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Secondary ion mass spectrometry
lysis of light element isotope variations by secondary-ion mass spectrometry
(SIMS) has numerous applications in geochemistry and cosmochemistry. Recent attention has focused on 7Li/
6Li variations in magmatic phenocrysts to infer the volatile degassing history of their parent magmas, and on
minerals from mantle samples to determine source-region processes and the recycling history of mantle
reservoirs. In these studies the effect of mineral composition on the 7Li/6Li ratio measured by SIMS has been
considered secondary, and generally disregarded. We show, using a suite of nine olivines analyzed by MC-
ICP-MS or TIMS, that there is a substantial effect of composition on the 7Li/6Li ratio of olivine measured by
SIMS. For magnesian olivine (74bFob94) the effect is a linear function of composition, with δ7Li increasing
by 1.3‰ for each mole percent decrease in forsterite component. At higher Fe contents, the relationship
ceases to be linear. The composition range over which linear behavior is exhibited appears to depend on
instrumental conditions. A calibration of this matrix effect over the linear range is presented, assuming the
measurement of 7Li/6Li relative to an olivine standard of known composition. Application of this calibration
to a suite of olivines separated from basaltic lavas from Ko'olau, Hawai'i demonstrates that the matrix effect is
responsible for a geologically spurious correlation between δ7Li and Mg#. However, after correction, the
olivines retain evidence of Li isotope heterogeneity, the degree and nature of which differs in each of the four
separates studied. These results emphasize the importance of compositional correction for SIMS
measurement of δ7Li in olivine, particularly in zoned crystals, and support previous conclusions that Li
isotope variability in igneous materials is subject to late-stage disturbance. The significant matrix effect
demonstrated for olivine suggests that matrix effects in other minerals require further evaluation.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction
Secondary ion mass spectrometry (SIMS) analysis of micro-scale Li
isotope and abundance variations in mineral grains plays an important
role in establishingmechanisms and scales of isotope fractionation. The
microanalyses permit assessment of intra-granular spatial correlations
between concentration and isotopic profiles, and can be used to
investigate diffusion-related concentration variations and isotopic
fractionation, aswell as other igneous processes such as volatile element
degassing, magma mixing, or contamination. These SIMS analyses
commonly traverse widely varying major element compositions of
individual mineral grains (e.g., Beck et al., 2004). The effect of these
varying matrix compositions on the instrumental capability to produce
accurate Li isotope compositions has not been investigated system-
d Biochemistry,
s.

pheric Sciences, University of

l rights reserved.
atically, but most studies conclude the effect to be negligible under the
conditions investigated (Decitre et al., 2002; Beck et al., 2006).

A difference of ~4‰was reported in the δ7Li values obtained by SIMS
for basaltic glasses depending on the use of olivines or clinopyroxene as
a standard (Hervig et al., 2004). In that study, low energy secondary ions
were collected (0±20 eV). Kasemann et al. (2005) noted a probable
matrix effect for Li isotopes in siliceous glasses by observing a shift in
instrumental mass fractionation (IMF) as a function of the degree of
energyfiltering applied to secondary ions, but they did not observe such
a shift for basaltic glasses. The combined SIMS and MC-ICP-MS (multi-
collector inductively coupled plasma mass spectrometry) study by
Jeffcoate et al. (2007) noted possible matrix effects of a few ‰ in the
analysis of olivines and pyroxenes from mantle xenoliths.

During an extensive program of Li isotope analyses of olivines from
various mantle samples and meteorites, we observed a strong
correlation between olivine composition (forsterite [Fo] content=
Mg#=100 Mg/[Mg+Fe] on a molar basis) and δ7Li, prompting the
systematic investigation of a possible matrix effect in this mineral. In
this study we compare SIMS and MC-ICP-MS or thermal ionization
mass spectrometry (TIMS) analyses of olivine samples with a range of
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compositions to calibrate the effect of Mg# in olivine on the 7Li/6Li
measured by SIMS. We then apply the calibration to a suite of olivine
phenocrysts in basaltic lava (originally intended for use in the matrix
calibration but found to be heterogeneous) to assess the degree of Li
isotopic variability.

2. Samples

Sample details appear in Table 1. Most olivines used to calibrate the
matrix effect were separated from peridotite xenoliths from Tanzania
(89-773, LB29, LB51, LB59) and the SW USA (KBH-1, SC1-OL, SC-OL2).
They include samples studied previously by Bell and Rossman, 1992;
Rudnick et al., 1994; Seitz and Woodland, 2000; Seitz et al., 2004;
Aulbach et al., 2008. Sample KPL-2 is a cumulate dunite xenolith from
the 1800 Ka'upulehu Flow (Hualalai, Hawai'i). PMD99-149 is an Fe-
rich olivine megacryst from the Gansfontein kimberlite, South Africa
(Doyle, 1999). These samples range in composition from Fo74.1 to
Fo93.6 and most are compositionally homogeneous. Minor hetero-
geneity in Fe/Mgwas recorded in KPL-2 and LB51 (Table 1, Table A1). In
KPL-2, two compositionally different groups of grains occur, and were
treated as separate data points, although both were assigned the same
bulk solution value for δ7Li. In LB51 one grain had a different Fo
content from other homogeneous grains and one grain was zoned.
Consequently, the formal uncertainties that reflect this heterogeneity
are greater for LB51 than for other samples. An additional sample of
olivine with composition Fo52 is from a dunite from the Mooihoek
pipe of the Bushveld Igneous Complex (Scoon andMitchell, 2004). The
grain sizes in these samples vary from ~2 mm to N1 cm.

A suite of phenocrysts separated from basalts of Ko'olau, Hawai'i
was also analyzed in detail. These are grains remaining from the
separates prepared and studied by Chan and Frey (2003) and are
mostly in the size range of 0.5–1 mm. 68 analyses on 15 olivine grains
drawn from four mineral separates were performed. A further 15
analyses were performed on four grains from separate KOO49, which
subsequently proved to be either orthopyroxene or clinopyroxene.
Originally, we planned to use both mantle olivines and the suite of
olivines separated fromHawaiian basalts to calibrate thematrix effect.

During the study it became apparent that many of the separated
phenocrysts (and a minor proportion of the mantle peridotite grains)
showed variability in both Fo content and δ7Li, rendering them less
suitable as calibration standards than the more homogeneous mantle
samples. Consequently, the matrix effect was calibrated using only the
latter. After this matrix effect calibration was applied to the
phenocrysts it was found that significant real variation in their Li
isotopic composition exists. These variations are documented here
Table 1
Olivine sample details

Sample no. Fo±2σ δ7Li±2σ Locality

Mantle olivine samples used in matrix correction
KBH-1 90.5±0.1 3.4±1.0 Kilbourne Hole, NM
SC1-OL 89.7 3.4±0.5 San Carlos, AZ
KPL-2 86.1±1.7 7.3±0.4 Hualalai, Hawai'i
LB51 85.5±1.7 6.6±0.3 Labait, Tanzania
LB29 92.4±0.3 3.5±0.7 Labait, Tanzania
LB59 84.7±0.3 6.6±0.4 Labait, Tanzania
89-773 93.6±0.2 3.0±0.5 Olmani, Tanzania
PMD99-149 73.9±0.3 2.3±0.2 Gansfontein, South A
MHK-1 52.4±0.3 −0.8±0.5 Mooihoek, South Afr

Olivine phenocrysts from Hawaiian basalts
KOO-17A 86.1–88.4 5.0±0.5 Makapu'u, O'ahu
KOO-30A 81.8–88.3 2.6±0.5 Makapu'u, O'ahu
KOO-49 78.1–85.5 2.3±0.7 Kamehame Ridge, O'
KOO-55 82.1–88.2 4.6±0.5 Kamehame Ridge, O'

Errors on olivine compositions represent compositional variability determined from numero
Further references to the localities may be found in the text.1. Bell and Rossman (1992), 2. Seit
6. Doyle (1999), 7. Chan and Frey (2003).
and the implications for processes of Li isotope fractionation in basalts,
and for the Li isotope analysis of such materials, are discussed.

3. Analytical methods

3.1. Sample preparation

Grains were extracted from crushed peridotite or megacryst
fragments by handpicking under the optical microscope, mounted in
epoxy and polished using standard procedures, including SiC and
Al2O3 grinding and polishing grits. After polishing the mounts were
washed in ethanol and carbon- or gold-coated for analysis.

3.2. Bulk analysis

Pure separates of the olivine grains were prepared by handpicking
crushed, sieved and washed portions of the peridotite samples under
the binocular microscope, excluding extraneous phases and altered
grains, and keeping cracked grains to a minimum. Most separates
were analyzed at the University of Maryland using techniques
described by Aulbach et al. (2008). Li abundances and δ7Li values for
SC1-OL determined by MC-ICP-MS are from Seitz et al. (2004), and for
the Ko'olau olivines by TIMS from Chan and Frey (2003).

3.3. SIMS analysis

Li isotope microanalyses were obtained on the Cameca IMS-3f and
IMS-6f SIMS at Arizona State University. The primary beam was 16O−

(15–30 nA, 30–50 μm diameter). Positive secondary ions with excess
kinetic energies of 0±20 eVwere detected inpulse countingmode. The
mass spectrometerwas operated at amass resolving power that varied
from ~600 to 1200 (M/ΔM). Mass scans run atM/ΔM~1200 to separate
6LiH from 7Li consistently detected no hydride ion, even on hydrous
glasses and clay minerals, so that most analyses were performed at
lower mass resolution in order to maximize count rates and minimize
counting statistics errors. Counting timeswere 10 s for 6Li and 1 s for 7Li
in each cycle, with 50 to 200 cycles per analysis, and the largest contrast
aperture (400 μm) was used. Typically a pre-sputter period of 3–5 min
per point was employed. For the most recent analyses, including most
analyses used in thematrix-effect calibration, charge compensationwas
evaluated every 20 cycles, and ranged from 0 to 30 V.

All raw 7Li/6Li isotope ratios and 7Li intensity datawere plotted as a
function of cycle number to facilitate the screening of outliers and
analyses affected by surface contamination or changes in primary ion
intensity (as revealed by systematic trends or fluctuations in 7Li count
Rock type Reference

Spinel lherzolite xenolith in basalt 1
Spinel lherzolite xenolith in basalt 2
Dunite xenolith in basalt
Wehrlite xenolith in olivine melilitite 3, 5
Garnet lherzolite xenolith in olivine melilitite 3, 5
Wehrlite xenolith in olivine melilitite 3, 5
Spinel harzburgite xenolith in ankaramite 4

frica Olivine megacryst in kimberlite 6
ica Dunite from pipe in Bushveld Complex

Phenocrysts in lava flow 7
Phenocrysts in lava flow 7

ahu Phenocrysts in lava flow 7
ahu Phenocrysts in dike 7

us analyses (see text and Table A1). References refer to previous work on these olivines.
z et al. (2004), 3. Lee and Rudnick (1999), 4. Rudnick et al. (1994), 5. Aulbach et al. (2008),



Table 2
Chemical compositions, bulk Li isotope compositions and SIMS (IMS-6f) Li isotope results for olivine samples used in matrix correction calibration

Sample δ7Li soln 7Li/6Li soln FeO wt.% Mg# 7Li/6Lispl raw δ7Lispl raw 7Li/6Listd raw β 7Li/6Lispl cor α cor δ7Lispl rel KBH1 IMF (‰)

PMD99-149-1-1 2.3 (2) 12.200 (3) 23.9 (2) 73.9 (1) 12.647 (4) 38.9 (3) 12.400 (6) 1.0152 12.457 (10) 1.0211 (8) 23.7 (6) 21.4 (6)
PMD99-149-1-2 2.3 (2) 12.200 (3) 23.9 (2) 73.9 (1) 12.650 (4) 39.2 (3) 12.392 (16) 1.0145 12.469 (18) 1.0220 (15) 24.6 (13) 22.4 (14)
PMD99-149-2-1 2.3 (2) 12.200 (3) 23.9 (2) 73.9 (1) 12.653 (5) 39.4 (4) 12.400 (6) 1.0152 12.463 (10) 1.0215 (8) 24.2 (6) 21.9 (7)
PMD99-149-2-2 2.3 (2) 12.200 (3) 23.9 (2) 73.9 (1) 12.683 (4) 41.9 (4) 12.392 (16) 1.0145 12.502 (18) 1.0247 (15) 27.4 (13) 25.1 (14)
PMD99-149-3-1 2.3 (2) 12.200 (3) 23.9 (2) 73.9 (1) 12.649 (4) 39.1 (4) 12.400 (6) 1.0152 12.460 (10) 1.0213 (8) 23.9 (6) 21.6 (7)
PMD99-149-3-2 2.3 (2) 12.200 (3) 23.9 (2) 73.9 (1) 12.646 (4) 38.8 (4) 12.392 (16) 1.0145 12.464 (18) 1.0217 (15) 24.3 (13) 22.0 (14)
PMD99-149-4-1 2.3 (2) 12.200 (3) 23.9 (2) 73.9 (1) 12.643 (4) 38.6 (4) 12.400 (6) 1.0152 12.454 (10) 1.0208 (8) 23.4 (6) 21.1 (7)
PMD99-149-4-2 2.3 (2) 12.200 (3) 23.9 (2) 73.9 (1) 12.659 (5) 39.9 (4) 12.392 (16) 1.0145 12.478 (18) 1.0228 (15) 25.4 (13) 23.1 (14)
PMD99-149-5-1 2.3 (2) 12.200 (3) 23.9 (2) 73.9 (1) 12.650 (5) 39.2 (4) 12.400 (6) 1.0152 12.460 (10) 1.0213 (8) 23.9 (6) 21.7 (7)
PMD99-149-5-2 2.3 (2) 12.200 (3) 23.9 (2) 73.9 (1) 12.650 (4) 39.2 (3) 12.392 (16) 1.0145 12.469 (18) 1.0220 (15) 24.6 (13) 22.4 (13)
PMD99-149-6-1 2.3 (2) 12.200 (3) 23.9 (2) 73.9 (1) 12.644 (4) 38.7 (3) 12.400 (6) 1.0152 12.454 (10) 1.0208 (8) 23.4 (6) 21.2 (6)
PMD99-149-6-2 2.3 (2) 12.200 (3) 23.9 (2) 73.9 (1) 12.632 (4) 37.7 (3) 12.392 (16) 1.0145 12.451 (18) 1.0206 (15) 23.2 (13) 20.9 (13)
PMD99-149-6-3 2.3 (2) 12.200 (3) 23.9 (2) 73.9 (1) 12.647 (4) 39.0 (4) 12.400 (6) 1.0152 12.458 (10) 1.0211 (8) 23.7 (6) 21.4 (7)
PMD99-149 Avg 2.3 (2) 12.200 (3) 23.9 (2) 73.9 (1) 12.647 (6) 39.0 (5) 12.461 (8) 1.0214 (7) 24.0 (6) 21.8 (7)

89-773-1-1 3.0 (5) 12.210 (6) 6.37 (13) 93.6 (1) 12.409 (8) 19.4 (6) 12.400 (8) 1.0152 12.223 (12) 1.0011 (11) 4.1 (9) 1.1 (10)
89-773-1-2 3.0 (5) 12.210 (6) 6.37 (13) 93.6 (1) 12.400 (7) 18.6 (6) 12.408 (4) 1.0159 12.206 (10) 0.9997 (10) 2.7 (7) −0.4 (8)
89-773-1-3 3.0 (5) 12.210 (6) 6.37 (13) 93.6 (1) 12.449 (9) 22.7 (7) 12.408 (4) 1.0159 12.254 (11) 1.0036 (10) 6.7 (8) 3.7 (9)
89-773-2-1 3.0 (5) 12.210 (6) 6.37 (13) 93.6 (1) 12.390 (8) 17.8 (7) 12.400 (8) 1.0152 12.204 (13) 0.9995 (11) 2.5 (9) −0.5 (10)
89-773-3-1 3.0 (5) 12.210 (6) 6.37 (13) 93.6 (1) 12.346 (8) 14.2 (7) 12.400 (8) 1.0152 12.161 (13) 0.9960 (11) −1.1 (9) −4.1 (10)
89-773-3-2 3.0 (5) 12.210 (6) 6.37 (13) 93.6 (1) 12.350 (7) 14.6 (6) 12.408 (4) 1.0159 12.157 (10) 0.9957 (10) −1.4 (7) −4.4 (8)
89-773-4-1 3.0 (5) 12.210 (6) 6.37 (13) 93.6 (1) 12.368 (8) 16.0 (6) 12.400 (8) 1.0152 12.182 (12) 0.9977 (11) 0.7 (9) −2.3 (10)
89-773-5-1 3.0 (5) 12.210 (6) 6.37 (13) 93.6 (1) 12.365 (7) 15.8 (6) 12.400 (8) 1.0152 12.179 (12) 0.9975 (11) 0.5 (9) −2.6 (10)
89-773-6-1 3.0 (5) 12.210 (6) 6.37 (13) 93.6 (1) 12.386 (7) 17.5 (6) 12.400 (8) 1.0152 12.200 (12) 0.9992 (11) 2.2 (8) −0.8 (10)
89-773-6-2 3.0 (5) 12.210 (6) 6.37 (13) 93.6 (1) 12.340 (8) 13.7 (7) 12.408 (4) 1.0159 12.147 (11) 0.9948 (10) −2.2 (7) −5.3 (9)
89-773-6-3 3.0 (5) 12.210 (6) 6.37 (13) 93.6 (1) 12.354 (9) 14.9 (7) 12.408 (4) 1.0159 12.161 (11) 0.9960 (10) −1.1 (8) −4.1 (9)
89-773-7-1 3.0 (5) 12.210 (6) 6.37 (13) 93.6 (1) 12.363 (8) 15.6 (7) 12.400 (8) 1.0152 12.177 (13) 0.9973 (11) 0.3 (9) −2.7 (10)
89-773-7-2 3.0 (5) 12.210 (6) 6.37 (13) 93.6 (1) 12.371 (7) 16.3 (6) 12.400 (8) 1.0152 12.186 (12) 0.9980 (11) 1.0 (9) −2.0 (10)
89-773-8-1 3.0 (5) 12.210 (6) 6.37 (13) 93.6 (1) 12.359 (7) 15.3 (6) 12.400 (8) 1.0152 12.174 (12) 0.9970 (11) 0.0 (9) −3.0 (10)
89-773-8-2R 3.0 (5) 12.210 (6) 6.37 (13) 93.6 (1) 12.369 (8) 16.1 (6) 12.400 (8) 1.0152 12.183 (12) 0.9978 (11) 0.8 (9) −2.2 (10)
89-773-9-1 3.0 (5) 12.210 (6) 6.37 (13) 93.6 (1) 12.364 (8) 15.7 (7) 12.400 (8) 1.0152 12.178 (13) 0.9974 (12) 0.4 (9) −2.6 (11)
89-773-9-2R 3.0 (5) 12.210 (6) 6.37 (13) 93.6 (1) 12.354 (8) 14.9 (7) 12.400 (8) 1.0152 12.169 (13) 0.9966 (12) −0.4 (9) −3.4 (11)
89-773-10-1 3.0 (5) 12.210 (6) 6.37 (13) 93.6 (1) 12.357 (9) 15.1 (7) 12.400 (8) 1.0152 12.171 (13) 0.9969 (12) −0.2 (9) −3.2 (11)
89-773-10-2 3.0 (5) 12.210 (6) 6.37 (13) 93.6 (1) 12.356 (7) 15.0 (6) 12.400 (8) 1.0152 12.171 (12) 0.9968 (12) −0.2 (9) −3.3 (11)
89-773 Avg 3.0 (5) 12.210 (6) 6.37 (13) 93.6 (1) 12.362 (13) 15.5 (11) 12.175 (15) 0.9971 (13) 0.1 (12) −2.9 (13)

KBH1_1 3.4 (5) 12.214 (6) 9.26 (10) 90.5 (1) 12.434 (6) 21.4 (5) 12.433 (7) 1.0179 12.215 (11) 1.0001 (10) 3.5 (7) 0.1 (9)
KBH1_2 3.4 (5) 12.214 (6) 9.26 (10) 90.5 (1) 12.437 (5) 21.7 (4) 12.433 (7) 1.0179 12.219 (11) 1.0004 (10) 3.8 (7) 0.4 (9)
KBH1_3 3.4 (5) 12.214 (6) 9.26 (10) 90.5 (1) 12.436 (5) 21.6 (4) 12.433 (7) 1.0179 12.217 (11) 1.0003 (10) 3.7 (7) 0.3 (9)
KBH1_4 3.4 (5) 12.214 (6) 9.26 (10) 90.5 (1) 12.418 (6) 20.1 (5) 12.433 (7) 1.0179 12.200 (11) 0.9988 (10) 2.2 (8) −1.2 (9)
KBH1-1-1 3.4 (5) 12.214 (6) 9.26 (10) 90.5 (1) 12.426 (6) 20.8 (5) 12.421 (5) 1.0169 12.219 (10) 1.0004 (9) 3.8 (6) 0.4 (8)
KBH1-2-1 3.4 (5) 12.214 (6) 9.26 (10) 90.5 (1) 12.417 (6) 20.1 (5) 12.421 (5) 1.0169 12.211 (10) 0.9997 (9) 3.1 (6) −0.3 (8)
KBH1-3-1 3.4 (5) 12.214 (6) 9.26 (10) 90.5 (1) 12.420 (6) 20.3 (5) 12.421 (5) 1.0169 12.213 (10) 0.9999 (9) 3.3 (6) −0.1 (8)
KBH1-3-2 3.4 (5) 12.214 (6) 9.26 (10) 90.5 (1) 12.382 (7) 17.2 (6) 12.400 (8) 1.0152 12.196 (12) 0.9985 (11) 1.9 (8) −1.5 (10)
KBH1-4-1 3.4 (5) 12.214 (6) 9.26 (10) 90.5 (1) 12.341 (8) 13.8 (6) 12.400 (8) 1.0152 12.156 (12) 0.9952 (11) −1.5 (9) −4.9 (10)
KBH1-2-2 3.4 (5) 12.214 (6) 9.26 (10) 90.5 (1) 12.405 (6) 19.0 (5) 12.400 (8) 1.0152 12.218 (12) 1.0003 (11) 3.7 (8) 0.3 (10)
KBH1-3-3 3.4 (5) 12.214 (6) 9.26 (10) 90.5 (1) 12.392 (6) 18.0 (5) 12.400 (8) 1.0152 12.206 (11) 0.9993 (11) 2.7 (8) −0.7 (9)
KBH1-4-2 3.4 (5) 12.214 (6) 9.26 (10) 90.5 (1) 12.405 (7) 19.1 (6) 12.400 (8) 1.0152 12.219 (12) 1.0004 (11) 3.8 (8) 0.4 (10)
KBH1-2-3 3.4 (5) 12.214 (6) 9.26 (10) 90.5 (1) 12.433 (6) 21.4 (5) 12.400 (8) 1.0152 12.247 (12) 1.0026 (11) 6.1 (8) 2.7 (10)
KBH1-3-4 3.4 (5) 12.214 (6) 9.26 (10) 90.5 (1) 12.394 (6) 18.2 (5) 12.400 (8) 1.0152 12.209 (12) 0.9995 (11) 2.9 (8) −0.5 (10)
KBH1-2-4 3.4 (5) 12.214 (6) 9.26 (10) 90.5 (1) 12.397 (7) 18.4 (6) 12.400 (8) 1.0152 12.211 (12) 0.9998 (11) 3.2 (8) −0.2 (10)
KBH1-4-3 3.4 (5) 12.214 (6) 9.26 (10) 90.5 (1) 12.408 (5) 19.3 (5) 12.400 (8) 1.0152 12.223 (11) 1.0007 (10) 4.1 (8) 0.7 (9)
KBH1-3-5 3.4 (5) 12.214 (6) 9.26 (10) 90.5 (1) 12.409 (6) 19.4 (5) 12.408 (4) 1.0159 12.215 (9) 1.0000 (9) 3.4 (6) 0.0 (8)
KBH1-3-6 3.4 (5) 12.214 (6) 9.26 (10) 90.5 (1) 12.409 (6) 19.4 (5) 12.408 (4) 1.0159 12.215 (9) 1.0000 (9) 3.4 (6) 0.0 (8)
KBH1-2-5 3.4 (5) 12.214 (6) 9.26 (10) 90.5 (1) 12.408 (6) 19.3 (5) 12.408 (4) 1.0159 12.214 (9) 0.9999 (9) 3.3 (6) −0.1 (8)
KBH1-3-7 3.4 (5) 12.214 (6) 9.26 (10) 90.5 (1) 12.394 (6) 18.2 (5) 12.400 (6) 1.0152 12.209 (11) 0.9995 (10) 2.9 (7) −0.5 (9)
KBH1-3-8 3.4 (5) 12.214 (6) 9.26 (10) 90.5 (1) 12.410 (6) 19.5 (5) 12.400 (6) 1.0152 12.224 (10) 1.0008 (10) 4.2 (7) 0.8 (9)
KBH1-4-4 3.4 (5) 12.214 (6) 9.26 (10) 90.5 (1) 12.396 (6) 18.3 (5) 12.400 (6) 1.0152 12.210 (10) 0.9996 (10) 3.0 (7) −0.4 (9)
KBH1-2-7 3.4 (5) 12.214 (6) 9.26 (10) 90.5 (1) 12.399 (5) 18.6 (4) 12.400 (6) 1.0152 12.213 (10) 0.9999 (10) 3.3 (7) −0.1 (8)
KBH1-2-8 3.4 (5) 12.214 (6) 9.26 (10) 90.5 (1) 12.402 (7) 18.8 (5) 12.400 (6) 1.0152 12.216 (11) 1.0001 (10) 3.5 (7) 0.1 (9)
KBH1-3-9 3.4 (5) 12.214 (6) 9.26 (10) 90.5 (1) 12.377 (6) 16.8 (5) 12.392 (16) 1.0145 12.200 (18) 0.9988 (15) 2.2 (14) −1.2 (15)
KBH1-3-10 3.4 (5) 12.214 (6) 9.26 (10) 90.5 (1) 12.408 (5) 19.4 (4) 12.392 (16) 1.0145 12.231 (18) 1.0014 (15) 4.8 (14) 1.4 (15)
KBH1-2-9 3.4 (5) 12.214 (6) 9.26 (10) 90.5 (1) 12.389 (6) 17.8 (5) 12.392 (16) 1.0145 12.212 (18) 0.9998 (16) 3.2 (14) −0.2 (15)
KBH1-2-10 3.4 (5) 12.214 (6) 9.26 (10) 90.5 (1) 12.391 (6) 17.9 (5) 12.392 (16) 1.0145 12.213 (18) 0.9999 (15) 3.3 (14) −0.1 (15)
KBH1-3-11 3.4 (5) 12.214 (6) 9.26 (10) 90.5 (1) 12.375 (5) 16.6 (4) 12.386 (9) 1.0141 12.203 (12) 0.9991 (11) 2.5 (8) −0.9 (10)
KBH1-3-12 3.4 (5) 12.214 (6) 9.26 (10) 90.5 (1) 12.384 (6) 17.3 (5) 12.386 (9) 1.0141 12.212 (12) 0.9998 (11) 3.2 (8) −0.2 (10)
KBH1-3 3.4 (5) 12.214 (6) 9.26 (10) 90.5 (1) 12.393 (6) 18.1 (5) 12.386 (9) 1.0141 12.221 (12) 1.0006 (11) 4.0 (9) 0.6 (10)
KBH1-3-14 3.4 (5) 12.214 (6) 9.26 (10) 90.5 (1) 12.394 (6) 18.2 (5) 12.386 (9) 1.0141 12.222 (12) 1.0007 (11) 4.1 (8) 0.7 (10)
KBH1-2-11 3.4 (5) 12.214 (6) 9.26 (10) 90.5 (1) 12.397 (6) 18.4 (5) 12.386 (9) 1.0141 12.225 (12) 1.0009 (11) 4.3 (9) 0.9 (10)
KBH1-4-6 3.4 (5) 12.214 (6) 9.26 (10) 90.5 (1) 12.385 (7) 17.4 (5) 12.386 (9) 1.0141 12.213 (12) 0.9999 (11) 3.3 (9) −0.1 (10)
KBH1-4-7 3.4 (5) 12.214 (6) 9.26 (10) 90.5 (1) 12.375 (5) 16.6 (4) 12.386 (9) 1.0141 12.204 (12) 0.9991 (11) 2.5 (8) −0.9 (10)
KBH1-3-15 3.4 (5) 12.214 (6) 9.26 (10) 90.5 (1) 12.385 (6) 17.5 (5) 12.386 (9) 1.0141 12.214 (12) 0.9999 (11) 3.3 (8) −0.1 (10)
KBH-1 Avg 3.4 (5) 12.214 (6) 9.26 (10) 90.5 (1) 12.402 (17) 18.8 (14) 12.214 (7) 1.0000 (8) 3.4 (6) 0.0 (8)

KPL2-3-1 7.3 (4) 12.261 (5) 13.13 (10) 86.3 (1) 12.500 (6) 26.8 (5) 12.421 (5) 1.0169 12.292 (10) 1.0025 (9) 9.9 (6) 2.6 (7)

(continued on next page)
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Table 2 (continued)

Sample δ7Li soln 7Li/6Li soln FeO wt.% Mg# 7Li/6Lispl raw δ7Lispl raw 7Li/6Listd raw β 7Li/6Lispl cor α cor δ7Lispl rel KBH1 IMF (‰)

KPL2-4-1 7.3 (4) 12.261 (5) 12.75 (10) 86.9 (1) 12.509 (5) 27.6 (4) 12.421 (5) 1.0169 12.301 (9) 1.0032 (8) 10.6 (5) 3.4 (7)
KPL2-4-2R 7.3 (4) 12.261 (5) 12.62 (10) 86.9 (1) 12.485 (5) 25.6 (4) 12.421 (5) 1.0169 12.277 (9) 1.0013 (8) 8.6 (6) 1.4 (7)
KPL2-6-1 7.3 (4) 12.261 (5) 12.67 (20) 86.9 (2) 12.487 (6) 25.8 (5) 12.400 (3) 1.0152 12.299 (8) 1.0031 (8) 10.5 (5) 3.2 (6)
KPL2-a Avg 7.3 (4) 12.261 (5) 12.79 (23) 86.8 (3) 12.495 (11) 26.5 (9) 12.292 (11) 1.0025 (10) 9.9 (9) 2.6 (10)

KPL2-7-1 7.3 (4) 12.261 (5) 14.38 (10) 84.9 (1) 12.536 (6) 29.8 (5) 12.400 (3) 1.0152 12.348 (8) 1.0071 (8) 14.5 (5) 7.3 (6)
KPL2-7-2 7.3 (4) 12.261 (5) 14.36 (10) 84.8 (1) 12.525 (5) 28.9 (4) 12.400 (3) 1.0152 12.337 (8) 1.0062 (7) 13.6 (4) 6.4 (5)
KPL2-7-3 7.3 (4) 12.261 (5) 14.39 (10) 84.8 (1) 12.544 (5) 30.5 (4) 12.400 (3) 1.0152 12.356 (8) 1.0077 (7) 15.2 (4) 8.0 (5)
KPL2-b Avg 7.3 (4) 12.261 (5) 14.38 (6) 84.9 (1) 12.535 (10) 29.8 (8) 12.347 (10) 1.0070 (9) 14.5 (8) 7.2 (9)

LB29-3-1 3.5 (7) 12.215 (9) 7.50 (17) 92.4 (1) 12.370 (6) 16.2 (5) 12.400 (8) 1.0152 12.185 (11) 0.9976 (12) 1.0 (8) −2.5 (11)
LB29-3-2 3.5 (7) 12.215 (9) 7.50 (17) 92.4 (1) 12.381 (7) 17.1 (5) 12.400 (8) 1.0152 12.196 (12) 0.9985 (12) 1.9 (8) −1.6 (11)
LB29-3-3 3.5 (7) 12.215 (9) 7.50 (17) 92.4 (1) 12.376 (6) 16.7 (5) 12.400 (8) 1.0152 12.191 (11) 0.9980 (12) 1.4 (8) −2.0 (11)
LB29-3-4 3.5 (7) 12.215 (9) 7.50 (17) 92.4 (1) 12.384 (6) 17.3 (5) 12.400 (8) 1.0152 12.199 (11) 0.9987 (12) 2.1 (8) −1.4 (11)
LB29-3-5 3.5 (7) 12.215 (9) 7.50 (17) 92.4 (1) 12.393 (7) 18.1 (6) 12.400 (8) 1.0152 12.208 (12) 0.9994 (12) 2.9 (8) −0.6 (11)
LB29-3-6 3.5 (7) 12.215 (9) 7.50 (17) 92.4 (1) 12.391 (6) 17.9 (5) 12.400 (8) 1.0152 12.206 (11) 0.9993 (12) 2.7 (8) −0.7 (11)
LB29-4-1 3.5 (7) 12.215 (9) 7.50 (17) 92.4 (1) 12.374 (6) 16.5 (5) 12.400 (8) 1.0152 12.189 (11) 0.9978 (12) 1.3 (8) −2.2 (11)
LB29-4-2 3.5 (7) 12.215 (9) 7.50 (17) 92.4 (1) 12.375 (6) 16.6 (5) 12.400 (8) 1.0152 12.190 (12) 0.9980 (12) 1.4 (8) −2.1 (11)
LB29-5-1 3.5 (7) 12.215 (9) 7.50 (17) 92.4 (1) 12.389 (7) 17.7 (5) 12.400 (8) 1.0152 12.203 (12) 0.9991 (12) 2.5 (8) −1.0 (11)
LB29-6-1 3.5 (7) 12.215 (9) 7.50 (17) 92.4 (1) 12.384 (5) 17.4 (4) 12.400 (8) 1.0152 12.199 (11) 0.9987 (11) 2.1 (7) −1.3 (10)
LB29 Avg 3.5 (7) 12.215 (9) 7.50 (17) 92.4 (2) 12.382 (8) 17.2 (6) 12.197 (8) 0.9985 (10) 1.9 (6) −1.5 (10)

LB51-1-1 6.6 (3) 12.253 (4) 13.99 (27) 85.5 (2) 12.578 (5) 33.3 (4) 12.421 (5) 1.0169 12.369 (9) 1.0095 (8) 16.3 (5) 9.8 (6)
LB51-2-1 6.6 (3) 12.253 (4) 14.01 (20) 85.3 (2) 12.578 (4) 33.3 (4) 12.421 (5) 1.0169 12.369 (9) 1.0095 (8) 16.3 (5) 9.7 (6)
LB51-3-1 6.6 (3) 12.253 (4) 14.01 (20) 85.3 (2) 12.617 (5) 36.5 (4) 12.421 (5) 1.0169 12.407 (9) 1.0126 (8) 19.5 (6) 12.9 (6)
LB51-3-2 6.6 (3) 12.253 (4) 14.11 (20) 85.2 (2) 12.610 (5) 35.9 (4) 12.421 (5) 1.0169 12.400 (9) 1.0120 (8) 18.9 (5) 12.4 (6)
LB51-3-3 6.6 (3) 12.253 (4) 13.91 (20) 85.4 (2) 12.603 (5) 35.3 (4) 12.421 (5) 1.0169 12.393 (9) 1.0115 (8) 18.4 (6) 11.8 (6)
LB51-3-4 6.6 (3) 12.253 (4) 14.19 (20) 85.2 (2) 12.594 (5) 34.6 (4) 12.421 (5) 1.0169 12.385 (9) 1.0108 (8) 17.7 (5) 11.1 (6)
LB51-3-5 6.6 (3) 12.253 (4) 14.31 (20) 85.1 (2) 12.592 (5) 34.5 (4) 12.421 (5) 1.0169 12.383 (9) 1.0106 (8) 17.5 (5) 11.0 (6)
LB51-3-6 6.6 (3) 12.253 (4) 14.58 (20) 84.9 (2) 12.582 (6) 33.6 (5) 12.421 (5) 1.0169 12.373 (10) 1.0098 (8) 16.6 (6) 10.1 (7)
LB51-3-7 6.6 (3) 12.253 (4) 14.67 (20) 84.7 (2) 12.569 (5) 32.5 (4) 12.421 (5) 1.0169 12.360 (9) 1.0088 (8) 15.6 (6) 9.0 (6)
LB51-3-8 6.6 (3) 12.253 (4) 14.67 (20) 84.7 (2) 12.583 (4) 33.7 (4) 12.421 (5) 1.0169 12.374 (9) 1.0099 (8) 16.8 (5) 10.2 (6)
LB51-4-1 6.6 (3) 12.253 (4) 12.24 (20) 87.2 (2) 12.510 (5) 27.7 (4) 12.392 (16) 1.0145 12.331 (18) 1.0064 (15) 13.1 (13) 6.6 (14)
LB51-4-2 6.6 (3) 12.253 (4) 12.53 (20) 86.9 (2) 12.514 (4) 28.0 (4) 12.392 (16) 1.0145 12.335 (18) 1.0067 (15) 13.5 (13) 6.9 (14)
LB51-4-3 6.6 (3) 12.253 (4) 12.28 (20) 87.2 (2) 12.513 (6) 28.0 (5) 12.392 (16) 1.0145 12.334 (18) 1.0067 (15) 13.4 (14) 6.8 (14)
LB51-4-4 6.6 (3) 12.253 (4) 12.56 (20) 87.0 (2) 12.533 (4) 29.6 (4) 12.392 (16) 1.0145 12.353 (18) 1.0082 (15) 15.0 (13) 8.4 (14)
LB51-5-1 6.6 (3) 12.253 (4) 14.45 (20) 84.7 (2) 12.537 (4) 29.9 (4) 12.400 (3) 1.0152 12.349 (7) 1.0078 (7) 14.6 (4) 8.1 (5)
LB51-5-2 6.6 (3) 12.253 (4) 14.34 (20) 84.9 (2) 12.537 (4) 29.9 (3) 12.400 (3) 1.0152 12.349 (7) 1.0078 (7) 14.6 (3) 8.1 (4)
LB51-5-3 6.6 (3) 12.253 (4) 14.68 (20) 84.6 (2) 12.547 (5) 30.7 (4) 12.400 (3) 1.0152 12.358 (8) 1.0086 (7) 15.4 (4) 8.9 (5)
LB51-6-1 6.6 (3) 12.253 (4) 14.39 (20) 85.1 (2) 12.548 (5) 30.8 (4) 12.400 (3) 1.0152 12.359 (8) 1.0087 (7) 15.5 (4) 8.9 (5)
LB51-6-2 6.6 (3) 12.253 (4) 14.12 (20) 85.3 (2) 12.539 (4) 30.1 (4) 12.400 (3) 1.0152 12.351 (8) 1.0080 (7) 14.8 (4) 8.3 (5)
LB51-6-3 6.6 (3) 12.253 (4) 13.96 (20) 85.5 (2) 12.541 (4) 30.3 (4) 12.400 (3) 1.0152 12.353 (7) 1.0082 (7) 15.0 (4) 8.4 (5)
LB51 Avg 6.6 (3) 12.253 (4) 13.90 (81) 85.5 (9) 12.561 (33) 31.9 (27) 12.364 (22) 1.0091 (18) 15.9 (18) 9.4 (18)

LB59-1-1 6.6 (4) 12.253 (5) 14.61 (19) 84.7 (2) 12.580 (5) 33.4 (4) 12.408 (4) 1.0159 12.383 (9) 1.0106 (8) 17.5 (5) 10.9 (6)
LB59-1-2 6.6 (4) 12.253 (5) 14.61 (19) 84.7 (2) 12.581 (5) 33.5 (4) 12.408 (4) 1.0159 12.384 (9) 1.0107 (8) 17.6 (5) 11.0 (6)
LB59-2-1 6.6 (4) 12.253 (5) 14.61 (19) 84.7 (2) 12.582 (5) 33.6 (4) 12.408 (4) 1.0159 12.385 (9) 1.0108 (8) 17.7 (5) 11.1 (6)
LB59-3-1 6.6 (4) 12.253 (5) 14.61 (19) 84.7 (2) 12.579 (4) 33.4 (3) 12.408 (4) 1.0159 12.382 (8) 1.0105 (8) 17.4 (4) 10.8 (6)
LB59-4-1 6.6 (4) 12.253 (5) 14.61 (19) 84.7 (2) 12.576 (5) 33.1 (4) 12.408 (4) 1.0159 12.379 (8) 1.0103 (8) 17.2 (5) 10.6 (6)
LB59-5-1 6.6 (4) 12.253 (5) 14.61 (19) 84.7 (2) 12.567 (4) 32.3 (4) 12.408 (4) 1.0159 12.370 (8) 1.0095 (8) 16.4 (5) 9.8 (6)
LB59-6-1 6.6 (4) 12.253 (5) 14.61 (19) 84.7 (2) 12.582 (4) 33.6 (4) 12.408 (4) 1.0159 12.385 (8) 1.0107 (8) 17.6 (5) 11.0 (6)
LB59-7-1 6.6 (4) 12.253 (5) 14.61 (19) 84.7 (2) 12.580 (5) 33.5 (4) 12.408 (4) 1.0159 12.383 (9) 1.0106 (8) 17.5 (5) 10.9 (6)
LB59-8-1 6.6 (4) 12.253 (5) 14.61 (19) 84.7 (2) 12.569 (5) 32.5 (4) 12.408 (4) 1.0159 12.372 (9) 1.0097 (8) 16.6 (5) 9.9 (6)
LB59 Avg 6.6 (4) 12.253 (5) 14.61 (19) 84.7 (2) 12.577 (6) 33.2 (5) 12.380 (6) 1.0104 (6) 17.3 (5) 10.7 (6)

SC1 Ol-1-1 3.4 (5) 12.214 (6) 10.10 (10) 89.6 (1) 12.432 (5) 21.3 (4) 12.435 (7) 1.0181 12.211 (11) 0.9998 (10) 3.1 (7) −0.3 (9)
SC1 Ol-1-2 3.4 (5) 12.214 (6) 10.10 (10) 89.6 (1) 12.443 (4) 22.2 (4) 12.435 (7) 1.0181 12.222 (10) 1.0007 (10) 4.1 (7) 0.7 (8)
SC1 Ol-1-3 3.4 (5) 12.214 (6) 10.10 (10) 89.6 (1) 12.428 (5) 21.0 (4) 12.435 (7) 1.0181 12.208 (10) 0.9995 (10) 2.9 (7) −0.5 (9)
SC1-OL1 Avg 3.4 (5) 12.214 (6) 10.10 (10) 89.6 (1) 12.434 (8) 21.5 (6) 12.214 (8) 1.0000 (8) 3.4 (6) 0.0 (8)

MHK-1-0 −0.8 (5) 12.163 (6) 39.7 (4) 52.4 (3) 11.955 (8) −17.9 (7) 11.907 (9) 0.9749 12.263 (14) 1.0082 (13) 7.3 (10) 8.1 (12)
MHK-1-1 −0.8 (5) 12.163 (6) 39.7 (4) 52.4 (3) 11.943 (7) −18.9 (6) 11.907 (9) 0.9749 12.251 (14) 1.0072 (12) 6.3 (10) 7.1 (11)
MHK-1-2 −0.8 (5) 12.163 (6) 39.7 (4) 52.4 (3) 11.949 (7) −18.4 (6) 11.907 (9) 0.9749 12.257 (14) 1.0078 (12) 6.9 (10) 7.7 (11)
MHK-1-3 −0.8 (5) 12.163 (6) 39.7 (4) 52.4 (3) 11.963 (10) −17.2 (8) 11.907 (9) 0.9749 12.272 (15) 1.0089 (14) 8.0 (12) 8.8 (13)
MHK-1-4 −0.8 (5) 12.163 (6) 39.7 (4) 52.4 (3) 11.978 (8) −16.0 (7) 11.907 (9) 0.9749 12.287 (14) 1.0102 (13) 9.2 (10) 10.0 (11)
MHK-1-5 −0.8 (5) 12.163 (6) 39.7 (4) 52.4 (3) 11.979 (9) −15.9 (7) 11.907 (9) 0.9749 12.288 (15) 1.0103 (13) 9.3 (11) 10.1 (12)
MHK-1-6 −0.8 (5) 12.163 (6) 39.7 (4) 52.4 (3) 11.984 (8) −15.5 (7) 11.907 (9) 0.9749 12.293 (14) 1.0107 (13) 9.7 (10) 10.5 (12)
MHK-1-7 −0.8 (5) 12.163 (6) 39.7 (4) 52.4 (3) 11.976 (7) −16.1 (6) 11.907 (9) 0.9749 12.285 (14) 1.0100 (12) 9.1 (10) 9.9 (11)
MHK-1-8 −0.8 (5) 12.163 (6) 39.7 (4) 52.4 (3) 11.986 (7) −15.4 (5) 11.907 (9) 0.9749 12.295 (13) 1.0108 (12) 9.9 (10) 10.7 (11)
MHK-1-9 −0.8 (5) 12.163 (6) 39.7 (4) 52.4 (3) 11.977 (6) −16.1 (5) 11.907 (9) 0.9749 12.286 (13) 1.0101 (12) 9.1 (9) 9.9 (11)
MHK-1-10 −0.8 (5) 12.163 (6) 39.7 (4) 52.4 (3) 11.973 (7) −16.4 (6) 11.907 (9) 0.9749 12.282 (13) 1.0098 (12) 8.8 (10) 9.6 (11)
MHK-1-11 −0.8 (5) 12.163 (6) 39.7 (4) 52.4 (3) 11.962 (8) −17.3 (7) 11.907 (9) 0.9749 12.270 (14) 1.0088 (13) 7.9 (10) 8.7 (12)
MHK-1-12 −0.8 (5) 12.163 (6) 39.7 (4) 52.4 (3) 11.975 (8) −16.2 (7) 11.907 (9) 0.9749 12.284 (14) 1.0100 (13) 9.0 (10) 9.8 (12)
MHK-1-13 −0.8 (5) 12.163 (6) 39.7 (4) 52.4 (3) 11.988 (8) −15.2 (7) 11.907 (9) 0.9749 12.297 (14) 1.0110 (13) 10.0 (11) 10.8 (12)
MHK-1-14 −0.8 (5) 12.163 (6) 39.7 (4) 52.4 (3) 11.990 (8) −15.0 (7) 11.907 (9) 0.9749 12.300 (14) 1.0112 (13) 10.2 (11) 11.0 (12)
MHK-1-15 −0.8 (5) 12.163 (6) 39.7 (4) 52.4 (3) 11.974 (9) −16.4 (8) 11.907 (9) 0.9749 12.283 (15) 1.0098 (13) 8.9 (11) 9.7 (12)
MHK-1 Avg -0.8 (5) 12.163 (6) 39.7 (4) 52.4 (3) 11.972 (14) −16.5 (11) 12.281 (14) 1.0097 (13) 8.7 (11) 9.5 (12)
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rate). This monitoring of each analysis also reveals if systematic
changes in 7Li/6Li arise as a function of crater geometry as sputtering
progresses. We observed no such systematic variation for olivine
under the conditions employed in this study; such effects in the
analysis of basaltic glasses have been noticed intermittently by us and
others (University of Edinburgh SIMS lab, personal communication to
RLH) with no clear cause of this effect. Because of the apparent
insensitivity of the 7Li/6Li in olivine to time of sputtering up to 200
cycles, variations in primary beam current which affect sputtering rate
also have no observable effect on the 7Li/6Li ratio within the limits
applied here. Traces of Li derived from vacuum grease used in
preparation of isolated examples of epoxymounts sometimes affected
the near-surface isotope composition of grains, especially close to
grain edges where grease could be spread from the interface between
the grain and the enclosing epoxy. Although the isotopic effects of
minor grease contamination are potentially severe, they were
effectively removed by the screening procedure. The isotopic
composition of ~+250‰ (deduced from a comparative study of
contaminated and uncontaminated grains) is consistent with certain
batches of laboratory lithium residual from an isotope enrichment
program surrounding fusion research (Qi et al., 1997).

The 7Li/6Li ratios determined by SIMSwere referenced to an olivine
standard in order to eliminate as far as possible the effect of variations
in instrumental settings and analytical conditions. In most runs this
was an olivine from the Kilbourne Hole spinel lherzolite KBH-1 (Bell
and Rossman, 1992), usually mounted with the sample. This is an in-
house secondary standard that we determined to be indistinguishable
in its Li isotope composition from SC-1 Ol, a spinel lherzolite olivine
from San Carlos provided by H.-M. Seitz. The SC-1 Ol standard has a
δ7Li of 3.4±0.5‰ (2σ, n=5) determined by MC-ICP-MS (Seitz et al.,
2004). No significant isotopic zoning such as that observed by Jeffcoate
et al. (2007) in a xenolith from San Carlos was seen in the olivine from
SC1 analyzed in this study. Li isotope compositions are expressed as
δ7Li relative to the L-SVEC standard (7Li/6Li=12.1729; Qi et al., 1997), so
that the true 7Li/6Li for KBH-1 is assumed to be 12.2143. Typically,
analyses of KBH-1 were performed at intervals throughout the
analytical sessions. Usually, these were the average of 3 or 4 analyses
on different grains. Where standard drift was observed, the standard
value appropriate to each analysis was assigned by interpolation. This
procedure contributes some uncertainty to the analysis because it is
not always possible to tell whether the variation is due to instrument
drift or someminor heterogeneity in the standard. During the analysis
of numerous grains of KBH1 over the past four years we have
occasionally observed heterogeneity in δ7Li at the edge of some grains,
or in one or two exceptional grains. Efforts were made to avoid such
regions. However, it is possible that some minor heterogeneity in the
standard contributes to the overall uncertainty in our treatment.

Accumulated uncertainties in determination of the matrix correc-
tion (including inter- and intra-granular compositional and isotopic
variability of olivine in mineral separates) imply that the matrix
correction introduces additional uncertainty to the reported isotopic
compositions. The uncertainty in this correction is minimized by using
a standard near the middle of the compositional range of our sample
Notes to Table 2:
δ7Li soln and 7Li/6Li soln: Values determined by MC-ICP-MS at the Univ. Maryland with th
Wt.% FeO and Mg# [=100 Mg/(Mg+Fe)] determined by electron microprobe at ASU.
7Li/6Lispl raw and 7Li/6Listd raw: Uncorrected raw Li isotope compositions by SIMS (IMS-6f) fo
δ7Lispl raw=1000⁎ [(7Li / 6Lispl, raw /12.1729)−1].
β=[7Li / 6Listd, raw] / [7Li / 6Listd, true]= [7Li / 6Listd, raw] /12.2143.
7Li / 6Li cor=[7Li / 6Liraw] /β.
αcor=[7Li / 6Licor] / [7Li / 6Lisoln].
δ7Lirel KBH1=1000⁎ ([7Li / 6Lispl,raw] / [7Li / 6LiKBH1,raw]−1)+3.40.
IMF=δ7Lirel KBH1−δ7Lisoln.
Parentheses indicate 1σ uncertainties in the last digit. Uncertainties in individual raw SIMS
parameters propagated as described by Bevington and Robinson (2002). Uncertainty in sol
Uncertainties for sample averages (bold) are standard deviations of the mean of the indivi
basalt glasses determined using the KBH1 standard are 20.0±1.7 and 16.5±1.7‰, respectiv
suite (Fo74–95). In the case of KBH1 (Fo90.5) the maximum added
uncertainty at the compositional extremes is 0.5‰. The disadvantage
of the KBH-1 standard is that its Li content is relatively low (1.2 ppm)
so that the standard error of a single analysis for typical primary beam
currents of 15–30 nA is in the range of 0.7–1‰ (1σmean, 100 cycles).
Consequently, groups of 3–5 analyses of the standard were performed
at regular intervals throughout an analytical session, and the standard
7Li/6Li inferred by interpolation.

Analytical errors for eachpoint (the standard errorof themeanof the
total numberof isotope ratiomeasurements—typically 100)werewithin
0 to 0.3‰ of the theoretical error expected fromcounting statistics alone
(i.e., the error based on Poisson statistics of total counts). Relative
uncertainties decreasedwith increasing Li concentration in the analyzed
phase, determined qualitatively from the 7Li count rate. Count rates
among phases studied varied by a factor of six, reflecting the variation in
Li concentration,with lower count rates requiringmore cycles to achieve
the desired standard error of ±1‰ (1σ) or better.

For most peridotites used in the calibration, from five to nine grains
were mounted and from one to three 7Li/6Li analyses performed per
grain. However, for some of the low-Li samples (low-temperature
peridotites), multiple step scans across grains were performed in
automated mode. For the most part such scans showed homogeneous
δ7Li within ±1σ, but in some grains an increase in δ7Li at the grain
marginwas observed, andoccasional internal points showed anomalous
excursions to low δ7Li. These outliers were not considered in computa-
tion of the mean δ7Li values reported in Table 2. Where the variability
exceeds ±2σ counting statistics errors of individual analyses, and cannot
be ascribed to clear outliers, we conclude that the sample is hetero-
geneous and the errors are quoted as standard deviations (σ), rather
than standard errors (σ/√n). The origins of the intra-grain δ7Li
heterogeneities in xenoliths are under further investigation.

Li concentration estimates by TIMS or MC-ICP-MS are available for
some of the bulk separates of olivine (Chan and Frey, 2003; Seitz et al.,
2004; Aulbach et al., 2008). For the Ko'olau olivines, we determined
relative variations in Li concentrationwithin grains or among grains of
the same sample from the raw 7Li count rates determined relative to a
standard over a limited operating time on the SIMS. We used KBH-1
which has 1.19±0.08 (2σ) ppm Li, determined by SIMS analysis
calibrated against SC1-OL (1.70±0.07 (2σ) ppm Li—Seitz et al., 2004).
These two olivines have extremely similar compositions, so any
matrix effects of SIMS analysis will be negligible. Typical olivine
analyses on the ASU SIMS show an increasing 7Li count rate, leveling
off as analysis proceeds. For this reason, the average of the 7Li counts
over the last 50 cycles was averaged, rather than using all 100 cycles.

The accuracy of Li abundances determined by this method was
evaluated with reference to a number of standard glasses, and also
with reference to more traditional analysis using both energy-filtered
7Li+/30Si+ ratios collected at −75 V offset and 7Li+/28Si+ ratios collected
at 0 V offset (Fig. A1, supporting online material). Agreement between
the KBH-1 standardization tied to SC1-OL and that for basaltic glasses
(Kasemann et al., 2005) under the same measurement conditions is
excellent. Agreement with high-silica glasses UTR-2 and NIST-610 is
less impressive, but within 20%. Li abundances in olivine determined
e exception of SC1-OL (Seitz et al., 2004).

r sample and standard respectively.

data are standard errors of the mean of 100 analyses, with uncertainties for derivative
ution data are standard deviations of repeat analyses.
dual analyses listed. All errors are 1s. δ7Li values for samples of BHVO-2G and BCR-2G
ely.
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using both the 7Li+ intensities and 7Li+/28Si+ at 0 V offset agree well
with those determined using the 7Li+/30Si+ ratios collected at −75 V for
samples with low Li contents, but begin to diverge to lower values at
LiN~2.5 ppm, and are up to 50% lower at 10 ppm. High-Li olivines are
also high in Fe, suggesting to us that the physical cause of this
divergence is related to the fayalite content of the olivine, rather than
the Li content. The divergence occurs at Fe contents similar to those
where the greatest variations in isotopic matrix effects occur. This
evidence for a matrix effect on Li abundance measurements requires
further investigation. However, its influence on the Li abundance data
discussed in this paper for the Ko'olau olivines (which all have FoN78)
is negligible, the maximum effect being ~10% relative.

3.4. Electron microprobe analysis

Compositions of the samples used for matrix-effect calibration and
of the Ko'olau phenocryst olivines were determined on the JEOL8600
microprobe at ASU. Analyses were conducted with a focused 30–40 nA
electron beam, with 10–30 s peak-counting times. A natural olivine
standardwas used for all major elements. Raw datawere reducedwith
the CITZAF procedure (Armstrong, 1988).

Detailed electron microprobe analysis of all olivine grains was
conducted after SIMS analysis of Li isotopes. Several analyses were
performed adjacent to SIMS craters, and typically the crater composi-
tions were estimated by averaging surrounding electron probe data.
Uncertainties in composition for each spot reported in Table 3 reflect
the standard deviation of the surrounding analyses. Compositions
were also determined in other areas of grains to examine the extent of
zoning and any relationship to grain morphology. In cases where
grains were found to be homogeneous within the uncertainties of
microprobe analysis, the same mean composition was assigned to
each SIMS point analyzed. Unfortunately, compositional variations are
not easily related to original grain boundaries because many grains
break during the mineral separation processing. 245 electron microp-
robe analyses were used to define the compositions of the SIMS
analyses of the phenocryst and mantle samples used to evaluate
matrix effects.

4. Results of the matrix effect calibration

Li isotope data for the peridotite samples used in the matrix effect
correction are listed in Table 2. Individual spot analyses as well as
sample averages are reported. An extended version of Table 2 is given
as Table A1 in the electronic appendix. The full dataset of individual
δ7Li analyses (including the Hawaiian olivines) uncorrected for any
composition-dependent instrumental mass fractionation (IMF) and
plotted as a function of Mg# (Fig. 1) shows the clear tendency for δ7Li
to increase with decreasing Fo content of the olivine. The composi-
tional dependence of IMF (matrix effect) is illustrated by plotting for
each sample the difference between the average δ7Li determined by
SIMS and the bulk solution δ7Li byMC-ICP-MS or TIMS (Fig. 2). A linear
regression of these data shows that the matrix effect is 1.3‰ per Fo
unit, demonstrating that olivine composition must be precisely
known for accurate Li isotope analysis by SIMS.

4.1. Linear calibration for Fe-poor olivines

If [7Li/6Listd, raw] and [7Li/6Lispl, raw] are the raw SIMS 7Li/6Li isotope
ratios on the standard and sample, respectively, then these are related
to the true 7Li/6Li isotope ratios in the standard and sample by the
instrumental mass fractionation factors α and β:

β = ½7Li=6Listd;raw �=½7Li=6Listd;true �

α = ½7Li=6Lispl;raw �=½7Li=6Lispl;true �
The relationship of the sample to standard 7Li/6Li isotope ratio derived
from the raw SIMS data is therefore given by:

½7Li=6Lispl;true �=½7Li=6Listd;true � = f½7Li=6Lispl; raw �=½7Li=6Listd;raw �gT β=αf g
ð1Þ

and the corresponding δ7Li by:

δ7Lispl; true; LSVEC = 1000Tfð½7Li=6Lispl;raw �=½7Li=6Listd;raw �ÞT β=αð Þ−1g
+ δ7Listd; true; LSVEC

ð2Þ

The increase inα andβwith decreasing Fo content of olivine is apparent
from Fig. 2 in which the equivalent IMF in δ notation is plotted.
Determining the relationship between α and composition requires
normalization of 7Li/6Lispl, raw to a constant value of 7Li/6Listd,raw in order
to account for instrument drift. For conveniencewe choose to normalize
to 7Li/6Listd,true. This is done by either of two equivalent methods:

7Li=6Lispl; cor = ½7Li=6Listd;true �T½7Li=6Lispl; raw �=½7Li=6Listd;raw �
= ½7Li=6Lispl; raw �=β

ð3Þ

or

7Li=6Lispl;cor = 12:1729Tððð1000Tf½7Li=6Lispl; raw �=½7Li=6Listd;raw �−1g
+ δ7Listd; trueÞ=1000Þ + 1Þ

The matrix effect is then obtained by linear regression of the αcor and
composition data, where αcor=7Li/6Lispl, cor /7Li/6Lispl, true, giving:

αcor = 1:116� 0:0089ð Þ− 0:00128� 0:00010ð ÞTFo r2 = 0:95 ð4Þ

and

αcor = 0:987� 0:0014ð Þ + 0:00144� 0:00011ð ÞT wt:% FeOð Þ r2 = 0:95

ð5Þ

In these equations Fo is expressed in mole percent and FeO in weight
percent. Instrumental 7Li/6Li is typically fractionated by up to 30‰ from
true values, so these absolute values forαcor differ substantially from the
actual instrumental fractionation. However, the important parameter is
the slope of the compositional dependence, rather than the absolute
value of α-provided a consistent procedure is used to apply the
correction to both α and β. Error introduced by normalization is at
least anorder ofmagnitude smaller than theexperimental uncertainties.

Thematrix correction can also be approximated directly in terms of
δ7Li expressed in ‰:

δ7Lispl; true = δ7Lispl; raw−IMFspl
� �

− δ7Listd; raw−IMFstd
� �

+ δ7Listd; true ð6Þ

For analyses relative to KBH-1, regression of the sample average data
from Table 2 gives

IMF = 118:2� 9:1ð Þ− 1:30� 0:10ð ÞTFo r2 = 0:95 ð7Þ

IMF = 1:46� 0:12ð ÞTFeO− 13:0� 1:6ð Þ r2 = 0:95 ð8Þ
Eq. (6) is intrinsically normalized to the true standard value and is
therefore a simpler procedure. Substituting Eqs. (7) and (8) into Eq. (6)
and simplifying gives general equations that are independent of the
specific standard used:

δ7Lispl; true = δ
7Lispl; raw−δ

7Listd; raw + δ7Listd; true + 1:30T Fospl−Fostd
� � ð9Þ

δ7Lispl; true = δ
7Lispl; raw−δ

7Listd; raw + δ7Listd; true−1:46T FeOspl−FeOstd
� �

ð10Þ
Eq. (9) is applicable only to olivine. Eq. (10) may be applicable to other
phases, especially those consisting only (or mainly) of Fe, Mg and Si



Table 3
Li isotope results for Ko'olau olivines and pyroxenes

Sample Spot FeO wt.% σ Mg# σ 7Li/6Li sample σmean
7Li/6Li std σ δ7Li uncor σ δ7Li cor σ

Olivine
KOO17A-1 6f-1 13.3 0.1 86.1 0.1 12.4706 0.0058 12.4004 0.0122 9.1 1.1 3.4 1.1
KOO17A-1 6f-2 13.3 0.1 86.1 0.1 12.4654 0.0052 12.4004 0.0122 8.6 1.1 3.0 1.1
KOO17A-1 6f-3 13.3 0.1 86.1 0.1 12.4754 0.0055 12.4004 0.0122 9.4 1.1 3.8 1.1
KOO17A-1 6f-4 13.3 0.1 86.1 0.1 12.4552 0.0053 12.4004 0.0122 7.8 1.1 2.2 1.1
KOO17A-1 Ave 4 13.3 0.3 86.1 0.3 8.7 0.7 3.1 0.7

KOO17A-2 3f-1 12.9 0.1 86.5 0.1 12.5005 0.0091 12.4298 0.0110 9.1 1.2 3.9 1.2
KOO17A-2 6f-1 12.9 0.1 86.5 0.1 12.4793 0.0052 12.4004 0.0122 9.8 1.1 4.6 1.1
KOO17A-2 6f-2 12.9 0.1 86.5 0.1 12.4681 0.0063 12.4004 0.0122 8.9 1.1 3.7 1.1
KOO17A-2 6f-3 12.9 0.1 86.5 0.1 12.4757 0.0047 12.4004 0.0122 9.5 1.1 4.3 1.1
KOO17A-2 Ave 4 12.9 0.1 86.5 0.2 9.3 0.4 4.1 0.4

KOO17A-3 3f-1 13.8 0.1 85.6 0.1 12.4866 0.0102 12.4298 0.0110 8.0 1.2 1.7 1.2
KOO17A-3 3f-2 13.3 0.1 86.1 0.1 12.5130 0.0093 12.4298 0.0110 10.1 1.2 4.5 1.2
KOO17A-3 3f-3 12.3 0.1 87.1 0.1 12.5040 0.0081 12.4298 0.0110 9.4 1.1 5.0 1.1
KOO17A-3 3f-4 12.0 0.1 87.5 0.1 12.4778 0.0091 12.4298 0.0110 7.3 1.2 3.4 1.2
KOO17A-3 3f-5 11.7 0.1 87.8 0.1 12.4981 0.0110 12.4298 0.0110 8.9 1.3 5.5 1.3
KOO17A-3 3f-6 11.7 0.1 87.9 0.1 12.4839 0.0095 12.4298 0.0110 7.8 1.2 4.4 1.2
KOO17A-3 3f-7 11.6 0.1 87.9 0.1 12.4701 0.0099 12.4298 0.0110 6.6 1.2 3.3 1.2
KOO17A-3 3f-8 11.7 0.1 87.8 0.1 12.4835 0.0097 12.4298 0.0110 7.7 1.2 4.3 1.2
KOO17A-3 6f-1 13.0 0.3 86.4 0.3 12.4707 0.0051 12.4004 0.0122 9.1 1.2 3.8 1.1
KOO17A-3 6f-2 12.3 0.4 87.1 0.4 12.4616 0.0054 12.4004 0.0122 8.3 1.2 4.0 1.2
KOO17A-3 6f-3 12.0 0.2 87.5 0.2 12.4535 0.0060 12.4004 0.0122 7.7 1.2 3.9 1.1
KOO17A-3 Ave 11 12.3 0.7 87.1 0.8 8.3 1.0 4.0 1.0

KOO17A-4 6f-1 12.3 0.10 87.2 0.1 12.4307 0.0052 12.4004 0.0122 5.8 1.2 1.7 1.1
KOO17A-4 6f-2 11.6 0.10 87.9 0.1 12.4175 0.0053 12.4004 0.0122 4.8 1.2 1.4 1.1
KOO17A-4 6f-3 11.3 0.10 88.3 0.1 12.4243 0.0044 12.4004 0.0122 5.3 1.2 2.5 1.1
KOO17A-4 6f-4 11.2 0.10 88.4 0.1 12.4279 0.0058 12.4004 0.0122 5.6 1.2 2.9 1.1
KOO17A-4 Ave 4 11.6 0.5 87.9 0.5 5.4 0.5 2.1 0.7

KOO30A-1 6f-1 16.4 0.1 82.5 0.1 12.5255 0.0063 12.4004 0.0122 13.5 1.1 3.3 1.1
KOO30A-1 6f-2 16.4 0.1 82.5 0.1 12.5117 0.0052 12.4004 0.0122 12.4 1.1 2.2 1.1
KOO30A-1 6f-3 16.4 0.1 82.5 0.1 12.5313 0.0054 12.4004 0.0122 14.0 1.1 3.8 1.1
KOO30A-1 Ave 3 16.4 0.31 82.5 0.4 13.3 0.8 3.1 0.8

KOO30A-2 6f-1 16.7 0.1 82.2 0.1 12.5683 0.0047 12.4004 0.0122 16.9 1.1 6.3 1.1
KOO30A-2 6f-2 16.7 0.1 82.2 0.1 12.5724 0.0059 12.4004 0.0122 17.3 1.1 6.6 1.1
KOO30A-2 6f-3 16.7 0.1 82.2 0.1 12.5787 0.0061 12.4004 0.0122 17.8 1.1 7.1 1.1
KOO30A-2 Ave 3 16.7 0.15 82.2 0.1 17.3 0.4 6.7 0.4

KOO30A-3 6f-1 11.4 0.10 88.3 0.1 12.4675 0.0055 12.4004 0.0122 8.8 1.1 5.9 1.1
KOO30A-3 6f-2 11.4 0.10 88.3 0.1 12.4673 0.0063 12.4004 0.0122 8.8 1.1 5.9 1.1
KOO30A-3 6f-3 11.4 0.10 88.3 0.1 12.4369 0.0060 12.4004 0.0122 6.3 1.1 3.5 1.1
KOO30A-3 Ave 3 11.4 0.45 88.3 0.4 8.0 1.4 5.1 1.4

KOO30A-4 6f-1 16.9 0.1 81.9 0.1 12.6043 0.0037 12.4483 0.0071 15.9 0.7 5.0 0.7
KOO30A-4 6f-2 16.8 0.1 82.0 0.1 12.5831 0.0041 12.4483 0.0071 14.2 0.7 3.4 0.7
KOO30A-4 6f-3 17.0 0.1 82.1 0.1 12.5932 0.0039 12.4483 0.0071 15.0 0.7 4.3 0.7
KOO30A-4 6f-4 16.9 0.1 81.8 0.1 12.5960 0.0043 12.4483 0.0071 15.3 0.7 4.2 0.7
KOO30A-4 6f-5 16.9 0.1 82.0 0.1 12.5623 0.0048 12.4004 0.0122 16.5 1.1 5.6 1.1
KOO30A-4 6f-6 16.9 0.1 82.0 0.1 12.5761 0.0049 12.4004 0.0122 17.6 1.1 6.7 1.1
KOO30A-4 Ave 6 16.9 0.07 81.9 0.1 15.7 1.2 4.9 1.2

KOO30A-5 6f-1 14.6 0.1 84.8 0.1 12.4992 0.0045 12.4483 0.0071 7.5 0.7 0.2 0.7
KOO30A-5 6f-2 14.7 0.1 84.4 0.1 12.5200 0.0048 12.4483 0.0071 9.2 0.7 1.4 0.7
KOO30A-5 6f-3 16.5 0.1 82.3 0.1 12.5323 0.0048 12.4483 0.0071 10.1 0.7 −0.3 0.7
KOO30A-5 6f-4 14.7 0.1 84.5 0.1 12.4991 0.0045 12.4483 0.0071 7.5 0.7 −0.1 0.7
KOO30A-5 Ave 4 14.7 0.31 84.6 0.4 8.6 1.3 0.3 0.8

KOO55-1 6f-1 16.9 0.1 82.6 0.1 12.5568 0.0063 12.4004 0.0122 16.0 1.1 5.9 1.1
KOO55-1 6f-2 16.1 0.1 82.1 0.1 12.5489 0.0057 12.4004 0.0122 15.4 1.1 4.6 1.1
KOO55-1 6f-3 16.5 0.1 82.2 0.1 12.5527 0.0044 12.4004 0.0122 15.7 1.1 5.1 1.1
KOO55-1 Ave 3 16.5 0.4 82.3 0.3 15.7 0.3 5.2 0.6

KOO55-3 3f-1 13.9 0.1 85.3 0.1 12.4445 0.0102 12.4298 0.0110 4.6 1.2 −2.0 1.2
KOO55-3 3f-2 11.4 0.1 88.1 0.1 12.4999 0.0087 12.4298 0.0110 9.0 1.1 5.9 1.1
KOO55-3 3f-3 12.5 0.1 86.8 0.1 12.4933 0.0126 12.4298 0.0110 8.5 1.4 3.9 1.3
KOO55-3 3f-4 12.5 0.1 86.8 0.1 12.4727 0.0094 12.4298 0.0110 6.9 1.2 2.2 1.2
KOO55-3 3f-5 12.5 0.1 86.8 0.1 12.4783 0.0099 12.4298 0.0110 7.3 1.2 2.7 1.2
KOO55-3 3f-6 12.5 0.1 86.8 0.1 12.4194 0.0106 12.4298 0.0110 2.6 1.2 −2.1 1.2
KOO55-3 6f-7 12.3 0.1 87.1 0.1 12.4696 0.0065 12.4004 0.0122 9.0 1.1 4.7 1.1
KOO55-3 6f-8 12.5 0.1 86.9 0.1 12.4835 0.0066 12.4004 0.0122 10.1 1.1 5.4 1.1
KOO55-3 Ave 8 12.3 0.46 87.1 0.5 8.5 1.2 4.1 1.5

(continued on next page)
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Table 3 (continued)

Sample Spot FeO wt.% σ Mg# σ 7Li/6Li sample σmean
7Li/6Li std σ δ7Li uncor σ δ7Li cor σ

Olivine
KOO55-4 3f-1 11.5 0.10 88.2 0.1 12.5281 0.0125 12.4538 0.0162 9.4 1.7 6.4 1.6
KOO55-4 3f-2 11.5 0.10 88.2 0.1 12.5311 0.0098 12.4538 0.0162 9.6 1.5 6.7 1.5
KOO55-4 3f-3 11.5 0.10 88.2 0.1 12.4186 0.0105 12.4538 0.0162 0.6 1.6 −2.4 1.5
KOO55-4 3f-4 11.5 0.10 88.2 0.1 12.4749 0.0115 12.4538 0.0162 5.1 1.6 2.1 1.6
KOO55-4 6f-1 11.5 0.10 88.2 0.1 12.4674 0.0057 12.4004 0.0122 8.8 1.1 5.8 1.1
KOO55-4 6f-2 11.5 88.2 1.0 12.4860 0.0067 12.4004 0.0122 10.3 1.1 7.3 1.7
KOO55-4 Ave 6 11.5 0.2 88.2 0.2 9.5 0.6 6.6 0.6

KOO55-5 6f-1 11.3 0.1 84.8 0.2 12.5062 0.0049 12.4004 0.0122 11.9 1.1 4.7 1.1
KOO55-5 6f-2 11.2 0.1 84.8 0.2 12.4862 0.0050 12.4004 0.0122 10.3 1.1 3.1 1.1
KOO55-5 6f-3 11.3 0.1 84.8 0.2 12.5013 0.0057 12.4004 0.0122 11.5 1.1 4.3 1.1
KOO55-5 6f-4 11.2 0.1 84.8 0.2 12.5144 0.0068 12.4004 0.0122 12.6 1.1 5.3 1.2
KOO55-5 Ave 4 14.5 0.23 84.8 0.2 11.6 1.0 4.3 0.9

KOO49-1 6f-1 17.4 1.2 81.4 0.4 12.4706 0.0058 12.4004 0.0122 9.1 1.1 −2.5 1.2
KOO49-1 6f-2 14.4 0.5 84.8 0.6 12.4654 0.0052 12.4004 0.0122 8.6 1.1 1.4 1.3
KOO49-1 Ave 2 15.9 2.1 83.1 2.4 8.9 0.3 −0.5 2.8

KOO49-5 6f-1 14.0 0.3 85.5 0.4 12.4804 0.0040 12.4483 0.0071 6.0 0.7 −0.4 0.8
KOO49-5 6f-2 20.2 2.4 78.1 1.0 12.5404 0.0034 12.4483 0.0071 10.8 0.6 −4.9 1.4
KOO49-5 6f-3 15.3 0.7 84.0 0.6 12.4715 0.0040 12.4483 0.0071 5.3 0.7 −3.0 1.0
KOO49-5 Ave 3 16.5 3.3 82.5 3.9 7.3 3.0 −2.8 2.3

Orthopyroxene
KOO49-2 6f-1 12.9 0.9 79.3 1.5 12.4676 0.0068 12.4004 0.0122 8.8 1.2 3.7 1.7
KOO49-2 6f-2 12.9 0.9 79.3 1.5 12.4839 0.0066 12.4004 0.0122 10.1 1.1 5.0 1.7
KOO49-2 6f-3 12.9 0.9 79.3 1.5 12.5144 0.0066 12.4004 0.0122 12.6 1.1 7.4 1.7
KOO49-2 6f-4 12.9 0.9 79.3 1.5 12.5239 0.0064 12.4004 0.0122 13.4 1.1 8.2 1.7
KOO49-2 Ave 4 12.9 0.9 79.3 1.5 11.2 2.1 −3.0 2.1

Clinopyroxene
KOO49-3 3f-1 8.1 0.2 78.9 0.3 12.5115 0.0143 12.4298 0.0110 10.0 1.5 2.3 1.3
KOO49-3 3f-2 8.1 0.2 78.9 0.3 12.5132 0.0140 12.4298 0.0110 10.1 1.4 2.4 1.3
KOO49-3 3f-3 8.1 0.2 78.9 0.3 12.4989 0.0163 12.4298 0.0110 9.0 1.6 1.3 1.4
KOO49-3 3f-4 8.1 0.2 78.9 0.3 12.5175 0.0133 12.4298 0.0110 10.5 1.4 2.8 1.2
KOO49-3 3f-5 8.1 0.2 78.9 0.3 12.5281 0.0125 12.4538 0.0162 9.4 1.7 1.7 1.1
KOO49-3 3f-6 8.1 0.2 78.9 0.3 12.5311 0.0098 12.4538 0.0162 9.6 1.5 1.9 1.0
KOO49-3 3f-7 8.1 0.2 78.9 0.3 12.4186 0.0105 12.4538 0.0162 0.6 1.6 −7.0 1.0
KOO49-3 3f-8 8.1 0.2 78.9 0.3 12.4749 0.0115 12.4538 0.0162 5.1 1.6 −2.6 1.1
KOO49-3 6f-1 8.1 0.2 78.9 0.3 12.5239 0.0068 12.4483 0.0071 9.5 0.8 1.8 0.8
KOO49-3 6f-2 8.1 0.2 78.9 0.3 12.5239 0.0068 12.4004 0.0122 13.4 1.1 5.6 0.8
KOO49-3 6f-3 8.1 0.2 78.9 0.3 12.4870 0.0058 12.4004 0.0122 10.4 1.1 2.7 0.7
KOO49-3 Ave 11 8.1 0.2 78.9 0.3 10.2 1.3 2.5 1.3

All # grains Li ppm solna σ δ7Li solna σ
KOO17A Ave 4 12.5 0.8 87.0 0.8 2.01 4.98 0.50 8.0 1.5 3.3 0.9
KOO30A Ave 5 15.5 2.0 83.5 2.3 2.57 2.57 0.50 12.9 3.9 4.0 2.4
KOO49 ol Ave 2 16.3 2.6 82.8 3.0 2.32 2.31 0.74 7.9 2.3 −1.6 1.6
KOO49 all Ave 4 2.31 0.74 1.0 3.8
KOO55 Ave 4 12.7 1.8 86.3 2.1 2.06 4.63 0.50 9.3 4.0 5.1 1.1

δ7Li values in ‰ relative to LSVEC.
a Li concentrations and δ7Li values for bulk separates from Chan and Frey (2003).
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(such as orthopyroxene), but this requires further investigation. We
have tested the application of Eq. (10) in Section 5 to correct raw data
on orthopyroxene from the Ko'olau basalts.
4.2. Deviations from linearity at high Fe contents

The above correction procedure is applicable only to the range of
compositions listed above with the additional proviso that instru-
mental conditions are similar to those used on the ASU IMS-6f. A
similar calibration performed on the IMS-3f shows a very similar
linearity with an indistinguishable slope for all but the most Fe-rich
(Fo74) sample (Fig. 3). On the other hand, data acquired for the Fo52
olivine (MHK-1) on the IMS-6f shows a major departure from linearity
(Fig. 3). This departure from linearity was also indicated by SIMS data
from the Allendemeteorite (Channon et al., 2007) inwhich their Fig. 2
shows a systematic departure from expected chondritic δ7Li for
olivinesbFo73, the departure increasing with increasing Fe content.
The non-linearity implies that further work is required before accurate
7Li/6Li ratios can be acquired for Fe-rich olivine using SIMS.

Similar behavior has been observed for the matrix-dependent
fractionation of oxygen isotopes in olivine (Hervig et al., 1992; Eiler
et al., 1997). In the case of oxygen isotopes, a linear relationship
between IMF and Fe content exists from Fo100–~Fo80. It seems
reasonable to assume that the linearity also holds for Li isotopes for
compositions poorer in Fe than those investigated here, i.e. from
Fo94–Fo100, but this requires verification. The non-linear behavior
shown by the IMS-3f for the Fo74 olivine suggests that instrumental
conditions play an important role. A major difference between these
two instruments is the accelerating voltage: 4.5 kV (3f) and 10 kV (6f).

4.3. Implications for SIMS analysis

The strong matrix effect of 1.3‰ per Fo unit (1.46‰ per wt.% FeO)
for magnesian olivine illustrates the importance that should be placed
on evaluating such effects in isotope analysis by SIMS. A lack of



Fig. 1. Uncorrected δ7Li values determined by SIMS (IMS-6f) for samples with
Mg#N70 used in this study, showing the correlation of Li isotope composition with
olivine composition in this range. The δ7Li was calculated as 1000⁎ {([7Li/6Lispl, raw] /
[7Li/6LiKBH1,raw])−1}+3.4.
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systematic investigation combined with some fortuitous sample
choice has led many previous studies to suggest that matrix effects
are minor. In most cases it appears that such conclusions were
justified for large-scale effects, but it has never been clear how much
the details are being affected, in particular with regard to systematic
bias. However, as additional data accumulated the probability of
matrix effects playing a role has become increasingly apparent
(Kasemann et al., 2005; Jeffcoate et al., 2007). As discussed above,
the absolute fractionation of 7Li/6Li by the SIMS can be large (in the
present study up to ~50‰). With the necessary sample-standard
bracketing, the matrix effect becomes an issue of the difference
between sample and standard composition, as shown by Eq. (10).
Because olivine exhibits a large difference in mean atomic mass
between end-members of the solid solution series compared with
other common rock-forming silicates, there is some reason to believe
that olivine matrix effects are larger than for other minerals or
betweenminerals and basaltic glasses (Steele et al., 1981; Hervig et al.,
Fig. 2. Magnitude of the IMF as a function of olivine composition for Mg-rich olivines,
determined on the IMS-6f SIMS at ASU. The IMF is calculated as the difference between
the average δ7Li measured by SIMS on a collection of grains and that determined by
either TIMS or MC-ICP-MS after dissolution and chromatographic purification of a bulk
olivine separate. Each symbol represents the mean of between 5 and 15 SIMS analyses.
Errors are propagated from both solution and SIMS analyses, and represent ±2 standard
deviations of the population of measurements (i.e., they are not based on instrumental
counting statistics). The line and its equation represent a standard y on x linear
regression.
2002). Nevertheless, until some understanding of the physics is
reached, or the effects are empirically quantified in a wide range of
compositions, the effects of matrix on Li contents and Li isotope ratio
analysis must be regarded as a major source of uncertainty, and
compositional differences between samples and standards best kept
to a minimum. The consideration of matrix effects is especially
recommended where inter-mineral isotopic equilibrium is being
assessed, or where quantitative interpretations of isotope profiles in
compositionally zoned minerals are desired. An illustration of the
latter follows in the next section.

Application of a matrix effect correction introduces additional
formal uncertainty to the analysis of δ7Li by SIMS, despite the
substantial improvement in accuracy. As discussed above, the
uncertainty is magnified by the difference in composition between
sample and standard. From Eqs. (7) and (9), the uncertainty in the
slope of the calibration adds an uncertainty of 0.1‰ for every Fo unit
difference between sample and standard composition. Considering
typical analytical conditions where 1σ counting statistics errors on
both sample and standard are 0.7‰, the added uncertainty in the
compositional dependence produces total 1σ uncertainty in absolute
accuracy ranging from 1 to 2‰ for the range of magnesian olivine
standard compositions investigated here. Because we have not
characterized the departure from linearity in any quantitative detail,
Li isotope analysis in more Fe-rich olivines is substantially more
uncertain, and awaits further calibration work. Relative differences in
δ7Li between analyses of materials of homogeneous composition are,
of course, determined with substantially greater precision.
5. Results for Ko'olau basalt phenocrysts

Table 3 lists the SIMS Li isotope data for the Ko'olau phenocrysts
samples as well as bulk analyses from Chan and Frey (2003). These
samples were acquired with the intention of using them in the matrix
correction scheme, but both δ7Li and Fo content were found to vary
among grains from a single sample, and within individual grains, and
one separate contained significant quantities of pyroxene. This
problem prevented their use as a primary standard for calibration of
the matrix effects. There is a broad increase in raw δ7Li with
Fig. 3. Magnitude of the IMF as a function of olivine composition, including IMS-6f data
from an Fe-rich olivine and IMS-3f data for the samples shown in Fig. 2. The solid gray
line is the linear fit to the IMS-6f data for Mg-rich olivines (gray squares) from Fig. 2. The
dashed gray line shows departure from this line implied by the Fe-rich olivine sample
MHK-1 (gray diamond, mean ±2σ of twelve SIMS analyses on multiple grains and two
MC-ICP-MS analyses of a single separate). The solid black line is fitted by eye to the IMS-
3f data onMg-rich olivines (solid black circles). These data show departure from a linear
matrix effect for olivines with Mg#b~74 (IMS-6f) and Mg#b~85 (IMS-3f).



Fig. 4. Magnitude of the IMF (IMS-6f) of Li isotope composition as a function of olivine
composition for Hawaiian olivine phenocrysts compared with Mg-rich olivines from
Fig. 2. Each square symbol is the average composition of a single olivine grain and the
error bars represent±two standard deviations in the range of values measured. The
error bars therefore indicate sample heterogeneity rather than analytical uncertainty.
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decreasing Fo content in the Hawai'i olivines (Fig. 1), but also in the
difference between the raw δ7Li and δ7Li of the bulk separate
determined by TIMS (Fig. 4). This latter correlation corresponds
closely to that defined by the mantle olivine standards and is due
primarily to the matrix effect discussed above, providing independent
confirmation of the general accuracy of the matrix correction.

Figs. 5 and 6 illustrate the matrix-corrected δ7Li variation as a
function of Mg# and Li content of the olivines, respectively. For the
clinopyroxene in KOO-45, the raw 7Li/6Li ratios were ratioed to BHVO-
2G, using the relationship between KBH1 and BHVO-2G reported in
the footnote to Table 2. For the orthopyroxene, the raw 7Li/6Li ratios
were corrected using Eq. (10), i.e. based on the wt.% FeO content.

As suggested by Fig. 3, the spread in δ7Li is much reduced by
matrix correction, and most of the data define a relatively narrow
Fig. 5. Matrix-corrected δ7Li vs. Mg# in olivine for olivine phenocryst separates from fou
clinopyroxene grains in the separate. Solid symbols represent the mean and ±2σ range fo
individual SIMS analyses and their associated 2σ standard errors derived from counting
determined using TIMS by Chan and Frey (2003).
spread around the bulk analyses from Chan and Frey (2003), with δ7Li
values of individual grains both above and below the bulk δ7Li value.
However, there appears to be a systematic bias in the SIMS Li
abundancemeasurements, which for three of the four samples appear
significantly lower than the TIMS concentrations. Preliminary data
from our laboratory suggest a systematic matrix effect in Li abundance
measurements of olivine as a function of Fe content (see Section 3.3
and Fig. A1). The smallest discrepancy between SIMS and TIMS
abundances is for KOO17, the sample closest in composition to the
KBH1 standard.

Despite the approximate correspondence of average δ7Li values,
some individual analyses or groups of analyses deviate significantly
and provide insights into the ability of magmatic phenocrysts to
record faithfully the δ7Li of the melt from which they were crystal-
lized. No correlation between δ7Li and Mg# is expected to arise from
high temperature magmatic fractionation during fractional crystal-
lization (Tomascak et al., 1999). In general, there is a poor correlation
of δ7Li with Mg#, which is to be expected if variations in δ7Li reflect
late stage and/or post-magmatic processes. Li isotopes are especially
prone to such disturbance because of high Li diffusivity and the
capacity for Li diffusion to cause isotope fractionation (Giletti and
Shanahan,1997; Richter et al., 2003; Coogan et al., 2005; Lundstrom et
al., 2005; Singletary and Bell, 2007). Although only four or five crystals
were analyzed per sample, the data suggest differences in the degree
of homogeneity between samples. KOO17A is relatively homogeneous,
and has an average δ7Li and Li content close to that of the bulk
separate. The other samples are less homogeneous.

Sample KOO30A is noteworthy because each olivine phenocryst
has a distinct Li content and δ7Li value. This heterogeneity could have
been produced if different phenocryst populations were mixed, but Li
diffusion should have rapidly erased such differences. Another
possibility is that these phenocrysts represent a chemical gradient
in the matrix of the rock sampled. Such a gradient could be produced
by Li escape from the surface of a lava flow, or some form of fluid–rock
interaction after the magma solidified, but before Li ceased to diffuse.
There is a hint that lower Li contents are correlated with lighter
isotope ratios in this sample. Such a correlation would preclude
r Ko'olau basalt samples. Sample KOO49 also includes data from orthopyroxene and
r each grain, and include data from both IMS-3f and IMS-6f. Open symbols represent
statistics. The dashed horizontal lines are the mean±2σ of the bulk olivine separate



Fig. 6. Matrix-corrected δ7Li vs. Li content of olivine for olivine phenocryst separates from four Ko'olau basalt samples. Sample KOO49 also includes data from orthopyroxene and
clinopyroxene grains in the separate. Solid symbols represent the mean and ±2σ range for each grain and include data from both IMS-3f and IMS-6f. Open symbols represent
individual SIMS analyses and their associated 2σ standard errors derived from counting statistics. The dashed box represents ±2σ around the mean of the Li content and δ7Li of the
bulk olivine separate determined using TIMS by Chan and Frey (2003). We assigned an arbitrary uncertainty of ±1 ppm (2σ) to the Li abundance determination by TIMS.
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diffusive fractionation as the cause of isotope variation, because
preferential gain or loss of the lighter isotope is expected in this case.

Samples KOO49 and KOO55 both contain grains where portions or
most of the grains have anomalously low δ7Li values that are
uncorrelated with other compositional variables. These may well be
due to post-solidification disturbance. In KOO49 the olivine grains
appear to be isotopically lighter than the pyroxene grains in the
separate, which have corrected δ7Li values closer to typical mantle
values. It is notable that the orthopyroxene δ7Li values, corrected on
the basis of difference in FeO content from KBH1, are much closer to
expected “mantle” values than the uncorrected values (Table 3). The
clinopyroxene δ7Li values, determined by referring raw 7Li/6Li to the
BHVO-2G standard, are also mostly far closer to expected values than
the clinopyroxene δ7Li determined from the olivine-based matrix
correction. This confirms previous results (Decitre et al., 2002;
Kasemann et al., 2005) of limitedmatrix effect between clinopyroxene
and basaltic glass, but suggests that orthopyroxene may depart from
the basalt glass calibration. The δ7Li difference between olivine and
pyroxenes suggests that olivine is more susceptible to disturbance,
perhaps because of higher Li diffusivity. Very low δ7Li occurs at one
end of a linear traverse across the clinopyroxene grain, which may be
due to preferential diffusive gain of 6Li at the grain margin. In general,
it appears that various processes may alter the Li isotope composition
of magmatic phenocrysts and compromise their capability to record
primary magmatic isotope ratios.

Jeffcoate et al., 2007 recorded similar magnitudes of variability in
Hawaiian olivine phenocrysts, although the effect of matrix composi-
tion on δ7Li in these zoned olivines (and perhaps in pyroxenes) is a
likely complicating factor. It is probable that systematic matrix effects
occur in other ferromagnesian minerals, but we speculate that the
effect in olivine is greater than for other common rock-forming
minerals because of the high relative change in mean atomic mass.

In summary, the Li isotope data from the Ko'olau basalt
phenocrysts show moderate isotopic variability, greater than could
be expected due to equilibrium fractionation processes at high
temperature. These variations suggest that Li isotopes are easily
disturbed in young basalts, at least on a local scale, with diffusive
fractionation of Li isotopes likely playing a significant role. We concur
with Jeffcoate et al., 2007 that caution should be applied when
inferring primary magmatic Li isotope compositions from either lavas
or their separated phenocrysts. This propensity to disturbance limits,
but does not preclude, the use of Li isotopes to trace crustal recycling
in the mantle. As is the case with hydrogen and its isotopes, some
additional work may be necessary to assess the degree of disturbance
before this method can be applied with confidence to problems where
the detection of small magnitude variations in isotope composition
shifts is required. On the other hand, this work confirms the potential
use of Li and its isotopes to trace volcanic processes, possibly to
temperatures lower than accessible by other petrologic methods.

6. Summary

The composition of olivine strongly affects measurements of 7Li/6Li
by SIMS. At high Mg/Fe ratios (74bFob100) the effect for the Cameca
IMS-6f is a linear function of composition, amounting to a 1.3‰
increase in δ7Li for each mole percent decrease in forsterite
component. At Fo contents below this range (i.e., higher Fe contents)
the compositional effect reaches a maximum and then decreases. This
change to non-linear behavior occurs at lower Fe contents (~Fo80) on
the IMS-3f and is suggested to be a function of accelerating potential
differences between the two SIMS instruments. Analysis of a series of
olivine phenocrysts demonstrates the importance of correcting for
matrix effects in the analysis of zoned crystals, which has important
implications for applications to magmatic evolution of volatiles and
cooling histories derived from Li and δ7Li zoning profiles. However,
after correction of these matrix effects, deviations from magmatic
values are still apparent in phenocrysts from Hawaiian lavas,
suggesting late stage modification of Li isotopes during and immedi-
ately after eruption, as inferred by other workers. These late-stage
variations may compromise the use of Li isotopes in tracer studies.
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