
(see below) have been interpreted as indicating the presence
of garnet in the source regions for some of the mare basaltic
magmas represented by the pyroclastic glasses. These recent
data present a dilemma for mare magmatism because sourc-
es for these magmas are still thought to be Al-poor (Longhi,
1995) and the stability of garnet as a liquidus or near-liquidus
phase for picrite glasses has not been documented.

Because essentially all experimental studies on picrite
glasses performed to date were carried out at pressures low-
er than those at which garnet is likely to become stable in
these bulk compositions, phase equilibrium evidence rele-
vant to this question is scant. We have begun to redress
that lack by performing near-liquidus inverse-approach
experiments on several lunar picrite glass compositions at
garnet-relevant pressures in order to constrain that miner-
al’s possible role in their source regions. The experiments
are intended both to identify the high-pressure liquidus
mineralogy of a range of picrite glass compositions and
to measure trace element partitioning between those liqui-
dus minerals and coexisting picrite melts. Garnet-liquid
trace element partition coefficients that have been used to
evaluate the role of garnet in lunar magmagenesis have
heretofore, by necessity, come from experimental studies
on terrestrial compositions, which are substantially more
magnesian than are lunar compositions. As we will show

below and as indicated by previous determinations of gar-
net-liquid partitioning in Fe-rich chondritic liquids (Draper
et al., 2003), partition coefficients for some important ele-
ments change markedly in such Fe-rich systems.

In this contribution, we report results of high pressure
experiments on Apollo 15 green C glass (A15C hereafter),
the picrite glass poorest in TiO,. These experiments docu-
ment both anhydrous high-pressure near-liquidus phase
relations of this composition and determine trace element
partitioning between low-Ti lunar liquids and coexisting
near-liquidus garnet using secondary ion mass spectrome-
try (SIMS, or ion microprobe). Understanding the con-
straints on the presence or absence of this mineral has
important implications for the physical and chemical struc-
ture of the lunar interior.

In the following sections, we review previous experimen-
tal work on lunar basaltic compositions and the more re-
cent geochemical evidence pointing to a possible role of
garnet in their source regions. We then outline our experi-
mental and analytical approach before reporting the results
of our experiments and the applications of these results to
constraining the nature of the deep lunar mantle.

1.1. Review of previous experimental work

Papike et al. (1998) summarized experimental studies per-
formed on both mare basalt and picrite glass compositions at
pressures from ~1.0 to 2.5 GPa. These include Walker et al.
(1972,1975,1976,1977); Green et al. (1971a,b, 1975); Kushi-
ro et al. (1972); Hodges and Kushiro (1974); Chen et al.
(1982); Chen and Lindsley (1983); Kesson (1975); Grove
and Vaniman (1978); O’Hara et al. (1970); Ringwood and
Essene (1970); Delano (1980); Longhi (1992b,a, 1995); and
Longhi et al. (1974). More recent work includes experiments
by Wagner and Grove (1997), Elkins-Tanton et al. (2000;
2003), and Van Orman and Grove (2000). Most of these
studies showed, in general, that multiple saturation pressures
for the picrite glasses were greater than were those for mare
basalts (2.0-2.5 GPa for most glasses compared to 0.5—
1.5 GPa for most mare basalts). In addition, the saturating
assemblage was olivine + low-Ca pyroxene =+ spinel for a
wide variety of lunar compositions. These include the low-
Ti picrite glasses studied by Chen et al. (1982), Chen and
Lindsley (1983), and Grove and Vaniman (1978); for the
high-Ti glass compositions studied by Wagner and Grove
(1997); Delano (1980); and Walker et al. (1975); and for
the low-Ti mare basalts studied by Ringwood and Essene
(1970). In contrast, almost all the high-Ti crystalline mare
basalt compositions studied experimentally were saturated
with olivine + clinopyroxene +a Ti-rich phase such as
ilmenite (Ringwood and Essene, 1970; Longhi et al., 1974;
Green et al., 1975; Kesson, 1975).

There are a variety of interpretations for these results.
Source regions for lunar mare basalts could simply be dif-
ferent from those for the picrite glasses; their differing mul-
tiple-saturation  assemblages and pressures would
correspond to the different lithologies of their respective
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sources and/or the differing pressures at which melting oc-
curred. Alternatively, the multiple-saturation pressures
shown by these compositions could be averages of a set
of polybaric processes, as argued by Longhi (1992b). In
this view, multiple saturation pressures for the mare basalts
(assuming they represent liquid compositions) could repre-
sent minimum depths of melting, such that the actual
depths were similar to those for the picrite glasses. A lower
apparent saturation depth for crystalline mare basalts
could result, for example, from extensive olivine fraction-
ation from a picritic magma parental to both the mare bas-
alts and picrite glasses. Papike et al. (1998) favored this
latter interpretation, although they did not directly address
the implications of the different saturating assemblages be-
tween the high-Ti basalts and the other three sample types.

The existence of a low-pressure multiple-saturation
point does not by any means preclude the existence of addi-
tional points at other pressures. Therefore, it is quite possi-
ble that picrite glasses could show additional points of
multiple saturation, perhaps with garnet as part of the sat-
urating assemblage, at pressures above those shown in the
studies cited above. The results reported here constitute the
first phase equilibrium data on picritic glasses at pressures
above ~2.3 GPa, allowing this notion to be directly tested.

1.2. Geochemical evidence for garnet

Geophysical evidence for garnet is ambiguous largely
because data from Apollo-deployed seismometers are of
insufficient resolution (Khan et al., 2000; Lognonne et al.,
2003). Geochemical evidence for garnet in lunar magma
sources is recent compared to most of the huge amount
of lunar research that began before the end of the Apollo
program, and includes isotopic (Beard et al., 1998) and
trace element (Neal, 2001; Neal and Shearer, 2004) data.
Beard et al. (1998) measured Lu-Hf isotopic systematics
in crystalline mare basalts and argued that fractionations
of Lu/Hf and Sm/Nd in low-Ti magmas may have been
produced by garnet and orthopyroxene in the sources,
although garnet was thought to have been consumed dur-
ing polybaric melting that began in the garnet stability
field. However, as shown by Neal (2001), such a signature
does not extend to other trace elements in mare basalts,
such as Y, Yb, Zr, and Sc. Neal (2001) illustrated, for cer-
tain lunar picrite glasses, a clear signature of garnet reten-
tion in the source (e.g., Zr/Y and chondrite-normalized
Sm/Yb above those for KREEP while having low
Sc/Sm), and agreed that if garnet was present at some point
in mare basalt sources, it was consumed by comparatively
high degrees of partial melting to generate those basalts.

Neal (2001) further argued that only a garnet-bearing
source rock could produce melts having both lower
Sc/Sm than the source and higher chondrite-normalized
Sm/Yb, assuming the bulk Moon composition of Taylor
(1982, 1992), and that this garnet-bearing source represents
a remnant of “primitive Moon” that did not take part in
the wholesale melting that produced the early lunar magma

ocean. The logical extension of this conclusion is that not
all crystalline mare basalts and picrite glasses originated
from similar sources. The glasses cited by Neal (2001) that
have the required compositional features outlined above
are Apollo 12 red, Apollo 14 green A and yellow, Apollo
17 type I, and Apollo 17 74220-type. Additional analysis
by Neal and Shearer (2004) focused on the comparatively
Ti-rich glasses Apollo 14 orange and black and Apollo
12 red as the most likely candidates for garnet in the
source, accounting for Apollo 14 green A via the involve-
ment of KREEP.

In contrast to the reasoning of Neal (2001) and Neal and
Shearer (2004), Longhi (1995) has argued that garnet is
unlikely to be a residual phase for melting that produced
mare basalts and picrite glasses. His polybaric melting
models predict that source regions for these magmas would
be too poor in Al for an aluminous phase to be stable. Our
experimental program should be able to help resolve this
apparent conflict, both from the perspective of high-pres-
sure phase relations and trace element partitioning. Our
first step is to examine the A15C composition. Although
this glass is not included in the candidate group defined
by Neal (2001), it remains of interest because it constitutes
one endmember of the lunar picrite glass suite (e.g., highest
SiO, and Mg#, lowest TiO, and CaO/Al,O3). In addition,
its lower-pressure phase relations are already well-known
from the work of Elkins-Tanton et al. (2003). Our prelimin-
ary results were reported in abstract form (Shearer et al.,
2003; Draper et al., 2004) and are fully documented here.

2. Experimental and analytical procedures
2.1. Experimental

2.1.1. Starting material

Experiments were performed on a synthetic powdered
glass with a bulk composition (Table 1) very close to that
of A15C as reported by Delano (1986). This powder was
synthesized by L. Elkins-Tanton for her study of green
glass phase relations (Elkins-Tanton et al., 2003) and kind-
ly provided for our use in this study. Because our experi-
ments were performed on the exact same powder used in
that study, there are no discrepancies between the two sets
of results that might occur from slight differences in start-
ing material bulk composition.

In order to measure trace element partitioning, we
doped the A15C powder (for experiments beginning with
run A67 and higher numbers; those with lower numbers
were undoped) with a “cocktail”” of nitric and hydrofluoric
acids in which were dissolved reagent-grade solutions of Sr,
Ba, Sc, Nd, Sm, Dy, Yb, Y, Zr, Hf, and Th. These elements
were doped at ~50-300 times chondritic abundance levels
so that good-quality SIMS data would be straightforward
to obtain. The particular elements were chosen for two rea-
sons: first, to eliminate isobaric interferences during SIMS
analysis; and second, to allow meaningful application
of the lattice-strain model for trace element partitioning
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Table 1 Table 2
Composition of starting material Run conditions for experiments on Apollo 15 green C
Oxide 1 2 Trace elements (ppm) Run P (GPa) T (°C) Duration (min) Assemblage
SiO, 48.3 48.0 Sc 763 (13) DD504-6 1.8 1625 180 Liq(100)
TiO, 0.23 0.26 Sr 54.3 (8.6) DD504-2 1.8 1590 120 Liq(100)
AlLO3 7.77 7.74 Y 232 (17) A83 3.0 1800 109 Liq(100)
FeO 16.12 16.50 Zr 688 (6) A8l 3.0 1750 35 Liq(100)
MnO 0.19 0.19 Ba 423 (46) A107 3.0 17258 90 Liq(90), px(10)
MgO 18.27 18.20 Nd 17.6 (1.9) A8 3.0 1700 390 Liq(53), px(47)
CaO 8.59 8.57 Sm 25.3(2.9) A4l 3.0 1675 68 Liq(13), px(63), gt(24)
Na,O 0.00 0.00 Dy 21.8 (1.9) A87 3.5 1825 95 Liq(100)
Cr,0; 0.55 0.57 Yb 16.4 (1.7) A67 35 1775 141 Liq(98), gt(2)
A42 35 1750 120 Liq(64), px(32), gt(4)

Total 100.01 - 100.03 %f 3?‘2‘ 4(4652)7 A38 35 1725 120 Liq(29), px(57), gt(14)
Ma# 66.9 66.3 24(0.07) AS57 4.0 1800° 43 L?q(82), px(11), gt(9)
CaO/ALO e ol Al38 4.0 1600 30 Liq(89), px(10), gt(1)

23 : : A140 4.5 1600 30 Liq(83), px(10), gt(7)
1, composition of starting glass from Elkins-Tanton et al. (2003). A218 5.0 1800 61 Liq(100)
2, composition of Apollo 15 green C from Delano (1986). A221 5.0 1650 62 Liq(89), px(5), gt(6)
Trace element composition is average of 3 ion microprobe analyses, | — o A228 5.0 1625 60 Liq(87), gt(13)°
standard deviations in parentheses. A229 7.0 1775 59 Liq(89), gt(11)
Mg# = molar Mg/Mg + Fe x 100. A225 7.0 1725 60 Liq(73), gt(18)

promulgated by Blundy and Wood (1994) for clinopyrox-
ene and applied in recent years to garnets relevant to terres-
trial (van Westrenen et al., 2001b) and martian (Draper
et al., 2003) bulk compositions. Another purpose of our
high-pressure work on lunar picrite glasses is to isolate
important crystal-chemical factors controlling garnet-melt
trace element partitioning (e.g., effects of Fe, Ti, Cr, and
majorite), and these applications will be developed in fu-
ture contributions.

2.1.2. Run conditions

Run conditions and resulting phase assemblages are list-
ed in Table 2. Experiments at 2.5 Pa and above were run
under nominally anhydrous conditions in a Walker-type
multianvil press at the Institute of Meteoritics, University
of New Mexico, using cell assemblies, procedures, and cal-
ibrations identical to those described by Agee et al. (1995),
where complete details can be found. Tungsten carbide
cubes with corners truncated to an 8 mm edge length were
used with cast, finned octahedra of Aremco Ceramacast©
584 ceramic. These octahedra were fired at 1100 °C prior
to being drilled out for assembly fabrication, and stored
in a drying oven at ~110 °C until ready for use. The pow-
dered starting material, also stored in the drying oven be-
tween experiments, was placed inside graphite capsules
with press-fit lids and insulated from the rhenium foil heat-
er walls by hard-fired alumina sheaths. We positioned sam-
ples in the center of the heater and bracketed the sample
capsules with crushable alumina spacers. Temperatures
were measured by radially-inserted W/Re thermocouples,
with the junction near the capsule at the center of the heat-
er, and controlled by a Eurotherm 930P programmable
controller. Pressures were applied at 3-5 GPa/h. Runs
DD504-6 and DD504-2, at 1.8 GPa, were conducted using
a 1/2-in., endloaded piston-cylinder at the University of
Oregon. These two reconnaissance experiments were run

Values in parentheses are weight percent modes calculated by least-squares
mass balance.

# Intended T for this run was 1775 °C; phase assemblage and compo-
sitions (Table 3) reflect lower temperature, probably owing to problem of
capsule placement in heater. Reported 7 is estimate consistent with other
results.

® This run’s temperature fell to ~1000°C after 20 min at target
conditions; it was returned to target 7 but then suffered a furnace failure
after another 15 min during which 7 was much less stable than in other
runs. Thus, the temperature reflected by the assemblage and mode in this
run is likely substantially less than 1800 °C. This is denoted by a
downward arrow on this run’s symbol in Fig. 2.

¢ Run A228 was likely slightly higher 7 than Run 221; Mg# of melt is 66
vs. 63 for A221 (see Table 3).

in talc-pyrex cells. Temperatures were monitored using
WS5Re-W26Re thermocouples and controlled with an Ome-
ga electronic ice point and a Eurotherm Model 808 digital
temperature controller. We applied no pressure correction
to thermocouple emf. Reported pressures are nominal
(Heise gauge) and incorporate ~10% correction for fric-
tion. The samples were quenched in 1-2 s by cutting power
to the graphite furnace tubes.

Most experiments were held at target conditions for
30-120 min. Multianvil and piston-cylinder runs were
quenched by cutting power to the heater, which caused
temperatures to fall below the glass transition in <10s
and to room temperature in less than 5 min. Successful
run products were mounted in epoxy, ground flat, and pol-
ished for electron microprobe and SIMS analyses.

2.1.3. Approach to equilibrium

Achieving chemical equilibrium in multianvil experi-
mentation is more difficult than it is in other forms of
experiments (e.g., piston-cylinder runs), due in large part
to the strong thermal gradients that are unavoidable in
multianvil runs. Vagaries in the precise placement of the
thermocouple junction with respect to the sample, and
potential displacements of the sample capsule from the
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heater’s midsection, aggravate the difficulty. Although we
do not claim to have achieved perfect equilibrium in these
experiments, the following considerations give us confi-
dence that our results are acceptable.

First, in all subliquidus experiments reported here, gar-
net and pyroxene grains grew to relatively large sizes (50—
400 um in longest dimension) with well-formed faces, in
the region closest to the assembly’s “hot zone” (see
Fig. 1 for an example). Mineral compositions are reason-
ably homogeneous, as shown both by standard deviations
on electron probe microanalyses (Table 3) and by backscat-
tered electron images with fairly uniform grey levels, like
those in Fig. 1. Appreciable zoning occurs only in thin (a
few um) rinds that we infer to have formed during quench-
ing, and these rinds were avoided during electron and ion
microprobe analysis. Second, quench melt compositions
also display reasonable homogeneity (Table 3) given that
the melt in all experiments quenched to an intergrown mass

Run A67
3.5 GPa/1775°C

Quench

"% Run A229
« 1-7.0,GPa/1775°C

Fig. 1. Backscattered electron photomicrographs of run products. Gt,
garnet; Quench, quenched melt. Top, run A67 with large garnet grains.
Large black voids are decompression fractures. Bottom, run A229 with
smaller garnet grains.

of microlites rather than to a glass (Fig. 1), although these
analyses are less homogeneous than are those of crystalline
phases. In addition, this felty texture resulted in electron
microprobe totals of 95-98% in some experiments, a situa-
tion not uncommon in multianvil work on ultramafic
compositions.

2.2. Analytical

2.2.1. Electron microprobe conditions

Polished run products were analyzed for major elements
using the JEOL 8200 Superprobe in the Institute of Mete-
oritics operating at 15 keV accelerating potential and using
standards of natural and synthetic minerals and glasses.
Mineral phases were analyzed with a focused, 1-pum beam
and microcrystalline quenched melt was analyzed with a
defocused beam 20-30 pm in diameter. Major elements
were counted for 20 s on peak and 10s on background,
and minor elements for 30s on peak and 15s on back-
ground. All electron microprobe data were obtained with
a 20-nA beam current. Because this bulk composition is
nominally alkali-free, we did not operate at low beam cur-
rent for analyses of quenched melt as we customarily do
when alkalies are present. Major element compositions
reported below are averages of 5-20 spots on each phase
in each run product.

2.2.2. Ion microprobe conditions

After electron microprobe analysis, carbon coats were
removed from run products and then gold-coated for
SIMS analysis. Analyses were made using primary O~ ions
accelerated through a nominal potential of 10.0 kV. A pri-
mary beam current of 20 nA was focused on the sample
over a spot diameter of 20 um. Sputtered secondary ions
were energy filtered using a sample offset voltage of
105 V and an energy window of £25 V. Analyses involved
repeated cycles of peak counting. The analytical procedure
included counting on a background position to monitor
detection noise. Absolute concentrations of each element
were calculated using empirical relationships, derived from
daily calibrations, of the measured ratios of trace element
ions to *°Si* ions (normalized to known SiO, content) to
element concentrations. Calibration curves were construct-
ed using two or three glass standards for each element.
Calibration curves for each element have correlation coef-
ficients of greater than 0.97. Analytical precision is ad-
dressed in Table 4 by comparison between the nominal
composition of one of our glass standards and its compo-
sition when measured as an unknown using our calibra-
tions. These compare very well with the exception of Th,
for which the nominal composition was 1.1 ppm but which
we measured at 3.1 ppm. In any case, D values listed are
ratios of Si-normalized intensity ratios, to avoid propaga-
tion of any uncertainty arising from applying calibration
curves.

We examined our SIMS analyses in detail to investi-
gate the possibility that patches of melt may have been
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Table 3
Electron microprobe analyses of subliquidus run products

Run A107 Run A8 Run A4l Run A67

Quench Pyx Quench Pyx Quench Gar Pyx Quench Gar
SiO, 45.1 (1.0) 48.3 (0.7) 42.8 (1.5) 51.5(0.9) 453 (1.1) 41.8 (0.3) 53.2(0.5) 45.3 (0.9) 42.6 (0.2)
TiO, 0.22 (0.02) 0.21 (0.03) 0.57 (0.17) 0.03 (0.02) 0.73 (0.12) 0.22 (0.08) 0.03 (0.03) 0.24 (0.04) 0.05 (0.02)
Al,O3 10.22 (0.17) 10.73 (0.15) 10.29 (0.43) 5.44 (0.31) 6.37 (0.13) 21.35(0.47) 3.19 (0.99) 7.92 (0.17) 21.82 (0.25)
FeO 15.23 (0.13) 14.50 (0.06) 22.77 (1.52) 11.13 (0.11) 26.79 (1.40) 15.63 (0.44) 14.34 (0.35) 15.36 (0.22) 10.13 (0.25)
MnO 0.20 (0.02) 0.17 (0.01) 0.22 (0.03) 0.19 (0.02) 0.22 (0.01) 0.26 (0.01) 0.18 (0.01) 0.17 (0.01) 0.20 (0.03)
MgO 17.06 (0.40) 17.21 (0.31) 14.47 (0.54) 23.61 (0.32) 11.74 (0.40) 15.88 (0.36) 20.41 (0.32) 15.99 (0.17) 21.18 (0.17)
CaO 7.95 (0.14) 7.82 (0.05) 9.10 (0.36) 7.52 (0.21) 9.90 (0.20) 5.89 (0.35) 9.92 (0.57) 9.16 (0.40) 3.87 (0.07)
Na,O 0.17 (0.04) 0.17 (0.03) 0.06 (0.02) 0.03 (0.01) 0.02 (0.02) b.d.L 0.03 (0.01) 0.47 (0.03) b.d.l
Cr,05 0.55 (0.04) 0.53 (0.01) 0.46 (0.03) 0.61 (0.03) 0.19 (0.03) 1.28 (0.12) 0.28 (0.10) 0.24 (0.02) 1.52 (0.24)
Total 96.78 (1.31) 99.73 (1.14)  100.73 (0.62)  100.10 (0.81)  101.30 (0.15)  102.26 (0.41) 101.54 (0.28) 94.96 (0.71)  101.42 (0.13)
Mg# 66.6 68.0 53.2 79.1 43.9 55.7 65.3 65.0 78.8

Run A42 Run A38 Run A57

Quench Gar Pyx Quench Gar Pyx Quench Gar Pyx
SiO, 47.6 (0.2) 40.0 (0.3) 49.7 (0.6) 41.9 (0.9) 38.9 (0.4) 49.7 (0.5) 44.8 (2.3) 42.6 (0.1) 56.5 (0.4)
TiO, 0.33 (0.05) 0.12 (0.02) 0.02 (0.02) 0.53 (0.03) 0.15 (0.04) 0.03 (0.02) 0.27 (0.08) 0.04 (0.02) 0.02 (0.02)
ALO; 8.65 (0.05) 22.01 (0.37) 4.01 (1.01) 7.39 (0.16) 21.72 (0.23) 4.01 (0.32) 6.56 (0.74) 21.35 (0.09) 1.43 (0.06)
FeO 19.74 (0.45) 11.92 (0.16) 10.60 (0.64) 24.07 (0.20) 13.67 (0.36) 12.66 (0.21) 16.54 (0.90) 12.75 (0.20) 12.21 (0.21)
MnO 0.22 (0.03) 0.23 (0.03) 0.19 (0.04) 0.23 (0.02) 0.24 (0.02) 0.18 (0.02) 0.19 (0.02) 0.25 (0.01) 0.15 (0.01)
MgO 15.01 (0.26) 18.91 (0.25) 25.76 (2.31) 12.71 (0.15) 17.50 (0.33) 22.26 (0.25) 15.68 (1.22) 19.06 (0.26) 29.22 (0.16)
CaO 9.80 (0.08) 5.29 (0.34) 6.51 (1.45) 10.17 (0.11) 5.58 (0.33) 8.73 (0.27) 9.52 (0.95) 4.36 (0.11) 2.09 (0.20)
Na,O 0.04 (0.02) b.d.L 0.02 (0.01) 0.03 (0.02) b.d.L 0.02 (0.01) 0.03 (0.02) b.d.L b.d.L
Cr,05 0.44 (0.03) 2.01 (0.06) 0.59 (0.10) 0.23 (0.02) 1.54 (0.13) 0.41 (0.05) 0.36 (0.06) 1.80 (0.07) 0.25 (0.03)
Total  101.80 (0.17)  100.54 (0.30) 97.41 (0.84) 97.28 (0.80) 99.35 (0.51) 98.00 (0.37) 93.96 (1.94) 102.24 (0.21)  101.85 (0.38)
Mg# 57.6 73.9 81.1 48.5 69.5 75.8 62.7 72.7 81.0

Run A138 Run A140 Run A221

Quench Gar Pyx Quench Gar Pyx Quench Gar Pyx
SiO, 44.6 (1.1) 39.4 (0.4) 51.6 (0.4) 44.0 (2.1) 40.9 (0.5) 54.2 (0.2) 46.9 (0.6) 42.9 (0.3) 56.0 (0.4)
TiO, 0.25 (0.03) 0.10 (0.02) b.d.L 0.25 (0.08) 0.05 (0.04) b.d.L 0.26 (0.03) 0.04 (0.03) b.d.l
Al,O3 8.19 (0.39) 20.82 (0.13) 3.28 (0.25) 6.83 (0.53) 21.32 (0.14) 2.18 (0.06) 6.91 (0.37) 20.95 (0.21) 1.93 (0.11)
FeO 16.59 (0.50) 11.13 (0.08) 10.61 (0.22) 16.46 (1.00) 11.55 (0.50) 11.08 (0.04) 16.43 (0.23) 10.46 (0.11) 10.00 (0.12)
MnO 0.20 (0.02) 0.26 (0.01) 0.15 (0.03) 0.21 (0.03) 0.25 (0.02) 0.15 (0.01) 0.20 (0.02) 0.21 (0.02) 0.13 (0.02)
MgO 15.79 (0.68) 18.39 (0.09) 28.75 (0.22) 14.85 (1.29) 18.70 (0.77) 29.36 (0.12) 16.32 (0.24) 20.44 (0.30) 30.05 (0.24)
CaO 8.90 (0.26) 5.18 (0.11) 2.09 (0.16) 9.22 (0.62) 4.60 (0.41) 1.97 (0.02) 8.33 (0.17) 3.79 (0.29) 1.97 (0.17)
Na,O 0.02 (0.01) b.d.L b.d.l. 0.03 (0.02) b.d.L b.d.l. 0.03 (0.02) b.d.L b.d.l.
Cr,03 0.44 (0.04) 2.83 (0.06) 0.63 (0.05) 0.29 (0.04) 2.55(0.29) 0.36 (0.03) 0.33 (0.02) 2.25(0.14) 0.35 (0.04)
Total 94.99 (1.02) 98.08 (0.46) 97.09 (0.33) 92.15 (2.56) 99.95 (0.46) 99.37 (0.24) 95.73 (0.64)  101.03 (0.34)  100.47 (0.35)
Mg# 62.9 74.7 82.8 61.6 74.3 82.5 63.9 77.7 84.3

Run A228 Run A229 Run A225

Quench Gar Quench Gar Quench Gar
SiO, 49.4 (1.8) 42.5 (0.5) 48.9 (1.1) 43.0 (1.1) 48.6 (2.2) 43.7 (0.7)
TiO, 0.13 (0.06) 0.05 (0.03) 0.12 (0.09) 0.04 (0.03) 0.15 (0.24) 0.06 (0.03)
Al O3 5.35(0.57) 21.85 (0.75) 5.26 (1.26) 20.28 (0.48) 2.62 (1.10) 19.17 (0.98)
FeO 16.11 (2.14) 11.85 (0.53) 14.37 (1.62) 10.87 (0.16) 16.54 (1.46) 12.21 (0.15)
MnO 0.20 (0.03) 0.22 (0.01) 0.19 (0.02) 0.21 (0.01) 0.20 (0.02) 0.22 (0.02)
MgO 17.65 (1.39) 19.20 (1.02) 19.40 (0.83) 21.15 (0.37) 17.76 (1.85) 20.25 (0.60)
CaO 8.51 (0.69) 4.43 (0.64) 7.89 (0.32) 3.76 (0.24) 9.03 (0.54) 4.35 (0.27)
Na,O 0.03 (0.02) b.d.L 0.03 (0.02) b.d.L 0.05(0.02) b.d.L
Cr,05 0.28 (0.05) 1.41 (0.72) 0.44 (0.03) 1.54 (0.07) 0.22 (0.05) 1.42 (0.04)
Total 97.66 (1.12)  101.53 (0.47) 96.62 (1.55)  100.86 (1.32) 95.19 (2.22)  101.39 (0.58)
Mg# 66.1 74.3 70.6 77.6 65.7 74.7

Values are averages of 5-10 spots per phase. Values in parentheses are 1 — ¢ standard deviations. Quench, quenched melt; Pyx, pyroxene; Gar, garnet; and
b.d.l., below detection limits.
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Table 4
Partition coefficients calculated from ratios of Si-normalized SIMS intensities
A67 Al38 Al40 A228 A229 AHS3-KL2

Meas. Std.
Sc 2.45(0.13) 1.80 (0.10) 2.49 (0.19) 1.61 (0.15) 1.27 (0.19) 318 32.0
Sr 0.002 (0.001) 0.18 (0.11) 0.11 (0.05) 0.080 (0.014) 0.052 (0.014) 321 380
Y 1.06 (0.07) 1.16 (0.16) 1.28 (0.16) 0.84 (0.13) 0.52 (0.09) 25.2 26.0
Zr 0.17 (0.02) 0.40 (0.10) 0.34 (0.04) 0.25 (0.05) 0.089 (0.032) 162 160
Ba 0.001 (0.001) 0.032 (0.019) 0.047 (0.023) 0.050 (0.014) 0.088 (0.045) 129 130
Nd 0.033 (0.013) 0.22 (0.08) 0.19 (0.08) 0.14 (0.04) 0.099 (0.041) 22.1 22.0
Sm 0.14 (0.07) 0.40 (0.15) 0.23 (0.12) 0.25 (0.10) 0.19 (0.13) 5.2 5.7
Dy 0.66 (0.14) 0.89 (0.21) 0.83 (0.21) 0.60 (0.14) 0.36 (0.11) 4.6 5.4
Yb 2.11 (0.44) 1.86 (0.42) 2.41 (0.60) 1.50 (0.32) 1.06 (0.42) 2.3 2.1
Hf 0.25 (0.10) 0.51 (0.22) 0.31 (0.13) 0.39 (0.16) 0.19 (0.18) 43 44
Th 0.065 (0.051) 0.21 (0.12) 0.28 (0.15) 0.22 (0.12) 0.18 (0.14) 3.1 1.1
E (GPa) 550 (36) 280 (38) 369 (75) 274 (58) 226 (72)
D, 3.19 (0.25) 2.10 (0.18) 2.95 (0.50) 1.78 (0.24) 1.33 (0.27)
To (A) 0.919 (0.006) 0.919 (0.012) 0.912 (0.018) 0.904 (0.021) 0.882 (0.037)
e 0.997 0.987 0.976 0.978 0.967
Refits to Eq. (1) omitting Dng,Dsm (see text)
E (GPa) 684 (36) 182 (55) 704 (175) 608 (117) 689 (112)
Dy 3.59 (0.74) 1.69 (0.15) 3.99 (0.74) 2.37 (0.29) 1.87 (0.22)
To 0.924 (0.008) 0.918 (0.019) 0.929 (0.006) 0.927 (0.005) 0.924 (0.005)
> 0.975 0.952 0.975 0.986 0.992
Dyg-refit 0.015 0.313 0.012 0.015 0.008
Dgy-refit 0.084 0.522 0.076 0.074 0.043

Values in parentheses are uncertainties on D values propagated from standard deviations on SIMS intensities (10 cycles per point, three points per phase
per experiment). AH83- KL2 is a SIMS standard basaltic glass; Meas. is composition measured treating standard as an unknown, Std. is the nominal
composition. E, Dy, and ry are lattice-strain parameters from fits to Eq. (1) with calculated uncertainties in parentheses; r* is multiple regression coefficient
of determination for these fits. Refits are fit parameters calculated without including Dng and Ds, as described in text. Dng-refit and Dg,,, — refit are Ds for

Nd and Sm calculated from refit parameters.

incorporated along with some of the garnet analyses,
thereby compromising the utility of measured D values,
particularly those for highly incompatible elements such
as the light REE. Melt could be incorporated either from
overlap of the ion beam with large areas of melt adjacent
to garnet crystals, or as submicron inclusions trapped
within the grains themselves (any such inclusions would
have to be smaller than what is resolvable using the elec-
tron microprobe’s optics, as none were observed in back-
scattered electron imaging). This possibility was examined
in two ways. First, SIMS-analyzed run products were re-
examined optically to verify the locations of pits formed
by the beam, and any spots found to show visible overlap
with adjacent melt were discarded (only two such points
were found). Second, each SIMS analytical “cycle” was
scrutinized to ensure that count rates were homogeneous
throughout the analysis. As the analysis cycles proceed,
the beam might have ‘“drilled through” the garnet grain
into melt lying beneath the plane of section of the mount-
ed run product. We included Al and Mg in our list of
analyte elements in order to monitor for this situation, be-
cause the large difference in content of these elements be-
tween garnet and coexisting melt would have been readily
identifiable. We found that only a few individual sets of
analytical cycles showed very minor evidence of such
incorporation, and those likewise were omitted from fur-
ther consideration.

Despite these precautions, we find that some melt
incorporation did take place when analyzing some of
the smallest garnet grains attempted (15-20 um in longest
dimension). Fortunately, the systematics of lattice-strain
modeling of partitioning allow us to correct for this
problem. These issues will be detailed in Section 3
below.

3. Results
3.1. Phase relations

Assemblages from experiments on A15C listed in Table
2 are plotted on a pressure-temperature diagram in Fig. 2.
This plot also includes the P-T points and mineral-in
curves from the experiments of Elkins-Tanton et al
(2003). Our experiments require the existence of a point
of multiple saturation with garnet and pyroxene at a pres-
sure between 3.0 and 3.5 GPa (600-700 km lunar depth)
and a temperature of ~1750 °C. Our results require a slight
inflection or curvature to the shape of the liquidus surface
with increasing pressure, which is an occurrence observed
in many high pressure studies when garnet becomes a
near-liquidus phase. Overall, the position of the liquidus
located by our experiments is quite compatible with that
defined by the experiments of Elkins-Tanton et al. (2003).
However, as described below, pyroxene in our experiments
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Fig. 2. Pressure-temperature diagram summarizing near-liquidus phase
relations of A15C. Liq, quenched melt; ol, olivine; opx, orthopyroxene;
cpx, clinopyroxene; px, supersolvus pyroxene; and gt, garnet. Low-
pressure experiments (grey boxes) replotted from Elkins-Tanton et al.
(2003). High-pressure point of multiple saturation is at 3-3.5 GPa,
~1750 °C.

is a single, supersolvus phase in contrast to the two coexis-
ting low- and high-Ca pyroxenes occurring in their
experiments.

3.2. Phase compositions

Table 3 lists electron microprobe analyses of minerals
and melts in all subliquidus experiments reported here.
Garnet in our highest-pressure runs, A229 and A225, has
a small but distinct majorite content, manifest by 3.06—
3.12 Si and 1.70 to 1.61 Al, respectively, per 12-oxygen for-
mula unit in the stoichiometry calculated from electron
microprobe analyses. In this garnet, some Fe in octahedral
coordination is required to fill the garnet octahedral (Y)
site, as the only other trivalent cation available to enter
Y is Cr’*, and only 0.080-0.086 Cr per formula unit is
available in those garnets. These changes reflect the en-
hanced solubility with increasing pressure of a pyroxene
component, R,*"Si,Oq, in the Y site of garnet,
R,>*R,**[SiOy],, via the substitution V'[R*"+ Si*"]=
2VIR?* (Xirouchakis et al., 2002; Draper et al., 2003). In
other words, majorite garnet is typified by some Fe>™ and
Si*" entering the Y site in octahedral coordination, causing
Al per 12 oxygens to fall below 2.0 and Si per 12 oxygens to
exceed 3.0, with some divalent cation(s) also entering Y for
charge balance. Even small majorite contents probably
play a role in affecting garnet-melt trace element D values,
in similar fashion to data reported by Draper et al. (2003).

As mentioned above, pyroxenes formed in our
experiments are single phase clinopyroxenes (pigeonite to
low-Ca augite), compared to coexisting orthopyrox-
ene + clinopyroxene at lower pressures as documented by
Elkins-Tanton et al. (2003). Pyroxene compositions are
more a function of temperature, and hence melt fraction,

at a given pressure than of pressure alone. These composi-
tions at 3 GPa are EnggFs;sWoq5 at 55% melt (run A8) and
EnsgFs30Wo4 at 22% melt (run A41); at 3.5 GPa,
EngsFsyyWoy3 at 65% melt (run A42); and at 5 GPa,
EnssFs,yWo,, at 10% melt (melt fractions calculated by
mass balance). Al contents of these pyroxenes range from
0.1 to 0.2 per 6-oxygen formula unit. Our pyroxenes com-
pare favorably to those reported by Chen et al. (1982) from
their experiments on Apollo 14 low-titanium green glass;
relative to A15C this composition is 3 wt% poorer in
SiO, and has lower Mg# (56 vs. 67) and CaO/Al,O3
(0.96 vs. 1.10). Their pyroxenes have ranges of Enss_
81FS1427Wo04 19 and 0.1-0.45 Al per formula unit at
~2 GPa. We account for the presence of a single pyroxene
in our experiments, instead of two pyroxenes as in those of
Elkins-Tanton et al. (2003), by noting that our experimen-
tal temperatures are likely to be well above the high-pres-
sure solvus in the pyroxene system. For comparison,
experiments by Lindsley (1980) in the iron-free enstatite—
diopside system show peak solvus temperatures at 3.0
GPa of ~1525 °C, more than 100 °C cooler than the low-
est-temperature run reported here, and the presence of Fe
in the system would be expected to lower the solvus tem-
perature even further. Lindsley (1980) also showed broad
fields of a single clinopyroxene in iron-bearing systems at
3.0 GPa. Therefore, the appearance of only one pyroxene
at our experimental conditions is not unexpected.

Electron microprobe totals for our quenched melts do
not sum to 100% in most cases (Table 3). This deficiency
results largely because ultramafic compositions like A15C
are virtually impossible to quench to a glass at the high
pressures of these experiments. Instead, quenched melts
form extremely fine-grained (submicron to micron size),
felty mats of ferromagnesian crystals that resemble komat-
iitic spinifex textures (Fig. 1). Textures like these have been
reported from a wide variety of experimental studies of
ultramafic compositions. For this reason we analyzed
quenched melts with defocused beams, as indicated above.
We assume that low totals reflect deficiencies in X-ray
counts of all elements equally and are not due to a single
element being incorrectly analyzed. This assumption is bol-
stered by repeated checks of microprobe standards and sec-
ondary standards (i.e., materials not used in calibration
that were analyzed in multiple previous microprobe ses-
sions), and by successful least-squares mass-balance mode
calculations that yield quite good fits of the mineral and
quenched melt compositions to that of the starting material
(Table 2). For example, re-running these mass balance
modes using melt compositions renormalized to 100%
yields exactly identical modes.

3.3. Trace element partitioning values

Table 4 lists trace element partition coefficients from five
doped experiments. Runs A221 and A225, although
garnet-bearing, were too fine-grained to attempt SIMS
analysis, with garnets ranging in size only to ~15 pum. Note
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that the D values listed in Table 4 were calculated directly
from the garnet/melt SIMS intensity ratios, as indicated
above, in order to avoid propagation of any uncertainty
arising from construction of calibration curves. Table 4
also includes a SIMS analysis of a standard basaltic glass
that was treated as an unknown, compared to the nominal
standard composition, as a measure of the accuracy of our
SIMS data.

As mentioned above, some minor melt incorporation
likely occurred in SIMS analyses of garnets, despite our
best efforts to minimize it. For example, D values for the
least garnet-compatible elements (Sr, Ba, Nd, and Th) in
garnet from run A67 are significantly lower than they are
in garnets from the other runs (Table 4). Those garnets
are substantially smaller than are the garnets in run A67
(25-50 um in A138 and A140 compared to several hundred
um in A67). We infer that this contamination from melt
incorporation was minor, except for run A138, because
the D values for other elements such as Sc, Y, Zr, Hf,
Dy, and Yb are quite similar between these experiments.
Run A138 appears most strongly affected by melt incorpo-
ration, with the highest D values for Sr, Ba, and Th. As will
be seen below, D values for the least compatible elements
from the other four experiments can be well-constrained
using fits to the lattice-strain partitioning model of Blundy
and Wood (1994).

We compare the D values measured in our experi-
ments with previously reported literature values in Figs.
3 (against experimental pressures) and 4 (against garnet
composition). Fig. 3 illustrates significant differences be-
tween our D values and those from studies performed
on magnesian compositions appropriate for terrestrial
applications, in particular for Yb and Y. D values for
Sm are slightly lower, whereas those for Nd, Hf, Sc,
and Zr are similar. All these values are quite similar to
D values measured in a chondritic composition by Drap-
er et al. (2003) and to other, higher-pressure garnets in
which garnets manifest a significant component of major-
ite. In contrast, in Fig. 4 our D values largely fall on
trends of D vs. garnet composition established by previ-
ous studies of both magnesian, terrestrial compositions at
low to high pressures and by our previous work on Fe-
rich, chondritic compositions. These relationships are a
consequence of garnet compositions in the experiments
reported here being generally less pyropic at a given tem-
perature and pressure than are garnets grown in more
magnesian systems.

3.4. Lattice-strain partitioning model and correction for melt
incorporation

3.4.1. Lattice-strain model

The lattice-strain model of Blundy and Wood (1994)
has been successfully applied to garnet-melt partitioning,
in particular by van Westrenen and coworkers (van Wes-
trenen et al., 1999, 2000, 2001a,b). The lattice-strain mod-
el fits partitioning data expressed in terms of D vs. ionic
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Fig. 3. Summary diagram comparing trace element D values as a function
of pressure between this study and literature. (a), data on Sm, Nd, and Yb;
(b), on Y and Hf; (c), on Sc and Zr. Symbol shapes keyed to various
elements as given in legends (e.g., diamonds for Sm, inverted triangles for
Y, circles for Zr), and symbol fills for different studies as denoted in
legend; data from this study in light grey shading. Nicholls, Nicholls and
Harris (1980); Salters, Salters et al. (2002); WvW, van Westrenen et al.
(1999, 2000, 2001a); Maj, experiments producing majoritic garnet in Mg-
rich systems (Kato et al., 1987; Ohtani et al., 1989; Yurimoto and Ohtani,
1992; Inoue et al., 2000; Suzuki et al., 2000); and Draper, mildly majoritic
garnet in Fe-rich chondritic system (Draper et al., 2003). Note that most D
values from A15C garnets are lower than virtually all previously published
values, or fall at the low end of previously published ranges.
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radius; the pioneering work of Onuma et al. (1968) first
described the parabolic trends of partitioning data on
such plots. Blundy and coworkers drew on work by Brice
(1975) to describe Onuma-type partitioning trends using

—4REN |2 (1 — ro)” + 1 (1 — 1)’

D, = D() X €Xp RT ’ (1)

where D; is the measured partition coefficient for element i,
r; is the ionic radius of that element, R is the gas constant,
N is the Avogadro’s number, and 7 is in Kelvins. This rela-
tionship is appropriate for describing partitioning of cat-
ions having the same charge into a given crystallographic
site, for example trivalent cations partitioning into the gar-
net X site. Fits of partitioning data from a given experi-
ment to Eq. (1) yield values for Dj, the maximum D
value for a cation of that charge into that site; ry, the ideal
site size for strain-free partitioning of a cation of that char-
ge; and E, the bulk (Young’s) modulus, which can be con-
sidered a measure of site compressibility. Mathematically,
these parameters correspond, respectively, to the y-inter-
cept of maximum on the parabola; its x-intercept; and
the width of the parabola (tighter curves yield higher E).
It is important for a meaningful fit that D values are avail-
able for elements having ionic radii both greater than and

less than the value of ry so that both limbs of the parabola
are constrained. For the trivalent cations partitioning into
the garnet X site, this requirement is met when Sc is includ-
ed in the collection of elements used in measuring partition-
ing, because its ionic radius (0.870 A at coordination
number 8; Shannon, 1976) is significantly below typical rgy
values, while ionic radii for the rare earths are all greater.
In general, if it can be shown that partitioning data for a
set of isovalent cations follow this relationship, then Eq.
(1) can be used to solve for the appropriate values of E,
Dy, and ry, and these can in turn be used to calculate D;
for some unmeasured cation with radius i.

van Westrenen et al. (2001b) used data from several pre-
vious partitioning studies to form a predictive expression
for trivalent cation partitioning in garnet. They related par-
titioning to temperature, pressure, garnet major-element
composition, and garnet-melt Dy, to produce predicted
values of Dy, rg, and E for use in Eq. (1) to calculate D val-
ues for systems in which partitioning has not been directly
measured. This predictive relationship (termed “WvW pre-
dictive model” hereafter) was intended to cover pressures
up to 7.5 GPa for largely basaltic compositional systems,
and recovered published partitioning data not included in
their parameterization quite successfully, to within ~20%
relative. Applications of the WvW predictive model to gar-
net-melt partitioning in an Fe-rich, chondritic bulk compo-
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Fig. 5. Plot of trivalent D values (Table 4) against ionic radii from Shannon (1976) showing well-defined parabolic trends. Solid black curves are fit to
lattice-strain model of Blundy and Wood (1994) Eq. (1), yielding parameters and uncertainties listed in legend. Solid grey curves are refits omitting Dg,
and Dyyg as described in text, with revised values for these, calculated from refit curves, shown labeled “Refits.” Dashed curves are partitioning predicted
by formulation of van Westrenen et al. (2001b). Note large mismatches between observed and predicted partitioning, especially in Dy.
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