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We conducted 1atm experiments on a synthetic Hawaiian picrite at
JOq values ranging from the quartz—fayalite—magnetite ( QFM )
buffer to air and temperatures ranging from 1302 to 1600°C. Along
the QFM buffer, olivine is the lLiquidus phase at ~1540°C and
small amounts of spinel (<0-2wt % ) are present in experiments
conducted at and below 1350°C. The olivine becomes progressively
more ferrous with decreasing temperature [ Fogo.s to Fogy.s where
Fo=100 x Mg/( Mg+ Fe), atomic]; compositions of coexisting
liquids reflect the mode and composition of the olivine with concen-
trations of S0y Ti0, Al;05 and CaO increasing monotonically
with decreasing temperature, those of NiO and MgO decreasing,
and FeO* (all Fe as FeO ) remaining roughly constant. An empiric-
al relationship based on our data, T(°C)=19-2x (MgO n
liquid, wt % ) + 1048, provides a semi-quantitative geothermometer
applicable to a range of Hawaiian magma compositions. The oliv-
ine—liquid exchange coefficient, Kp ppv_y, = (120/MgO) ”l/
(FO/Mg0)", is 0-34540-009 (Ic) for our 11 experiments.
A lterature database of 446 1atm experiments conducted within
0-25 log units of the QFM buffer (QFM % 0-25) yields a median
Kp po+— g of 0-34 Kp pov_ o, values from single experiments
range from 0-41 to 0-13 and are correlated with SiOy and alkalis
i the liquid, as well as the forsterite (Fo) content of the olivine.
For 78 experiments with broadly tholeutic liquid compositions
4652wt % Si0, and < 3wt % NayO +K50) coexisting with
Fogo-gy olivines, and run near QFM ( QFM £ 0-25), Kp g+ ppq
s approximately independent of composition with a median value
of 0-340 £ 0-012 (error is the mean absolute deviation of the 78
olivine—glass pairs from the database that meet these compositional
criteria), a value close to the mean value of 0-343 £ 0-008 from
our QFM experiments. Thus, over the composition range encompassed
by  Hawaiian tholeiitic lavas and their  parental melts,
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Kp, po+—agg ~ 0-34 and, given the redox conditions and a Fo content

Jfor the most magnesian olivine phenocrysts, a parental melt composition

can be reconstructed. The calculated compositions of the parental melts
are sensitive to the input parameters, decreasing by ~1wt %o MgO for
every log unit increase in the selected fOo, every 0-5 decrease in
the Fo-number of the target olivine, and every 0-015 decrease in
Kp pe+—agg- For plausible ranges in redox conditions and Fo-number
of the most MgO-rich olivine phenocrysts, the parental liquids for
Hawaiian tholeiites are highly magnesian, in the range of 19-21wt %
MgO for Kilauea, Mauna Loa and Mauna Kea.

KEY WORDS: Hawazu; parental liquids; Fe—Mg partitioning; olivine

INTRODUCTION

Knowledge of the partitioning of elements between coex-
isting solid and liquid phases is critical for deciphering
and modeling igneous processes. Hardly a paper is written
on igneous petrogenesis today without referring to solid—
liquid partition coefficients: examples include the modeling
of evolving liquid compositions generated during partial
melting and the liquid lines of descent of cooling magmas
(e.g. Grove et al., 1992; Nielsen & DeLong, 1992; Herzberg
& O’Hara, 2002), reconstruction of the compositions of
parental or primary liquids from the compositions of frac-
tionated magmas (e.g. Baker et al., 1996; Putirka et al.,
2007), and modeling the evolution of liquid compositions
on the basis of cumulus phases (e.g. Longhi, 1982; Bédard,
1994; Thy et al., 2006). The partitioning of major and
minor elements between olivine and liquid is of particular
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importance because olivine is a ubiquitous phase in a
broad range of mafic and ultramafic igneous rocks in the
upper mantle, and the fractionation or accumulation of
this phase exerts a major control on observed variations
in magma composition (e.g. for Hawaii: Powers, 1955;
Macdonald & Katsura, 1964; Clague et al., 1991). It is,
therefore, not surprising that there has been considerable
experimental work over several decades aimed at quantify-
ing the partitioning of major and minor elements between
olivine and liquid in relevant igneous systems (e.g. Roeder
& Emslie, 1970; Hart & Davis, 1978; Beattie et al., 199];
Mallmann & O’Neill, 2009) and complementary develop-
ment of empirical and thermodynamic models of the ex-
perimental data (e.g. Longhi et al., 1978; Ford et al., 1983;
Hirschmann & Ghiorso, 1994; Toplis, 2005). Partitioning of
Fe?* and Mg between olivine and liquid is a natural start-
ing point for such studies given that these are the dominant
exchangeable cations in olivine from the Earth and other
planets. Roeder & Emslie (1970) were the first to pair
these elements in an exchange reaction between olivine
and melt for use in correlating data in both experimental
and natural systems. Based on 1atm experiments on three
Hawaiian basalts, they showed that the olivine (ol)-liquid
(lig) exchange coeflicient, Af, por g = (FeO/MgO)*
(FeO/MgO)"4, where FeO and MgO refer to concentra-
tions (by weight), is 0:30 £0-03 and, within the resolution
of their data, is independent of temperature and liquid
composition. Later work considerably expanded the range
of pressure, temperature, and liquid composition and
showed that liquid composition does in fact exert a signifi-
cant effect on Ay pee_yp, (€@ Sack el al., 1987, Gee &
Sack, 1988). There have been numerous attempts to formu-
late expressions for A7, p2+_yy, as a function of these vari-
ables (e.g. Longhi et al., 1978; Ford et al., 1983; Gee & Sack,
1988; Snyder & Carmichael, 1992; Sobolev & Nikogosian,
1994; Herzberg & O’Hara, 2002; Toplis, 2005) and various
constant values of A%, g2+, have been proposed for
specific applications (e.g. Nisbet et al., 1987; Putirka et al.,
2007). Nevertheless, the Roeder & Emslie value of 0-30
is still a convenient reference point commonly used in
petrological modeling (e.g. Garcia, 1996; Rhodes &
Vollinger, 2004).

The paucity of experiments on highly magnesian liquids
with compositions similar to those of naturally occurring
magmas 1s problematic because estimates of parental or
primary liquid compositions for Hawaii and other local-
ities (e.g. Gorgona komatiites and picrites from Baffin
Island, western Greenland, and Ontong—Java Plateau:
Clague et al., 1991; Baker et al., 1996; Herzberg & O’Hara,
2002; Stolper et al., 2004; Herzberg et al., 2007) and liquids
produced in high-pressure melting experiments on ultra-
mafic compositions (e.g. Kushiro & Walter, 1998; Walter,
1998) often have more than 16 wt % MgO. Although a
large number of olivine-liquid pairs are available in the

literature (we have a compilation containing 1179 pairs),
we are aware of only 24 with glass compositions similar to
naturally occurring liquids (non-zero concentrations of
TiOy, AlyOs, FeO, MgO, CaO, and Nay,O) with >16 wt
% MgO and for none of these high-MgO liquids was
Fe’*/Fe®™ actually measured. Thus, the effects of high
MgO and the Fe**/ Fe?* ratio on Fe-Mg partitioning be-
tween olivine and liquid are poorly known, yet they are
important for petrologic modeling. A major motivation
for the study reported here is to extend the dataset on
Kp perr_yg to include experiments on magmatic liquids
with high MgO contents conducted under well-
characterized and controlled redox conditions.

In this study, we present the results of 1atm experiments
on a synthetic analog of a Hawaiian picrite (257 wt %
MgO, 457wt % SiOy). Most of the experiments were per-
formed near the quartz—fayalite-magnetite buffer (QFM),
but two experiments were conducted under more oxidizing

conditions [nickel-nickel oxide buffer (NNO) and air] to
explore the effect of varying Fe’t/Fe®*
Ry g+ _\1q- Glasses from two of the experiments (air and
QFM) were also analyzed for FeO by wet chemistry, there-
by allowing the determination of Ky .2+, independent
of any Fe’*/Fe?* algorithm. In addition, we compiled a

set of 1atm olivine-liquid pairs from the literature encom-

in the liquid on

passing /Oy values ranging from slightly below the iron—
wiistite (IW) buffer to air and MgO concentrations in the
liquid from 13 to 28:6 wt %. Finally, we used this database
together with the results of our experiments to constrain
R, g+ _\1q for highly magnesian liquids and to reconstruct
parental Hawaiian magma compositions.

EXPERIMENTAL AND
ANALYTICAL TECHNIQUES

Starting composition

The starting composition for this study, Syn-HP1 (Table 1),
is based on whole-rock analyses of ‘low-SiOy” Mauna Kea
basalts from the Hawaii Scientific Drilling Project
(HSDP) (Rhodes & Vollinger, 2004). We chose the
Tow-S10y’ array (Stolper et al., 2004) because these
rocks lie on an olivine control line along which liquids of
roughly constant composition (with ~6-7wt % MgO)
are variably affected by olivine accumulation (Rhodes &
Vollinger, 2004) and because they are compositionally dis-
tinct from higher SiOy bulk compositions used in previous
experiments on Hawaiian lavas (e.g. Eggins, 1992; Wagner
& Grove, 1998). We selected 25wt % MgO for the bulk
composition to ensure a large olivine primary phase
volume with magnesian liquids and then computed corres-
ponding values for 11 additional major and minor oxides
from linear least-squares fits of oxide-MgO variations
along the array of ‘low-SiOy’ basalts. The resulting target
composition, HP-25, is listed in Table 1. Numerous 1atm
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Table I: Starting composition

Si0, TiO, AlLO; Cr,03 FeO* MnO MgO Ca0 Na,O K,0 P,0s NiO
HP-25** 4515 1-40 751 0-217 11.97 0179 25:34 668 1118 0075 0133 0-155
Syn-HP1+ 4572 142 7-61 0-219 12:12 0182 2567 677 0 0 0 0-292

**Mauna Kea picrite composition calculated from unweighted linear regression equations for bulk-rock major- and minor
oxides versus MgO and an MgO value of 25; bulk-rock data from Rhodes & Vollinger (2004). The reported composition
is normalized to 100wt % with all Fe as FeO (FeO*), which leads to MgO slightly greater than 25.

+Syn-HP1 represents the HP-25 composition after increasing the NiO by 0-133 (the wt % of P,0s in HP-25) and then

renormalizing the composition on an Na,O-, K,0-, and P,Os-free basis.

experimental studies have shown that Na,O, K,O, and
P,Oj5 display varying degrees of volatility at high tempera-
tures (Corrigan & Gibb, 1979; Tsuchiyama et al., 1981
Kilinc et al., 1983; Yu et al., 2003), so we left these three
oxides out of the Syn-HPl composition. In addition, we
increased the NiO content in the synthetic composition
relative to the HP-25 target composition by a small
amount to facilitate measurement of NiO in the experi-
mental glasses. It should be noted that all the experiments
reported here were performed on the alkali- and P-free
Syn-HP1 composition (in the Discussion section, we
address the issue of applying our results to alkali-bearing
tholeiitic magmas). The MgO content on the array of
Tow-S10y’ Mauna Kea basalts chosen for this study was a
compromise between the desire for an MgO-rich starting
composition with a broad range of olivine stability and
the more practical goal of keeping the liquidus within the
normal operational limits of our gas-mixing furnaces.
Based on MELTS (Ghiorso & Sack, 1995) calculations,
the selected alkali- and phosphorus-free nominal com-
position Syn-HPI (Table 1) has a latm liquidus at QFM
of 1535°C.

A starting mix was prepared from high-purity oxides
and carbonates ground for ~5 h under ethanol in an auto-
mated alumina mortar. After decarbonation, splits of
the resulting powder were reduced for ~1h at ~900°C at
QFM using flowing Hy~CO, gas mixtures and a Pt
catalyst to facilitate equilibrium within the gas (Beckett &
Mendybaev, 1997). The reduced powder, as well as an
unreduced split, were pressed into ~0-4 cm thick, 127 cm
diameter pellets using ethanol as a binder. Chips weighing
60—-100 mg were broken from these pellets and used in
the experiments. Analyses of glass from a superliquidus ex-
periment (run 43) show that the oxide mix gained
~0-7wt % alumina through the grinding process. Minor
NaoyO (0-:05wt %) was also present in this glass and low
levels of NayO were detected in nearly all our experimen-
tal glasses. The presence and amounts of Na in the glasses
observed in this nominally Na-free bulk composition are
discussed below. Weight per cent values of the other oxides
overlap those of the target composition at the 1o level.

Experimental techniques

The latm experiments were conducted in a vertical
Deltech furnace at roughly 50°C intervals between 1300
and 1600°C using Hy—COy gas mixtures to control fOo.
Temperature was monitored using a type-S thermocouple
placed in the hot spot of the furnace and calibrated at the
boiling point of water and the melting point of gold refer-
enced to ITSgy (Goldberg & Weir, 1992). Most of the ex-
periments were conducted at QFM as /Oy estimates for
Hawaiian magmas generally lie at or somewhat more
reducing than this buffer (e.g. Rhodes & Vollinger, 2005).
However, experiments were also run at the NNO buffer
and under a continuous flow of air to examine the effect
of fOy on the olivine-liquid Fe’*~Mg exchange coeffi-
cient. For the purpose of guiding our choice of particular
experimental fO, values, we used expressions for the
QFM and NNO buffers from the compilation of Huebner
(1971). Except for the superliquidus runs, the fO, was
monitored using an yttria-stabilized zirconia oxygen
sensor (SIRO2; Ceramic Oxide Fabricators, Eaglehawk,
Australia) calibrated at the IW buffer (Huebner, 1971). For
the two superliquidus runs, the gas mixture was adjusted
with the aid of an oxygen sensor to yield the appropriate
JOg at each run temperature, but the oxygen sensor was
not present in the furnace during the run. Samples were
suspended on 0-2 mm diameter FePt alloy loops using poly-
vinyl alcohol as a binding agent. Experiments were
initiated by introducing the sample into the hot spot of
the furnace at ~1100°C under a mixture of H,—CO, set to
provide the f Oy of interest at the final run temperature.
The furnace was then ramped to the desired temperature
at 400-500°C h™"! (this initial ramp up is not included in
the reported run times). Experiments were terminated by
drop quenching the wire loop and attached sample into
de-ionized water. Although no quench crystals were
observed in our experimental glasses, thin (<1 pm) over-
growths were present on the olivines.

Even under the relatively oxidizing conditions of QFM,
considerable Fe and Ni can be lost from a sample to a Pt
loop (e.g. Hart & Davis, 1978; Grove, 1981). We therefore
preconditioned loops by first conducting three to four 24 h
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Table 2: Run conditions and experimental results

Run no. T Time log O, Loop no. AFeO* ANay0 Phase Phase proportions$
(°C) (h) & usage** (%)T (wt %)i products

43 1600 05 —479 8/6 — 0-05 gl 100

34 1551 50 —5-19 8/5 — b.d.l. gl 100

26 1500 124 —5-51 6/3 0-8 0-22 gl, oliv 93-3(6), 6-8(6)

24 1451 24-9 —5-93 5/4 —2:2 0-22 gl, oliv 83-6(4), 16-4(6)

21 1452 482 —5-92 5/3 —52 0-25 gl, oliv 83-5(4), 16:5(6)

17 1401 482 —6-38 4/3 -2:6 0-39 gl, oliv 76:3(4), 23:7(5)

27 1398 249 —6-39 4/4 -33 0-05 gl, oliv 77-1(4), 22:9(6)

39 1396 501 —068 7/3 0-3 0-34 gl, oliv 83:1(4), 16:9(6)

28 1350 485 —5-99 2/4 03 0-04 gl, oliv, sp 70-7(3), 29-2(5), 0-10(3)

15 1349 66-7 —6-87 2/3 —2:2 0-41 gl, oliv, sp 69-2(3), 30-7(5), 0-10(3)

6 1302 22:3 —7-36 1/4 —64 0-22 gl, oliv, sp 63-4(3), 36:4(5), 0-16(2)

46 1300 481 741 1/9 056 0-05 gl, oliv, sp 64-0(3), 35-8(4), 0-13(2)

8 1302 720 —7-36 1/56 —04 0-30 gl, oliv, sp 63-3(3), 36:6(5), 0-15(3)

All runs except numbers 28 and 39 were conducted at ~QFM. The oxygen fugacity of run 28 was held at ~NNO,
whereas run 39 was equilibrated in air. gl, glass (quenched liquid); ol, olivine; sp, spinel.

**First number is the loop designation number; second value is the number of experiments that had been run with the
loop prior to the present experiment.

TRelative change (in per cent) of FeO* in the bulk composition based on mass balance; negative sign denotes a decrease
in FeO*.

jCalculated addition of Nay,O (in wt %) to the bulk composition based on the sodium content of the glass and mass
balance. Na,O in run 34 was below the detection limit (b.d.l.).

8Phase proportions (in wt %) in all subliquidus experiments are given in the same order as listed in the phase products
column. Numbers in parentheses are uncertainties in terms of the least units cited [e.g. 0-10(3) corresponds to 0-10 £ 0-03,
where 0-03 is one standard deviation]. Uncertainties were estimated using the method of Albaréde & Provost (1977) after
the sodium and iron gain or loss was calculated for each experiment.

4/Oxygen fugacity was not measured during the superliquidus runs to prevent sensor degradation at these high tempera-
tures. The gas mixture was set, at a lower 7, to a value that would yield the desired O, at the actual run temperature.

doping runs using Syn-HPI at the same temperature and
JSOg as desired for the first experiment that the loop was
to be used for. At the end of each pre-saturation run, the
sample was dissolved off the loop using an ~1:1 mixture
(by volume) of HF and HNOj;. Once preconditioned, a
loop was then used for one or more experiments conducted
at the same conditions, except for loop 8, which was used
at both 1551 and 1600°C. Table 2 lists the loop used for
cach experiment and the combined number of doping
runs and experiments that had previously been run on it.
Run times for experiments at a given temperature and
S/ Og ranged from 72 h at 1300°C to 0-5 h at 1600°C. Chips
from each experiment were broken off the loop, mounted
in epoxy, and polished for electron microprobe analysis.
Temperatures, Oy values, run times, observed phases,
and their proportions calculated by mass balance (see
below and footnote to Table 2) are also reported in Table 2.

Analytical techniques

Glass and crystalline phases produced in the experiments
were analyzed with a five-spectrometer JEOL JXA-8200

electron microprobe at Caltech and all data were reduced
using a modified ZAF procedure (CITZAF; Armstrong,
1988).

Quenched glasses were analyzed using a 15 keV accelerat-
ing voltage, 10nA beam current, 10 um spot, and glass,
mineral, and oxide standards. Approximately 10 glass ana-
lyses were collected for each experiment. Counting times
typically ranged from 20 to 40s on peak and half that at
high and low backgrounds. On-peak counting times on
glasses from runs 43 and 46 were slightly longer for most
elements and 100s for Ni. Secondary glass standards
(BHVO-2g, BIR-lg, and BCR-2g) were all analyzed
during three separate periods during each microprobe ses-
sion for a total of 9-12 points each. The mean BHVO-2¢g
composition from each session coupled with the accepted
composition of BHVO-2 (http://minerals.cr.usgs.gov/geo.
chemstand/) was used to reprocess the A-ratios for all
glass analyses from a session; post-correction compositions
of BIR-lg and BCR-2g overlap their accepted bulk-
rock compositions (http://minerals.cr.usgs.gov/geo.chem.
stand/). Glass analyses reported in Table 3 were accepted
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Table 3: Phase compositions

Run Phase SiO, TiO, Al,O3 Cry03 FeO* MnO MgO Ca0O NiO Na,O Sum
43 gl 46-19(23) 1-38(2) 8:32(7) 0-20(2) 11-95(14) 0-16(3) 25-59(14) 6-79(2) 0-22(1) 0-05(1) 100-87
34 gl 45-87(22) 1-42(2) 8-35(9) 0-21(2) 11-65(19) 0-15(3) 25-89(10) 6-83(3) 0-17(3) b.d.l. 100-59
26 gl 46-33(20) 1-49(3) 8-:80(7) 0-19(2) 12:31(23) 0-17(3) 23-90(14) 7-36(5) 0-18(5) 0-09(4) 100-85
26 ol 41-30(14) 0-01(1) 0-09(2) 0-09(1) 7-52(8) 0-10(1) 50-53(16) 0-21(1) 0-65(1) — 100-51
24 gl 47-35(31) 1-64(2) 9-92(8) 0-21(1) 12:31(20) 0-17(2) 20-76(9) 8:13(7) 0-14(2) 0-16(3) 100-81
24 ol 41-28(14) 0-01(1) 0-10(1) 0-11(1) 8:64(7) 0-10(1) 49-93(19) 0-23(1) 0-61(2) — 101-02
21 gl 47-10(25) 1-67(4) 9-96(9) 0-19(1) 11-8(2) 0-16(3) 21-04(14) 8-18(4) 0-15(4) 0-29(4) 100-57
21 ol 41-00(12) 0-01(1) 0-10(2) 0-10(1) 8:39(7) 0-11(1) 49-94(13) 0-22(1) 0-58(1) — 100-45
17 gl 48-06(26) 1-81(4) 10:78(9) 0-21(1) 12-35(20) 0-18(4) 18-11(8) 8-86(5) 0-11(2) 0-51(3) 101-01
17 ol 40-94(15) 0-02(1) 0-10(2) 0-12(1) 9-62(8) 0-12(1) 49-12(10) 0-25(1) 0-59(2) — 100-89
27 gl 47-87(28) 1-80(3) 10-64(6) 0-23(2) 12:01(26) 0-16(3) 18-41(20) 8:81(4) 0-13(3) 0-08(2) 100-17
27 ol 40-76(14) 0-02(1) 0-09(1) 0-12(1) 9-74(8) 0-12(1) 48-49(24) 0-23(1) 0-65(2) — 100-20
39 gl 46-71(23) 1-67(4) 9-86(10) b.d.l. 13-80(16) 0-17(3) 19:51(16) 8-15(5) 0-15(3) 0-40(4) 100-45
39 ol 42-22(10) 0-01(1) 0-11(1) b.d.l. 3-:05(4) 0-10(1) 54-68(13) 0-16(1) 0-91(3) - 101-24
28 gl 48-40(27) 1-95(5) 11-47(7) 0-18(2) 12-45(23) 0-17(3) 15-95(13) 9-63(4) 0-11(4) 0-05(3) 100-36
28 ol 40-48(9) 0-02(1) 0-15(11) 0-11(1) 10-73(11) 0-13(1) 47-70(23) 0-26(3) 0-80(1) — 100-39
28 sp 0-14(3) 1-07(2) 17-39(22) 45-43(67) 19-70(12) 0-20(4) 14-80(14) - 0-51(2) — 99-24
15 gl 48-78(18) 1-97(3) 11-89(8) 0-19(2) 12:23(24) 0-16(3) 15-40(12) 9-73(6) 0-09(3) 0-60(4) 101-07
15 ol 40-82(12) 0-01(1) 0-09(1) 0-12(1) 10-87(8) 0-14(1) 48-27(12) 0-25(1) 0-60(2) — 101-17
15 sp 0-0 1-12(5) 18-7(4) 47-3(1-0) 17-45(14) 0-22(3) 14-4(9) — 0-34(3) — 99-23
6 gl 49-84(14) 2-18(4) 13-15(10) 0-15(1) 10-86(16) 0-16(3) 13-20(12) 10-568(7) 0-09(3) 0-35(3) 100-56
6 ol 40-33(19) 0-03(1) 0-09(1) 0-11(1) 11-561(13) 0-15(1) 47-38(20) 0-27(1) 0-53(2) — 100-38
6 sp 0-0 1-20(5) 20-7(1-4) 44-8(1-7) 17-54(16) 0-21(2) 14-74(49) - 0-31(2) — 98-86
8 gl 49-18(28) 2:21(3) 12-74(13) 0-16(2) 11-65(16) 0-16(2) 13-37(10) 10-69(7) 0-08(4) 0-48(5) 10074
8 ol 40-26(15) 0-03(1) 0-08(2) 0-10(1) 12:17(11) 0-15(1) 46-87(12) 0-27(1) 0-55(2) - 100-47
8 sp 0-0 1-23(1) 19-7(6) 45-0(4) 18-48(10) 0-22(2) 14-43(34) — 0-33(3) — 99-184
6 gl 49-18(17) 2:16(2) 12-:80(9) 0-16(2) 11-99(7) 0-17(2) 14-01(11) 10-61(3) 0-07(1) 0-07(1) 101-13
46 ol 40-69(29) 0-03(1) 0-07(3) 0-12(1) 12-:03(5) 0-14(1) 46-9(3) 0-26(2) 0-55(2) — 100-83
46 sp 0-08(15) 1-22(3) 21-0(6) 43-71(3) 17-69(11) 0-22(2) 15-1(4) — 0-31(3) - 9933

All compositions listed in wt %. gl, glass; ol, olivine; sp, spinel. Numbers in parentheses are analytical uncertainties in
terms of the least units cited [46:19(23) corresponds to 46-19 +0-23 where 0-23 is one standard sample deviation]; when
the error is >1-0, we include the decimal point. FeO*, all Fe as FeO. —, not analyzed; b.d.l., below detection limit. K,O in
the glass was measured but below detection limits for all but one of our experiments. Run 21 had 0-03 +0:02wt % K,O.
Spinel compositions in runs 15, 6, and 8 were corrected for fluorescence and beam overlap onto adjacent glass and/or
olivine (spinels in these three runs are <10 um in diameter). The silica content of the spinel was used as a proxy for the
extent of glass and/or olivine ‘contamination’. The average compositions of olivine_and glass (in wt %) were subtracted
from each spinel analysis so as to minimize the sum of (Si0,*P)*+ (2-B)?+ (1- A)?>+ (100 - £)?, where A and B are the
sum of the cations in the A and B sites of an AB,0O, spinel, respectively, and X is the oxide wt % sum of the spinel
analysis (including calculated Fe,03). Thus, the silica content of average spinel in these three runs is zero. In each of these
runs, the average corrected spinel composition overlaps with the small number of low-silica spinel analyses (<0-5wt %
SiO,) suggesting that our correction procedure does not introduce a compositional bias. Glass FeO contents, measured
by wet chemistry (Wilson, 1960), in runs 26 and 39 are 10-51(10) and 3-:08(10) wt % respectively. The 1o uncertainty in
parenthesis is based on replicate analyses of secondary standards.

if their post-correction totals were between 98:5 and  Counting times were 20—60s on peak, and 10-30s each
1015wt %. on high and low backgrounds. In general, 10 olivine

Experimentally produced olivines were analyzed using grains were analyzed from each charge. Most olivines
a 15keV accelerating voltage, 40 nA beam current, l pm  have cross-sections of 25-100 pm in longest dimension
diameter spot size, and mineral and oxide standards. and, for these, a single analysis was generally taken from
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the central portion of the grain. Run 39 produced large
(~250 pm) olivines, and for this experiment both core
and rim analyses were collected; these indicate that the
olivine grains in this run product are homogeneous at the
20 level. 1o help remove inter-session variability, olivine
analyses from a given probe session were referenced to the
mean of multiple (7-28) analyses of San Carlos olivine ob-
tained during the session. The occasional olivine analysis
showing obvious signs of contamination (e.g. AloO5 > 1wt
%) was rejected. The remaining olivine analyses were ac-
cepted if they had (1) an oxide total of 100 £15wt % and
(2) a cation sum (on a four oxygen basis) of 3-000 £ 0-015.
The data reported in Table 3 are averages of all olivine
analyses from a given experiment that passed through
these filters.

Spinels were analyzed using a 15 keV accelerating volt-
age, 25 nA beam current, a focused beam (nominal spot
size of ~0-2 um), and mineral and synthetic oxide stand-
ards. Peak counting times were 30s with 15s on high and
low backgrounds. We analyzed 7-12 spinels in each run
product containing this phase; most of these analyses were
contaminated by adjacent phases owing to their small
sizes (e.g. ~3um in diameter at 1300°C and ~9pum at
1350°C). We used SiO, contents, which show a rough nega-
tive correlation with apparent grain size, as a measure of
‘contamination’ After calculating Fe”" and Fe* assuming
ideal R30, stoichiometry, we accepted spinel analyses
from runs 28 and 46 with <0-5wt % SiO, and
2:000 £0-015 cations in the octahedral site. In runs 6, 8,
and 15 only a few spinel analyses contained <0-5wt %
SiOy and so for these we corrected the spinel analyses for
contamination from the coexisting glass and/or olivine
(details are given in the notes to Table 3).

EXPERIMENTAL RESULTS

The temperature, run duration, fO,, and phase assem-
blage of each experiment are reported in Table 2. Also
listed are phase proportions and estimated changes
in bulk Na and Fe (discussed below). Phase compositions
are reported in'Table 3.

Phase compositions

Olivine

Olivine is observed in all subliquidus experiments.
For experiments conducted along the QFM buffer, the
Fo content of olivine [100 x Mg/(Mg + Fe), atomic] in-
creases monotonically with increasing temperature from
87-3 at ~1300°C to 92-3 at 1500°C. Olivine from the
air-equilibrated experiment, performed at 1396°C, is
much more magnesian than that in comparable QFM
experiments (Fog7.90 vs Fogg.g), whereas olivine from the
NNO experiment, performed at 1350°C, has a nearly iden-
tical Fo content to that in the comparable QFM experi-
ment (Fogg.g). In the experiments conducted at QFM,

concentrations of MnO (0-10-0-15wt %) and CaO (0-21—
028wt %) in olivine decrease slightly with increasing
temperature; concentrations of Al,Os and CryOj are
constant within error (0-07-0-11 and 0-:09-0-12 wt %); and
NiO contents (0-53-0-65 wt %) increase with temperature.
The Cr, Mn, and Al olivine-liquid partition coefficients
obtained in our experiments agree well with other experi-
mental studies (e.g. Mikipdd, 1980; Murck & Campbell,
1986; Agee & Walker, 1990; Parman et al., 1997; Hanson &
Jones, 1998; Bédard, 2005), and the Ca olivine-liquid
partition coefficients are similar to the results of previous
studies and the predictions of Libourel (1999), keeping
in mind that no effort was made in this study to correct
olivine analyses for the fluorescence of Ca from adjacent
glass.

Spinel

The experiments at 1300-1350°Ci contain small amounts
of Alrich chromite (<0-2wt %; Table 2) in addition to
glass and olivine. Despite their low abundance, the spinels
account for as much as 36% of the Cr budget in these ex-
periments; Cr-number [Cr/(Cr+Al), atomic], ranges
from 0:59-0-64 in the spinels. Fe*t/Fe* (Fe* is all Fe as
Fe”) ratios calculated assuming an R30, stoichiometry
are between 0-24 and 0-26 for the QFM experiments, but
they are distinctly higher, 0-37, in the NNO run (no. 28).
TiO, contents (1'1-12wt %), Cr-numbers, and
Mg-numbers (0-65-0-68) of the experimental spinels
are comparable with those observed in spinels from
Hawaiian lavas (e.g. Clague et al., 1995; Baker et al., 1996;
Kamenetsky et al., 2001; Roeder et al., 2003).

Glass

Figure 1 shows concentrations of selected oxides from the
experimental glasses as a function of temperature. Taking
the QFM and NNO data together, concentrations of
Si0,, Ti0y, and MgO in the glass are monotonic functions
of temperature (as are concentrations of AlyO5 and CaOQ,
which are not shown), reflecting the absence of major crys-
talline phases other than olivine. FeO* contents of the
QFM glasses are essentially independent of temperature,
reflecting the similar FeO* contents of olivine and glass in
these experiments (Fig. 1d; note the FeO* plot is noisier
than for other oxides as a result of the minor Fe loss or
gain in these experiments). The glass from the air experi-
ment (run 39) plots off the trends for all oxides shown in
Fig. 1 owing to the high Fe’*/Fe*" in the glass (e.g Kilinc
et al., 1983) and the correspondingly Fe**-poor coexisting
olivine.

Figure lc shows that MgO contents of the olivine-
bearing experimental glasses at QFM and NNO are
approximately linear as a function of temperature; an un-
weighted least-squares fit to our QFM data yields
7(°C) =192 x (MgO, wt %) +1048. The slope (~19)
is similar to values (16-23) calculated using latm
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Fig. 1. Concentrations of oxides (wt %) in the experimental glasses as a function of run temperature (°C). Symbol indicates the oxygen fuga-
city; open circles for the 1550 and 1600°C data indicate superliquidus experiments. Error bars represent one standard deviation and, where not
visible, are smaller than the size of the symbols. (a) SiOs. (b) TiOo. (¢) MgO. Lines are for MgO—7(°C) regressions from this study,
for Kilauea (Kil) and Mauna Loa (ML) basalts by Helz & Thornber (1987) and Montierth ¢t al. (1995), and for Barberton (BK) and Ontario
(OK) komatiites by Thy (1995) and Parman et al. (1997). (d) FeO*, all Fe as FeO.

experiments on Hawaiian basaltic compositions (Helz &
Thornber, 1987; Montierth et al., 1995) and komatiitic com-
positions (Thy, 1995; Parman et al., 1997) (see Fig. lc).
Transforming the 7(K) vs mol % MgO global fit of
olivine-saturated latm experiments given by Sugawara
(2000) into 7(°C) vs wt % MgO space yields a slope of
~17-8 (for liquids with ~2 to 26 wt % MgO). It should
be noted that liquids from the highest temperature ex-
periments for the Hawaiian studies (1261°C, Helz &
Thornber, 1987; 1310°C, Montierth et al., 1995) contained
17-2wt % NayO. The fact that our glasses with much
lower alkali contents yield a trend line with a similar
slope to the more Na4 K-rich Hawaiian data suggests
that sodium values between ~0-1 and ~2 wt % have little
effect on these trends and that the expression derived
from our data is applicable to a broad range of liquid com-
positions. In a recent study, Putirka (2008b) obtained
a higher slope (26) for the Mg-in-glass thermometer than
reported by other workers. This reflects the use by Putirka
(2008b) of both high- and low-pressure data from the
LEPR database (Hirschmann et al., 2008) without includ-
ing a pressure term in the equation. Considering only the

latm experiments in the LEPR database yields a slope of
181, consistent with values obtained by previous workers.
Two elements, Na and Cr, were affected by volatility
during our experiments. Although no sodium was added
to our starting mix and care was taken to avoid inadvert-
ent sodium addition during its preparation, all but one of
our glasses contain Na concentrations above background,
with abundances of 0:05-0-6 wt % (Table 3). We believe
that these relatively small amounts of Na were acquired
through re-volatilization, either deposited by previous
Na-bearing experiments or as a contaminant on new fur-
nace tubes. The concentration of NayO in our experimen-
tal glasses declined with each successive experiment
unless temperature was increased, thereby accessing Na
further from the hot spot. This suggests a gradual depletion
of Na from the inner wall of the Al,O3 furnace tube as
the reservoir of Na on the inner tube surface was depleted.
We analyzed glasses for KoO and PyO35 but concentrations
of these oxides were negligible (see notes for Table 3).
Generally, Cr was conserved during experiments; however,
the 1400°C run in air lost nearly all of its Cr owing to vola-
tility under oxidizing conditions (Hanson & Jones, 1998).
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Experiments run under the same conditions but for
different times provide information on the approach to
equilibrium in the experiments. For example, we con-
ducted two QFM experiments each at ~1400°C and
~1450°C (25 and 48 h), and three at ~1300°C (22, 48, and
72h). Although there are differences in the concentra-
tions of NayO in glasses run at similar conditions
but for different durations (reflecting, as discussed above,
re-mobilization of previously deposited or condensed Na
on the alumina furnace tubes), for the most part all other
oxide concentrations in the glasses overlap at the 2c level
in each time series. Exceptions (in the 1300°C experi-
ments) largely reflect variable amounts of Fe loss or gain,
but even in these cases we infer that exchange equilibrium
between olivine and liquid was closely approached, given
that values of Ky 2+ _y;, within each time series, including
the one at 1300°C, overlap at the 1o level.

Phase proportions

The proportions of phases in subliquidus experiments were
determined by mass balance using the non-linear approach
of Albarede & Provost (1977), which incorporates uncer-
tainties on the bulk and phase compositions. The analyzed
glass from superliquidus run 43 (1600°C) was taken as
representative of the bulk composition [except for the air
experiment, where the bulk CryO5 was set equal to zero;
using run 34 (1551°C) for these calculations yields virtually
identical results]. We included FeO*, Na,O, and NiO as
variables in the bulk composition because these compo-
nents may have varied and, according to our calculations,
did vary from experiment to experiment. The oxide sum
of the bulk composition was held constant, and any
changes in the bulk concentrations of FeO*, Na,O, or
NiO required to minimize % were compensated by corres-
ponding proportional changes to concentrations of all
the remaining oxides (with 10 equations and either five
or six—if spinel is present—unknowns, our mass-balance
problems are still over-determined). All experiments
yielded mass-balance solutions acceptable at the 95% con-
fidence level (i.e. goodness of fit values, Q > 0-05; see Press
et al., 1992). Our mass-balance calculations suggest that
loop preconditioning was successful in limiting iron loss
to the Pt wire; bulk FeO changed by —6-4% (loss) to
+15% (gain) with most in the range —2-2 to +15 %
(relative).

The proportions of liquid and olivine in our experiments
are plotted in Fig. 2a as functions of temperature for
the ~QFM data with quadratic fits for each phase.
The weight per cent of liquid steadily increases and that
of olivine decreases with increasing temperature until, at
1538°C according to the second-order polynomial fit of
the olivine mode, the bulk composition is at the liquidus.
This predicted liquidus temperature is consistent with our
experimental constraint that the bulk composition is
above the liquidus at 1551°C and below it at 1500°C and

with the prediction of 1531°C for the ‘as analyzed’ bulk
composition (run 43; Table 3) obtained from MELTS
(which is also similar to the 1535°C value cited above
for the nominal alkali-free version of this bulk compos-
ition; Table 1). Although the olivine content was fitted to a
quadratic, the slope of the olivine vs temperature curve in
Fig. 2a is relatively constant at ~0-14wt % °C™" over the
range of our experiments. Fits to modes in the olivine pri-
mary phase field from the 1 atm experiments of Thy (1995)
and Parman et al. (1997) on komatiitic compositions (16
and 23wt % MgO), yield similar slopes of ~0-15 and
~0-14wt % °C~". Although not shown in Fig. 2a, modes
from the MELTS calculations (Ghiorso & Sack, 1995;
Smith & Asimow, 2005) are almost indistinguishable from
the quadratic fits in Fig. 2a.

Increasing oxygen fugacity at constant temperature sup-
presses olivine crystallization in Syn-HPI; for example,
there is 15wt % less olivine at NNO and 1350°C than
there is at QFM and 6-4 wt % less olivine at 1396°C in air
than there is at QFM at 1400°C. Although the best-fit oliv-
ine proportions in the NNO and QFM experiments at
~1350°C overlap at 26 (see Table 2), the difference in the
modes is in the same direction as that seen in the air and
QFM experiments at ~1400°C. This effect can also be
seen in simple systems such as MgO-FeO—-Si0o—0, (e.g.
Muan & Osborn, 1956) in which olivine-liquid tie lines
for a given temperature must rotate and extend towards
more magnesian olivine compositions with increasing
JOq. Because the position of the liquidus isotherm is a rela-
tively weak function of fO,, the lever principle dictates
that the olivine/liquid ratio for a given bulk composition
decreases with increasing fOo. This destabilization of oliv-
ine with increasing /O, is the flip side of the well-known
stabilization of spinel in basaltic melts with increasing
SOy (e.g. Hill & Roeder, 1974); both phases respond to in-
creases in Fe’*/Fe”™ in the melt as fO, is increased. For
spinel, stabilization of magnetite and magnesioferrrite
components in the spinel owing to increased activities of
these components in the melt offsets any destabilization of
Fe?*-bearing components. Olivine, in contrast, has a negli-
gible solubility for Fe’* and, because Kp e _\ig 10 air
and QFM are nearly identical for Syn-HP1 (Fig. 3 and dis-
cussion below), higher Fe’*/Fe”™ in the melt translates
into lower activities of the fayalite component in the melt
and, therefore, higher Mg/Fe’" in the coexisting olivine
and this requires a decrease in the modal abundance
of olivine. Figure 2b shows weight per cent liquid by
mass balance for the ~1350 and ~1400°C experiments
(Table 2) and spinel-suppressed MELTS calculations
using the glass composition from run 43 (Table 3) at these
two temperatures as a function of log O, relative to the
QFM buffer. Both MELTS curves show an increase in
liquid fraction with increasing /Oy and, in particular, the
1350°C MELTS curve overlaps the liquid modes of our
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Fig. 2. (a) Weight per cent of liquid (closed symbols) and olivine (open symbols) determined by mass balance (Table 2) for ~QFM experi-
ments. Continuous black curves are polynomial fits: liquid (wt %) =243-1-0-3847(7 ) + 1-896 x 1075 7Y% olivine (wt %) =-150-4+
0-394( 7))~ 1925 x 107*(T)% where T is the temperature (in °C). Proportions of liquid and olivine as calculated by MELTS at QFM (with
spinel suppressed; i.e. not allowed to crystallized) are not shown as they are virtually identical to our polynomial fits. (b) Weight per cent
liquid vs deviation (AQFM) in log f O, from QFM (O’Neill, 1987) at the same temperature. Shape of the symbol indicates the oxygen fugacity
of the experiment. The very slight offset of our QFM experiments from zero reflects differences between the QFM expression of Eugster &
Wones (1962), which was quoted by Huebner (1971) and used to set the experimental conditions, and that of O’Neill (1987). MELTS calculations
on our analyzed bulk composition (run 43, Table 3) at 1350 and 1400°C as a function of Oy are shown by continuous gray curves. Spinel was
suppressed in the MELTS calculations because the program predicts substantially higher spinel modes (2-3 wt % in air at 1400°C) than are
observed in our experiments (0-1-0-2 wt %).

1350°C QFM and NNO experiments (noting that typical —of olivine predicted by MELTS is, however, higher at
lo errors from the mass balance for the liquid fraction are  1396°Cl in air than is observed in our experiment (98-4
0-3-0-4wt %). At higher fO, values, the MELTS curves  vs 97:0), and the predicted MELTS Ay g2 _yp, is much
are qualitatively consistent with our data. The Fo content  lower (0130 vs 0-353). We suspect that these differences
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Fig. 3. Olivine-liquid Kp p2+ _ypg Vs (a) MgO contents of the liquid and (b) temperature (°C). In both panels, symbol shape denotes the fO5 of
the experiment (sce also the caption to Fig. 1) and black symbols indicate that Fe?* in the liquid was calculated using equation (12) of
Jayasuriya et al. (2004). Gray symbols represent experiments where the FeO content of the quenched liquid was measured by wet chemistry

(see Table 3).

are, in part, related to the Fe’*/Fe”™ equation of Kress &
Carmichael (1991), which is used in MELT'S.

Olivine-liquid Fe’'—Mg exchange
coefficients

Knowledge of the Fe® (or equivalently the FeO) content
of an olivine-saturated liquid is a prerequisite for calculat-
ing Ap pee_y\p, FeO contents of glasses can be measured
by wet chemistry (e.g. Yokoyama & Nakamura, 2002),
Mossbauer spectroscopy (e.g. Partzsch et al., 2004), and/or
XANES (X-ray absorption near edge structure) spectros-
copy (e.g. Cottrell et al., 2009); more often, however,
parameterizations based on such measurements are used
to calculate F15'3+/Fc32+ as a function of temperature, /O,
and liquid composition (e.g. Sack et al., 1980; Kilinc et al.,
1983; Kress & Carmichael, 1991). In Fig. 3, we show calcu-
lated KD,Fe“—Mg values from our experiments as a function
of liquid MgO content (Fig. 3a) and temperature
(Fig. 3b): for the data points shown in black, we used the
algorithm of Jayasuriya et al. [2004, equation (12)] to calcu-

late Fe’*/Fe®* in the liquid; we justify the choice of this

parameterization in the discussion below. For the two ex-
periments shown in gray (runs at 1500°C and QFM and
1396°C in air), we have wet chemical determinations
of the abundance of FeO in the glasses provided by R. A.
Lange (see notes to Table 3), which lead to Ap pere_pq
values of 0-338 £ 0-006 and 0-353 £ 0-013, respectively. The
lo error bars in Fig. 3 are based on Monte Carlo propaga-
tion of uncertainties on (1) the concentrations of FeO and
MgO in the olivines as measured by electron microprobe
(Table 3), (2) the concentrations of FeO* and MgO in the
glasses as measured by electron microprobe (Table 3), and
(3) the concentrations of FeO in the glasses as measured
by R. A. Lange (see Table 3). For those experiments where
we calculated FeO in the glasses using equation (12) of
Jayasuriya et al. (2004), the Monte Carlo calculations
assumed flat distributions of £3°C and £0-05 log units
for fO,, but we ignored the errors associated with the
equation’s fit parameters.

The data in Fig. 3 show that all of the A7, p 2+, values,
except for the air experiment calculated via Jayasuriya
et al. (2004), are in the narrow range of 0-33-0-36 (the
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unweighted average for all 11 experiments is 0-345 £ 0-009,
lo; for runs 26 and 39, K 2+, values used to calcu-
late this average were based on the FeO concentration in
the glass as measured by wet chemistry). This mean
KD’FeH_Mg is substantially higher than the canonical
value of 0-30 of Roeder & Emslie (1970). There is no statis-
tically significant correlation (at the 95% confidence
level) with either temperature (over a 200°C range, 1300—
1500°C), consistent with Roeder & Emslie’s observation at
1152-1266°C: or MgO (over the interval of ~13 to 24 wt
% :; unless otherwise stated, statistical tests for correlation
are based on the non-parameteric Spearman rank-order
correlation coefficient, rs; Press et al., 1992). Thus, for this
MgO-rich bulk composition, over the range of conditions
we have studied, A, peor_y\g, appears to be independent of
temperature, melt composition, and fO,. The only signifi-
cant discrepancy shown in Fig. 3 is between the two
Ry g2\ values in air, one based on a wet chemical
measurement of Fe”* and the other based on a calculation
of Fe’/Fe”™ ratio using the algorithm of Jayasuriya et al.
(2004). Although we do not know the source of the discrep-
ancy, it is unlikely to be olivine contamination of the glass
separate analyzed by wet chemistry, as the measured FeO
contents of the glass and olivine in the air experiment are
nearly identical (3:08 and 3-05wt %, respectively; Table
3), and thus any addition of olivine to the glass separate
would have almost no effect on the wet chemical I'eO
measurement. We note that most of the other Fe’T/Fe?"
models tested also predict a low Ky ey, for our experi-
ment in air—a discrepancy that is puzzling as all of the
models published after Sack et al. (1980) include the air
experiments of Kilinc et al. (1983), and the available air
experiments cover a region of composition space (other
than Fe’*/Fe?*) comparable with coverage for the more
reducing experiments.

DISCUSSION

In their landmark study, Roeder & Emslie (1970) found for
a range of basaltic bulk compositions that the logarithm
of the partition coefficients for MgO and FeO between
olivine and silicate melt are each a linear function of
inverse temperature of roughly equal slope. Thus, when
a ratio of the two partition coefficients is taken to form
an exchange coefficient, A7, p2+_yp,, the temperature de-
pendences of the partition coefficients essentially cancel,
leaving K o+, =030£0-03  (1o), independent of
both temperature and liquid composition. Subsequent ex-
perimental work (e.g. Sack et al., 1987; Gee & Sack, 1988)
demonstrated that Ay pe_y, decreases with increasing
alkali content in the melt, reaching values as low as 0-18
for highly nepheline- and/or leucite-normative bulk com-
positions. Moreover, Kushiro & Walter (1998) and
Kushiro & Mysen (2002) found Ky 2+, values ranging
from 0-25 to 0-35 (without correcting for the presence of

Fe-Mg PARTITIONING BETWEEN OLIVINE AND MELTS

Fe’™), and noted that Ky perr_\ig correlates with  the
degree of polymerization of the melt as measured by
NBO/T. In contrast, Toplis (2005) attributed most of the
variation in A pe+_yg, to variations in the silica and
alkali contents of the coexisting liquids rather than to
NBOJT. The essential point, however, is that Ap gy,
is a function of melt composition if a sufficiently large
range is considered. In light of substantial variations in
K} perv_\ig apparent in the literature data and the discrep-
ancy between A pe2+_yg, Obtained through wet chemistry
and the algorithm of Jayasuriya et al. (2004) for our air ex-
periment, several questions arise in the context of our ex-
periments: (1) Are our data for MgO-rich liquids
consistent with previous I atm experiments from the litera-
ture? (2) How much does the choice of Feg+/ Fe?t algorithm
affect the calculated Ky pe2+_y, values from experiments
conducted under /Oy values most relevant for terrestrial
basalts (i.e. ~QFM; Carmichael, 1991)? (3) Are there com-
positional ranges for basaltic melts (e.g. Hawaiian tholei-
ites or mid-ocean ridge basalts) over which A por_y,
can be safely approximated to be constant?

Comparison of our data with exchange
coefficients from literature-based
olivine-liquid pairs

We assembled a comprehensive database of latm experi-
ments with coexisting olivine and glass analyses from the
literature for comparison with our data. We chose not to
consider high-pressure experiments in graphite capsules
because, although these experiments are reducing
(Médard et al., 2008), the fO, values are not so low that
Fe?* can be ignored in calculating Kp pere_nige Morcover,
given the lack of oxygen buffers or independent measures
of fOy in most of these experiments and the paucity
of data on pressure corrections to Fe’"/Fe’" in the melt
(ONeill et al., 2006), A7, g2+, is inherently less well con-
strained in graphite capsule experiments conducted at
high pressures than it is in 1 atm experiments. All selected
bulk compositions contain at least the elements Si, Al, Fe,
Mg, and Ca and the majority resemble natural basalts.
In an effort to remove low-quality analyses from the data-
set, we applied the following compositional filters: oxide
totals for glass of 100-0£15 and olivine tetrahedral and
total cation sums per four oxygens of 1000 £0-015 and
3-00 £0-015, respectively. We also applied the following
three compositional filters: olivine NiO and CoO contents
<6wt %, a conservative upper limit for Henry’s law be-
havior (e.g. Mikipad, 1980; Drake & Holloway, 1981) and
TiO, contents of glass <6 wt %, as higher TiO, contents
are known to affect Ay po+_yy, [Longhi el al., 1978; sce
Xirouchakis et al. (2001) for a discussion of the effect of
increasing TiOy on olivine-liquid Ay pe+_y, at constant
silica activity]. The glass oxide sum constraint was applied
to highly reduced experiments [fO,<IW 405 IW
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buffer calculated using the equation of Huebner (1971)]
based on the assumption that all Fe is present as FeO
(i.e. FeO*); for more oxidized runs, this constraint was
applied after first calculating FeO and FeoO5 abundances
using equation (12) of Jayasuriya et al. (2004). The 964
experiments (from our database of 1179 olivine-liquid
pairs from the literature) that passed these filtering con-
straints span temperatures from 1009 to 1600°C and /O,
values from ~IW — 3 to air (data references are given
in the Supplementary Material available at http://www
.petrology.oxfordjournals.org/). The Fo contents of the oliv-
ines in this dataset range from 28 to 99, and MgO contents
in the glasses range from 13 to 28 wt %.

Olivine-liquid pairs in our literature dataset can be
divided into three categories: (1) Fe**/Fe” in the liquid is
known by direct measurement of the quenched glass; (2)
FeSJ“/Fe2+ was not measured but run conditions were suffi-
ciently reducing that Fe** can be neglected (e.g. at fO,
values <IW 405 and latm according to the model of
Jayasuriya et al. (2004), molar Fe’¥/Fe* is less than 0-035);
(3) Fe3+/Fe2+ was not measured but can be calculated
using one of the algorithms developed for this purpose
(e.g. Sack et al., 1980, Kilinc et al, 1983; Kress &
Carmichael, 1991). Experiments in category 1 are ideally
suited to answering the questions posed above, as calcu-
lated Ky pe2+_ppq values from these experiments are inde-
pendent of any Fe’/Fe”* algorithm. We are, however,
aware of only 33 olivine-bearing experiments in the litera-
ture with reported Fe’*/Fe®™ ratios (Mysen & Dubinsky,
2004; Partzsch et al., 2004; Mysen & Shang, 2005; Mysen,
2006, 2007), 24 of which were performed in air, and of the
nine remaining, only six were run at /Oy values < QFM.
The 172 experiments in category 2 are dominated by
Fe-rich bulk compositions with low total alkalis (range in
olivine Fo-number is 33-96 with a median and mean abso-
lute deviation of 72 &=11; from this point on we refer to the
mean absolute deviation as ‘MAD’). We also constructed a
dataset from category 3 experiments run within 0-25 log
units of the QFM buffer, as defined by O’Neill (1987); the
median Fo content of olivine in these 446 experiments
is 79+7 (MAD), with a range of 45-95. As most of our
experiments were performed at QFM, this is a convenient
dataset for comparing literature data with our experimen-
tal results. Because of the small number of category 1
experiments and their bias towards highly oxidizing con-
ditions, we emphasize category 2 and 3 experiments in
the following discussion.

To test the viability of treating all Fe as Fe’' in the
reduced experiments, we first computed Fe’"/Fe* ratios
in the melt by applying equation (12) of Jayasuriya e al.
(2004) to experiments in the <IW40-5 dataset. For
Fe-capsule experiments, the required /Oy values were cal-
culated based on expressions from Snyder & Carmichael
(1992) and Righter et al. (1997) and data from Robie et al.

(1978) [using the iron activity model of Roeder (1974)
instead of Snyder & Carmichael’s has a negligible effect
on the calculated /Oy values]. These computations lead to
a median Kp ey, value of 0-34+0:02 (MAD; the
range in A g+ g values is 0-24—0-41). Assuming all Te
in the melt to be ferrous yields a median Aj, g2+, of
0-33+£0-02 (MAD; range is 0-23-0-40) for the same
experiments. Thus, the influence of Fe’" in the melt on
calculated Ky 2+, is small for these reduced experi-
ments. To test the consistency of the <IW +0-5 dataset
with the QFM + 0-25 dataset, for which Fe®*/Fe”* cannot
be ignored, we calculated Fe’¥/Fe®t for the QFM = 0-25
literature glasses using equation (12) of Jayasuriya et al.
(2004), and then computed values of Ay g2+, The
range of Appe_y, values for the QFM 4025 experi-
ments is 013-0-41, with a median of 0-34 +0-03; again,
the uncertainty given here is the mean absolute deviation.
The median Ay pe+_yy, values for  both <TW+0-5
(0-34+£0-02) and QFM £0-25 (0-34 +0-03; median and
MAD, respectively) datasets overlap the mean Ky ey
value calculated from our experiments (0-345=40-009;
mean and 1o, all 11 experiments); indeed, they are essen-
tially identical. The agreement is also good if we consider
only the 78 glasses from the literature at QFM £0-25
with 46-52 wt % SiOy, <3 wt % NayO +K,O and Fogy-
go olivines, bounds that overlap with our olivine-saturated
experiments and incorporate most tholeiitic magmas
(Le Maitre, 1976; Rhodes & Vollinger, 2004; Stolper et al.,
2004). The median A7, gy, for these 78 olivine-liquid
pairs is 0-340 0-012 (MAD), a value essentially identical
to the mean value of 0-343 +=0-008 from our QFM experi-
ments and to the median from the full QFM % 0-25 litera-
ture dataset (0-34£0-03). The agreement between our
data and those in the literature that require no correction
for the amount of Fe’" in the melt and those that do
require a correction is important in that it demonstrates
a consistency between AT, g2y, values measured in the
experiments presented here and a large number of 1atm
experiments from the literature. Moreover, this consist-
ency in KD7b~HZ+_R1g spans a wide range of mafic to ultra-
mafic liquid compositions and is significantly higher than
the canonical value of 0-30. In the Supplementary
Material, we explore possible reasons for the discrepancy
between the canonical AT, gy, value of 0-30 obtained
by Roeder & Emslie (1970) and the higher values for our
data and most of those in the literature. We also discuss
predictions of the Ford et al. (1983) and Toplis (2005)
models for K pe_ypq

Calculating Fe’*/Fe”™ for a given liquid is a crucial
step in obtaining an accurate Kp g2+ yp,. 10 assess how
the different expressions for calculating Fe’t/Fe®" that are
available in the literature affect calculated Ky e+ _y,
values at terrestrially relevant fOy values, we calculated
Ry g+ _\1q values for glasses from the QFM +0-25 dataset
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after first calculating FeO contents using each of the fol-
lowing eight parameterizations: Sack e/ al. (1980), Kilinc
et al. (1983), Kress & Carmichael (1988), Borisov &
Shapkin (1989), Kress & Carmichael (1991), Jayasuriya
et al. (2004) equations (12) and (14), and Ghiorso & Kress
(2004). However, comparing how these different param-
eterizations affect Ky, por_yy, is difficult, not only because
the calculated Fe’/Fe®* values are functions of liquid
composition, but also because the resulting AT peee_yg
values are correlated with both liquid and olivine compos-
ition. In an effort to minimize the compositional effects
on Kp pexr_ypg s0 that we could consider as large a body
of olivine-liquid pairs as possible, we parameterized
each dataset as a function of ‘S, a component in the
CMAS projection scheme [S=S/(C+M+A+S);
Basaltic Volcanism Study Project 1981, chapter 3.3; Gee &
Sack, 1988; see also the Supplementary Material], which
we calculated on a molar basis. We used the expression
Ry g g =a+b x exp(e x°S’) for this purpose, where g,
b and ¢ are least-squares fit parameters. Correlation coefli-
cients for the fits range from 0-72 to 0-84, although most
lie between 0-82 and 0-84. Gee & Sack (1988) showed that
Ry g2+ g 1s strongly correlated with “S, which incorpor-
ates terms for Na,O and K,O in addition to SiOy, and
1oplis (2005) showed that Ky e+, is strongly correlated
with silica content of the glass (after correcting for the ef-
fects of alkalis) and olivine Fo content. We therefore pro-
Jected cach Ky pe+_yy, value calculated using one of the
Fe**/Fe?* algorithms to °S' =05, an arbitrary value close
to the median °S’=0-48 for all of the glass compositions.
Each sct of projected A7y 2+, values was then fitted to
a linear function in Fo content and projected to an olivine
composition of Fogg (the Supplementary Material provides
a detailed description of the projection scheme). We em-
phasize that our goal is not to provide a formal parameter-
ization of A7, p2+_ypy, but to minimize the compositional
effects on A7y 2+, 50 as to compare the effect of different
Fe’*/Fe™ calculation schemes using as large a population
of olivine—liquid pairs as possible.

The projection procedure described above and in the
Supplementary Material removes the effect of olivine com-
position on Ky ey, and substantially reduces the effects
of silica and total alkalis. Two of the projected datasets,
those calculated using Borisov & Shapkin (1989) and
Jayasuriya et al. (2004) equation (14), show a weak but stat-
istically significant correlation with weight per cent SiO,
(rs 1s equal to —0-12 and —0-13, respectively) and all of the
projected datasets are weakly correlated with weight
per cent Na,O +KyO (rg lies between —0-30 and —0-18).
Linear fits of the projected Ay pe2+_y, values as a function
of weight per cent NayO +KyO yield, however, slopes
that are <0-0014 (<0-0008 for five of the seven sets), an
order of magnitude lower than for the unprojected
Ry g+ _\ig values. Figure 4 shows histograms of the
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Fig. 4. Histograms of projected olivine-liquid Ay p2+_yy, values for
QFM £0-25 experiments from the literature (see Supplementary
Material at http://www.petrology.oxfordjournals.org/ for references)
based on quenched liquid FeO contents calculated using Fe®*/Fe**
algorithms of: (a) Kilinc et al. (1983), (b) Kress & Carmichael (1991),
(c) Borisov & Shapkin (1989), (d) equation (12) of Jayasuriya et al.
(2004), and (e) Ghiorso & Kress (2004). Median values and mean abso-
lute deviations (based on the median value) are given for each panel.
The projection scheme, which removes much (but not all) of the effects
of liquid and olivine composition on Ky p2+ g, is described in the
text and in more detail in the Supplementary Material.

projected Ky pe2+_y, values based on five of the eight
Fe**/Fe?™ calculation schemes. Mean absolute deviations,
which we use as an indication of the width of a distribu-
tion, are all in the range of 0-014-0-015, and, with the
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exception of AT, p2+_yp, values calculated using Borisov &
Shapkin (1989), the median values all overlap at 1 MAD;
the algorithms of Jayasuriya ef al. (2004) yield the highest
median Ky pe+_yp, values [0-336, equation (12), Fig. 4d
and 0-330, equation (14), not shown] and those of Borisov
& Shapkin (1989) yield the lowest (0-304). We applied the
same projection procedure to the <IW + 0-5 dataset as we
did for QFM+0-25. All median projected Ap, pere_ygq
values lie between 0-:332 and 0-337 and, with the exception
of those of Borisov & Shapkin (1989), all of them overlap
at I MAD. We selected equation (12) of Jayasuriya et al.
(2004) for calculating Fe’'/Fe’™ in Hawaiian parental
liquids because it has the smallest difference between
median projected Ky 2y, values for the <IW 405
and QFM £0-25 datasets. It is, however, important to
stress that we lack sufficient data to determine which Fe**/
Fe”* model is the most accurate (many more Fe’¥/Fe?*
measurements are needed, especially under conditions
more oxidizing than QFM). That said, self-consistency
across ranges of redox conditions is important in any
model and this leads us to favor equation (12) of
Jayasuriya et al. (2004).

We noted above (e.g. Fig. 3) that, under highly oxidizing
conditions, there is a discrepancy between Ay ey,
values for run 39 in which Fe’'/Fe®" was measured
and for which Fe’*/Fe’" was calculated. Figure 5 shows
projected Ky e+, values (thus removing most of
the liquid and olivine compositional dependences on
K} perv i) as a function of the deviation in log /Oy from
QFM. Median projected A7, g2+, values calculated
using equation (12) of Jayasuriya e al. (2004; black symbols)
and those for which Fe’*/Fe?" was measured, ecither by
Mbssbauer spectroscopy (open circles) or wet chemistry
(gray circles), overlap for f Oy values < ~QFM and are es-
sentially constant. The Mossbauer spectroscopy and wet
chemistry determinations are important because they are
independent of Fe*t/Fe”"
suggest that, for the redox conditions most relevant to ter-
restrial and planetary basalts, Fe’¥ in the liquid does not

calculation schemes and they

significantly affect the solution properties of MgO and
FeO in the melt and, therefore, the value of AT, por_yp,. As
the /Oy is increased above these low levels, however,
median projected Ky pe2+_yp, values increasingly diverge
from the ~0-34 characteristic of more reducing conditions.
This may reflect the influence of Fe** on the thermodynamic
properties of basaltic liquids and definitely implies that
the application of constant AT, pe2+_yy, values to highly oxi-
dizing systems should be approached with caution.
Projected A7y 2+ _yy, values can be used to compare
Fe’*/Fe”" algorithms and the possible influence of Fe*™ on
KD perr g as discussed above. It is, however, also import-
ant to establish the temperature—/Os and compositional
bounds over which a single unprojected value of
Kpper_\ig can be assumed, as this greatly simplifies
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Fig. 5. Median and single projected Ky p2+_yg, values as a function
of the deviation in log fOy from QFM (O’Neill, 1987); projection
methods are described in the text and in more detail in the
Supplementary Material. Filled black circles are median values for
literature data based on equation (12) of Jayasuriya et al. (2004); data
were binned in groups with log fO, in the range of <IW +0-5,
QFM £0-25, QFM +15£0-5, QFM +4-5£0-5, and air. Open cir-
cles are from literature experiments with measured FeO contents;
filled gray circles are the QFM and air experiments from this study
(Table 3). Numbers adjacent to symbols are the number of experi-
ments represented by the point; if >1, then the plotted values are
medians, the y-axis error bars represent mean absolute deviations,
and the x-axis error bars are 1 standard deviation with respect to
AQFM, the deviation in log fOy from the QFM buffer at the same
temperature. For the three open circles that represent a single
Kp pere_ypg value (Mysen 2006), and the two filled-gray circles (this
study), the y-axis errors represent uncertainties on the K gy,
values obtained from propagating the 16 uncertainties associated
with the FeO and MgO contents of the quenched melts and olivines.
The unusually large error bars associated with the three open circles
reflect the uncertainties associated with the MgO and FeO contents
of the olivines in the experiments of Mysen (2006). References for the
other literature data are given in the Supplementary Material.

modeling olivine fractionation in natural systems. A var-
icty of constant Ky 2+, values have been offered, some-
times tailored to specific magmatic systems (e.g. Roeder
& Emslie, 1970; Nisbet et al., 1987; Putirka et al., 2007), but
none of these are applicable to all liquid and olivine com-
positions. Let us consider, for example, the variation of
Ry pe+_\ig with alkalis in the liquid (Fig. 6). For low
Na%O +Ky0 (e.g <3 w.t %), K pers_ng can be regarde.d
as independent of alkali content but, as NayO +K,O is
increased above a few Weight. per cer.lt,. KD)FEH._Mg fie-
creases markedly. Thus, modeling of olivine fractionation
for magmas ranging from alkali-poor to alkali-rich would
need to account for variations in Ay pe2+_y, with changing
alkali concentrations in the melt. The effect of alkalis
on Ay pe+_\g can, however, be ignored for relatively
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Na,0+K,O(Wt % liquid)

Fig. 6. Apper_y, as a function of Na,O+KyO (wt %) for
QFM £0-25 data from this study (filled black circles) and literature
data (filled gray circles) based on equation (12) of Jayasuriya et al.
(2004). References for the literature data are given in the
Supplementary Material.

low-alkali liquids. Similar arguments hold for silica.
Low-silica melts yield low values of A7y g2+, although
some of this may be an alkali effect (many silica-poor
melts are also alkali-rich). Restricting melt compositions
to 46-52 wt % SiOy and <3 wt % NasO + KO avoids
Ry per+_\ig values that vary strongly with liquid com-
position but still includes a range of natural basaltic to
picritic liquids. The median A%, g2+, (unprojected)
for 337 experimental glasses equilibrated at fO,
values < QFM + 0-25 with 46-52 wt % SiOy and <3 wt
% NayO +K,O, including those of the present study, is
0-343 £0:017 (MAD); the range in temperature and Fo
content for these experiments is 1009-1571°Ci and 36-95,
respectively. Ay g2y is weakly correlated with tempera-
ture (ry=-012) and the SiO, content of the glass
(ry="0-12), but for silica contents and temperatures for oliv-
ine crystallization from basaltic to picritic melts (46-52 wt
% SiOy; 1150—1500°C), these dependences have little effect
(<0-013). Ay pe+_yi, is negatively correlated with the Fo
content of the olivine but for experiments with Fogg g9 oliv-
ines, a range encompassing ~96% of over 17000 olivine
phenocryst analyses from the global dataset of Sobolev
et al. (2007), the median Ky 2+ _yg, decreases only from
0-343 £0-017 to 0-337 £0-014 (144 experiments). We con-
clude that for relatively low-alkali terrestrial basalts, a
constant A, g+, of 0-34 is adequate for simple petrolo-
gical modeling and we use this value below in constructing
estimates of Hawaiian parental magmas.

Hawaiian parental liquids
The compositions and characteristics of mantle sources
and liquids in shallow pre-eruptive magma chambers

are critical to understanding the nature and origin of
Hawaiian lavas (e.g. Maaloe, 1979; Wright, 1984; Herzberg

Fe-Mg PARTITIONING BETWEEN OLIVINE AND MELTS

& O’Hara, 2002). Trace element and isotopic data have
been used to address these issues (e.g. Hofmann &
Jochum, 1996; Blichert-Toft et al., 2003), as has the major
element chemistry (e.g. Stolper et al., 2004; Herzberg,
2006). For the major elements, different reconstruction
approaches and model constraints have led to a range of
inferred MgO contents in the parental or primary
magmas (13-22wt %; Wright, 1984; Clague et al., 199];
Garcia et al., 1995, Baker et al., 1996; Rhodes, 1996;
Norman & Garcia, 1999; Green et al., 2001; Herzberg &
O’Hara, 2002; Rhodes & Vollinger, 2004; Stolper et al.,
2004; Herzberg, 2006; Herzberg et al., 2007; Putirka,
2008a). This range of estimates of the MgO contents of
Hawaiian parental or primary magmas has attracted
some attention because it has considerable petrogenetic
significance (e.g. in the depth of separation of liquids from
peridotitic residual sources and in estimates of mantle po-
tential temperatures; Herzberg & O’Hara, 2002; Falloon
et al., 2007; Putirka et al., 2007).

The usual approach to these types of parental liquid
calculations [but see Norman & Garcia (1999) for an alter-
native| 1s to posit the composition of a target olivine,
define Fe’*/Fe” in the liquid either by specifying Fe’™
Fe’* or choosing the redox conditions and an algorithm
to compute Fe?t/Fe?*, choose a single (unprojected) value
of Ky pe2+_y, to connect liquid and olivine compositions,
and select a glass or aphyric lava whose composition is
thought to be related through olivine fractionation to the
parental melt. The fractionation process is then reversed
numerically by dissolving small increments of equilibrium
olivine back into the selected glass or aphyric lava until
the resulting liquid is in equilibrium with the assumed
composition of the target olivine. In this section, we first
consider input parameters for parental melt calculations
applicable to Mauna Loa, Mauna Kea and Kilauea, and
then evaluate parental magmas for these three Hawaiian
volcanoes using our constraints on Ky p2+ -

Plausible target olivines for reversed fractionation
calculations are usually either mantle phases postulated to
be in equilibrium with the primary melt or the most
Mg-rich olivine phenocryst found in lavas from the vol-
cano in question (for a parental liquid). We chose the
latter approach and have ignored the possible effects of
pressure on Fe’*/Fe”" in the liquid and on Kp perr_\igs the
assumption that olivine fractionation occurs primafily at
low pressures is justified by fluid inclusions in olivine
phenocrysts from Hawaiian lavas that suggest low forma-
tion pressures in the 2-5 kbar range (Roedder, 1983) and
gravity anomalies associated with the summits and rift
zones of all of the volcanoes on the Big Island
(Kauahikaua et al., 2000) that suggest substantial olivine
fractionation occurs at relatively low pressures (~2 kbar).
Under these conditions, the effect of pressure on Fe*t/Fe”*
and Ky e+, is believed to be modest (Toplis, 2005;
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O'Neill et al., 2006). Based on a large sample of olivine
phenocryst compositions (Clague et al., 1995; Garcia et al.,
1995; Baker et al., 1996; Garcia, 1996; Sobolev et al., 2007,
D. A. Clague, unpublished data), the most magnesian oliv-
ines are Fogg.g for Kilauea, Fog o for Mauna Kea and
Fog, 7 for Mauna Loa.

Recent estimates of redox conditions for Hawaiian
magmas based on Fe,Os/FeO determinations of glasses
and aphyric lavas are generally in the vicinity of QFM —
1 (see Rhodes & Vollinger, 2005, and references therein).
Bulk FeyOs/FeO measured on near-vent aphyric Mauna
Loa lavas yield fOy values of ~QFM — 2 (Rhodes &
Vollinger, 2005); Cr-in-glass and FeO/FeoO5 wet chemical
measurements on near-vent, rapidly quenched Kilauea
Pu’u ‘O’ lavas yield values that range from ~QFM — 0-4
to QFM — 17 (Roeder et al., 2003). Poustovetov & Roeder
(2001) studied the partitioning of Cr between melt and
spinel in a Kilauea basalt and obtained ~QFM — 0-5.
Similar measurements are not available for Mauna Kea,
so we accepted the range of estimates for Mauna Loa and
Kilauea, QFM — 0-5 to QFM — 2, as bounding the redox
conditions during low-pressure fractionation of olivine in
the shield-building tholeiitic phases of this volcano.

Below ~7wt % MgO, Hawaiian tholeiitic liquids
become saturated with plagioclase and/or augite
(Montierth et al., 1995; Thornber et al., 2003; Seaman et al.,
2004), so we restricted consideration to glasses with >7 wt
% MgO; Supplementary Data Table A2 lists average glass
compositions for Mauna Kea, Mauna Loa, and Kilauea
volcanoes. All three of these compositions and their calcu-
lated parental liquids, as described below, are within the
compositional bounds over which Ay, g+ _yj, can assumed
to be constant based on our analysis given above. We com-
pare reconstructed parental magma compositions for two
constant values of A7, p2+_yj,: 0-34, the value most consist-
ent with both our experimental data and the literature
data (4652wt % SiOy, <3wt % NayO +K,O) under
relevant redox conditions (i.e. <QFM 4 0-25); and 0-30,
the canonical value of Roeder & Emslie (1970).

Results of the parental melt calculations are shown in Fig.
7. Figure 7a shows the results of olivine-addition calculations
(given in'Table A3 in the Supplementary Material) for the
Tow-S10y’ glass composition of Mauna Kea (Table A2).
Here, we explore the effects of varying the f O, (QFM —0-5
to QFM — 2), the target olivine composition (Fogy_g), and
K e _yig (0°30-0-34) on the resulting parental liquid com-
position. The MgO contents of the calculated parental
liquids vary from 15-5 (QFM — 0-5, Foq, KD!FCH,Mg =0-30)
to 214wt % (QFM — 2, Fog, KD’FQH_Mg:OSL}), nearly
spanning the range of estimated primary or parental
Hawaiian magmas from the literature (see Fig. 7b; filled
gray circles). Over these ranges in composition and O,
the calculated parental liquid compositions decrease by
~lwt % MgO for every log unit increase in the selected

SOy (from QFM — 2 to QFM — 0-5), for every 0-5 decrease
in the forsterite content of the residual olivine (from Fog to
Fogp), and every 0-015 decrease in A e gy (0-34-0-30).
An important conclusion from these calculations is that,
while holding A QFM and the forsterite content of residual
olivine constant, a change in ]{D,Fe“—Mg from 0-30 to 0-34
leads to an ~2:6 wt % increase in the MgO content of the re-
constructed parental liquid.

The results of olivine-addition calculations with Mauna
Loa and Kilauea glasses and Mauna Kea low- and high-
SiOy glass compositions (Table A3) are shown in Fig. 7b.
Here we used A7, g2ty 0f 0-34 and AQFM values calcu-
lated from measured Fe,O3/FeO ratios in Mauna Loa and
Kilauea lavas (and in the case of Kilauea, the Cr contents
of these near-vent glasses); for Mauna Kea we assumed an
SOy of QFM — 1, a conservative value consistent with esti-
mates on Mauna Loa and Kilauea lavas (see Rhodes &
Vollinger, 2005). Target olivine compositions (i.e. the end-
point of each olivine-addition calculation) were Fogg.g
(Kilauea), Fog;; (Mauna Loa), and Fog oy (Mauna Kea).
Calculated MgO contents for the parental Kilauea com-
position range from 19-0 to 19-7 depending on whether the
JOg is assumed to be QFM — 0-7 [from Cr measurements
of Roeder et al. (2003)] or QFM — 14 (based on FeqOs/
FeO measurements; Roeder et al., 2003). The calculated
MgO content of the Mauna Loa parental composition is
212 wt %. Tor the low- and high-SiO, Mauna Kea glasses,
calculated MgO contents are 20-5 and 19-0 wt %, respect-
ively. For comparison, the filled gray circles in Fig. 7b
show estimated MgO contents of parental or primary
Hawaiian magmas from the literature (Wright, 1984;
Clague et al., 199]; Garcia et al., 1995; Baker et al., 1996;
Rhodes, 1996; Green et al., 2001; Herzberg & O’Hara,
2002; Rhodes & Vollinger, 2004; Stolper et al., 2004;
Herzberg, 2006; Herzberg et al., 2007; Putirka, 20084). For
a given target olivine composition, relatively low MgO
values generally reflect the use of a Ap por_pg, of 0-30
and/or an fOy of ~QFM (or a fixed FeO/FeO* ratio of
0-9), whereas high MgO estimates reflect the use of a
Ky perr_yg of ~0-34 (e.g. Herzberg & O’Hara, 2002) or
conditions more reducing than QFM (note that the initial
FeO* content of the starting composition also influences
the final MgO value). If Hawaiian tholeiitic magmas
undergoing shallow-level fractionation are as reducing as
the near-vent glass FeO contents seem to suggest, and if
the rare >Fog olivines represent the earliest fractionation
products of these magma, then it seems hard to avoid par-
ental magma estimates with at least 18-19wt % MgO.
Such MgO-rich magmas have obvious implications for
melting temperatures within the Hawaiian plume—a
topic that is beyond the scope of this work—but one that
has been addressed in a number of recent papers (e.g.
Falloon et al., 2007, Herzberg et al., 2007, Putirka et al.,
2007).
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Fig. 7. (a) Ol-liq Kp g+ _ye vs MgO content (in wt %) of calculated parental magmas produced by near-fractional olivine addition to the
mean composition of the undegassed ‘low-SiOy’ glasses (see the Supplementary Material, Table A2) from the Mauna Kea portion of the
HSDP2 core (Stolper et al., 2004). The near-fractional olivine-addition calculation is described in the notes to Table A3 in the Supplementary
Material; the fOq (relative to QFM; O’Neill, 1987) and the endpoint olivine composition are given for each pair of calculations (closed circles
for K per+_yig = 0-30; open circles for A pe2+_yg, = 0-34). Calculated compositions are reported inTable A3. (b) Estimated parental MgO con-
tents for Mauna Loa, Kilauea, and Mauna Kea volcanoes (this study) as a function of target olivine 100 x Mg/(Mg + Fe), atomic. Starting
compositions are given in Table A2; calculated liquids are reported inTable A3. All calculations were carried out using K7y p2+_y, =034 and
various log fOy values relative to QFM (O’Neill, 1987), which are given next to symbols in the panel. Values of —1-8 (Mauna Loa) and —1-4
(Kilauea) represent median AQFM values based on Fe’"/Fe”™ measurements of Rhodes & Vollinger (2005) and Roeder ef al. (2003), respec-
tively. The value of —0-7 for one of the Kilauea points is the median AQFM based on glass Cr contents (Roeder ¢z al., 2003) and the algorithm
of Poustovetov & Roeder (2001). For the two Mauna Kea (MK) calculations, AQFM was assumed to be —1. The small filled gray circles are
estimates of parental or primary Hawaiian magma compositions from Wright (1984), Clague ez al. (1991), Garcia et al. (1995), Baker et al. (1996),
Rhodes (1996), Green et al. (2001), Herzberg & O’Hara (2002), Rhodes & Vollinger (2004), Stolper et al. (2004), Herzberg (2006), Herzberg et al.
(2007) and Putirka (2008a).

experiments conducted along the QFM buffer, olivine be-
CONCLUSIONS comes progressively less forsteritic with decreasing tem-
Our latm experiments on a synthetic Hawaiian picrite  perature (i.e. from Fogo.s to Fog;.s). With increasing f O,
composition (257wt % MgO) vyielded olivine-liquid at constant temperature, the modal abundance of olivine
pairs over a temperature range of ~1300—1500°C. For in our experiments decreases and the olivine becomes
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more forsteritic (e.g. at 1400°C, olivines are Fogy at QFM
and Fog; 1n air), observations qualitatively consistent with
MELTS calculations on the same bulk composition. MgO
contents of the olivine-bearing glasses at QFM and NNO
are approximately linear functions of temperature; an
unweighted least-squares fit to our QFM data yields
7(°C) =192 x (wt % MgO in liquid) 4+ 1048, which can
be wused as a semi-quantitative geothermometer for
Hawaiian glass or whole-rock compositions with >~7 wt
% MgO.

The olivine-liquid Fe?*™=Mg exchange coefficient for
our 11 experiments is 0-345 £0-009 (mean and 1o, respect-
ively), and is independent of temperature and liquid com-
position. The mean value from our QFM experiments,
0-343 £0-008, agrees well with the median value of
0-340 £0-012 (MAD) from 78 olivine—glass pairs from the
literature with broadly tholeiitic compositions (46-52 wt
% Si0y, <3wt % NayO +K,O, and Fogy o) and run
under similar /Oy values (QFM £0-25). Within these
bounds, olivine-liquid Ky, pe2+_y, values calculated using
FeO contents in the liquid based on equation (12) of
Jayasuriya et al. (2004) are approximately independent
of composition and temperature.

Over the compositional range encompassed by
Hawaiian tholeiitic lavas and their parental melts,
Kp per_\igis ~0-34 and, given the redox conditions and
an Fo content for the most magnesian olivine phenocrysts,
a parental melt composition can be predicted. The calcu-
lated compositions of the parental melts are sensitive to
the input parameters, decreasing by ~lwt % MgO for
every log unit increase in the selected /Oy, every 0-5 de-
crease in the Fo content of the target olivine, and every
0-015 decrease in A7y g2ty For plausible ranges of redox
conditions and Fo contents of the most MgO-rich olivine
phenocrysts, the parental liquids for Hawaiian tholeiites
must be highly magnesian, in the range of 19-2lwt %
MgO for Kilauea, Mauna Loa, and Mauna Kea.
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