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ABSTRACT

Investigations of mantle heterogeneity in ocean island basalts (OIB) frequently compare heavy
radiogenic isotopes (i.8’SrfSr), often measured in whole rock powders, Wie/*He and

5180, commonly measured in olivines. However, &f&r£°Sr in the olivines, which is dominated

by Sr in melt inclusions, may not be in equilibrium with $@8r£°Sr in the whole rock. Hereav
present Bw8’SrfSr measurements made on Samoan magmatic olivines, where multiple olivine
crystals are aggregated for a single isotopic measurement. The olivines host abundant melt
inclusions, and yielded relatively large quantities of Sr (13.0 to 100.6 ng) in 19 to 185 mg
aliquots of fresh olivine, yielding higBrsampiéStiank ratios & 427).These new data on olivines

show that samples can exhibit signific&8rFf°Sr disequilibrium: in one extreme sample, where
the basaltic whole rodKSrf°Sr (0.708901) is higher than several different aliquots of aggregate
magmatic olivines (0.707385 to 0.707773), the whole rock-olRi86°°Sr disequilibrium is

>1590 ppm. Thé&’SrPeSr disequilibrium observed between whole rocks and bulk olivines relates
to the isotopic disequilibrium between whole rocks and the avEfag&Sr of the population of

melt inclusions hosted in the olivines. Therefore, a population of olivines in a Samoan lava must
have crystallized from (and trapped meltsadifferent®’Srf%Sr composition than the final

erupted lava hosting the olivines. A primary question is how melts with difff@mSr can
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exist in the same magmatic plumbing system and contribute heterog&f&Sr to a lava and
the magmatic olivines it hosts. We explore potential mechanisms for generating heterogeneous
melts in magma chambers. The reliance, in part, of chemical geodynamic models of the
relationships between isotopic systems measured in whole F68kE°6r) and systems
measured in olivineSile/He ands!®0) means that whole rock-olivine Sr-isotopic
disequilibrium will be important for evaluating relationship among these key isotopic tracer
systems. Moving forward, it will be important to evaluate whether whole rock-olivine Sr-isotopic
disequilibrium is a pervasive issue in OIB globally.
Keywords: Melt inclusions, Samoa, hotspbtSrF®Sr, *HelHe, 5180, Mantle Geochemistry
1. INTRODUCTION

The composition of the Earth’s mantle, as sampled by ocean island basalts (OIB) erupted
at intraplate volcanic hotspots, is highly heterogeneous (Gast et al., 1964; White, 1985, 2015;
Zindler and Hart, 1986; Hofmann, 1997). The origin of the heterogeneity in the mantle has been
attributed to subduction of oceanic and continental crust (and associated sediments) into the
mantle over geologic time (White and Hofmann, 1982; Hofmann and White, 1982). The
geochemical diversity of the mantle has been subdivided into several broad endmember
compositions including depleted mantle (DM) compositions (characterized by unradiogenic Sr
and Pb isotopic compositions and radiogéfisd/A4*“Nd), HIMU (“high pu”, or 238U/2%Pb,
characterized by highly radiogenic Pb isotopic compositions), EM1 (or enriched mantle I,
characterized by unradiogenic Pb and geochemically enrfé8effSr and***Nd/A*Nd) and
EM2 (enriched mantle II, characterized by intermediate Pb isotopic compositions and
geochemically enrichetdSrfeSr and'*3Nd/A4“Nd). However, the distribution andngthscales of
geochemical heterogeneity in the mantle, as sampled by ocearlts, l@sastill poorly

constrained.
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Lavas from the Samoan hotspetin age-progressive volcanic chain (Hart et al., 2000
Staudigel et al., 2006; Sims et al., 2008; Koppers et al., 2008, 2011) located in the southwest
Pacific—exhibit a remarkable range of geochemical compositions, including the most
geochemically enriched EM2 signatures globally (Fig. 1; supplementary Table 1). Lavas dredged
from the deep submarxirflanks of Savai’i Island, the westernmost island in Samoa, have whole
rock 8’SrfoSr ratios that extend up to 0.720469 (Jackson et al., 2007a). This represents the
highestt’SrP°Sr observed in &ava erupted in the world’s ocean basins (Fig. 1). This
geochemically enrichetSrFeSr is characteristic of the EM2 signature and is the result of
recycled ancient terrigenous sediment sampled by the Samoan plume (Jackson et al., 2007a
Workman et al., 2008). However, Samoan lavas carffaigt®Sr ratios as low as 0.7044, and a
subset of these lavas exhibit primitive, higte/He ratios (Farley et al., 1992; Workman et al.,
2004; Jackson et al., 2007, 2010, 2014). For example, lavas from the Samoan island of Ofu
exhibit*He/*He ratios up to 33.8 Ra (ratio to atmosphere), consistent with elé¥teHe
identified in Samoan lavas from earlier studies (Farley et al., 1992; Workman et al., 2004,
Jackson et al., 2007b).

Radiogenic isotopic analysis of whole rock lacasobscure the geochemical diversity
that may exist within in a single lava. For example, individual olivine-hosted melt inclusions
from Samoan basalts can have dramatically différ&?°Sr than the host whole rock, which
provides an important clue that magmatic olivinastrap melts of diverse mantle soesc
(Jackson and Hart, 2006). Jackson and Hart (2006) were the first to measure Sr isotopes in
individual olivine-hosted melt inclusions, and they targeted Samoan lavas in their study. Using
laser ablation multi collector inductively coupled plasma mass spectrometriyl@-ACP-MS),
they found that th&/Srf®Sr ratios in melt inclusions recovered from a single Samoan basalt can

vary by up to 0.34% (3,400 ppm), and #@r/f°Sr variability in Samoan melt inclusions greatly
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exceeds the external precision (£320 pp#),d the melt inclusion measurements. The
observation that olivine-hosted melt inclusions in OIB can host difféf®&nf°Sr than the whole

rock was supported by later work: Harlou et al. (2009) micro-milled olivine-hosted melt
inclusions from Icelandic basalts, and Sr was separated from the milled inclusion powders by
standard column chemistry and analyzed by thermal ionization mass spectrometry (TIMS). Their
results also show th&fSrf°Sr in olivine-hosted melt inclusions can be significantly different

from the whole rock (by >6000 ppm). In a receAtICP-MS study focusing on Hawaiian lavas,
Sobolev et al. (2011) further demonstrated thaBt8e®°Sr of olivine hosted melt inclusions can
vary dramaticallyfrom 0.7021 to 0.7081) within a single lava. In summ3&x£°Sr measured

in olivine-hosted melt inclusions reveal that isotopically heterogeneous components exist in OIB
that are not observed in whole rock analyses.

In a parallel effort to evaluate the presence of ext&B#°Sr heterogeneity within the
different components hosted in a single Samoan lava, Jackson et al. (2009) targeted fresh
magmatic clinopyroxenes (cpx) separated from lavas that were shown by Jackson and Hart
(2006) to have heterogenedtiSrf®Sr in olivine-hosted melt inclusions. Two of the samples
(AVON3-78-1 and AVON3-71-2), that exhibit extrefi&rFeSr variability in olivine-hosted
melt inclusions (Jackson and Hart, 2006), had two populations of visually-distinct cpx (green and
black) separated and analyzed¥@rf°Sr. Similar to thé’Srf°Sr of the melt inclusion
populations from these lavas, tH&rf®Sr from each cpx population is lower than the respective
whole rock lava (by as much as ~1700 ppm for AVON3-78-1 and ~650 pphvV@N3-71-2).

The lavas with the most extreme cpx-whole rock Sr-isotopic disequilibrium and the greatest
diversity in melt inclusion composition8YON3-78-1 and AVON3-71-2) are extremely fresh
(Workman et al., 2004) and effectively zero-age (<8 Ka; Sims et al., 2008), and th{Syffer

heterogeneity within these basalts cannot be due to alteration or post-eruptive radiogenic
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ingrowth. Jackson et al. (2009) concluded that geochemically-diverse magmas with different
87SrfeSr mix at depth, thereby generating the Sr-isotopic disequilibrium observed in the different
components of the lava, including olivine-hosted melt inclusions and cpx.

This study targets aggregated magmatic olivine&§’8nf°Sr measurement (i.e., multiple
olivine crystals are pooled for a singl&rf°Sr analysis). Strontium is highly incompatible in the
olivine lattice (olivine-basaltic melt partition coefficients for Sr are: Reattie, 1994), thus
nearly all Srin olivine is hosted in melt inclusions. Therefore, measurem&srfiSr in
magmatic olivines provides an averd&@erf°Sr for the melt inclusion population hosted in
olivines. The pooling of many olivines for a sin§I&rf°Sr analysis is advantageous because it
generates larger quantities (up to ~100 ng of Sr in 185 mg of magmatic olivines, see Data section
below) of Sr for analysis, thereby overcoming the technical challenges associated with accurate
and precise measurement@rf°Srin a single inclusion (Jackson and Hart, 2006; Harlou et al.,
2009; Sobolev et al., 2011). One disadvantage to this approach is that pooling hundreds of
olivines for a singlé’Srf°Sr analysis caftmask” the full variability in the melt inclusion
population (Ramos and Reid, 2005; Harlou et al., 2009). Nonetheless, if analysis of aggregated
olivines are shown to have differégrf°Sr than the host whole rock, it would provide
independent confirmation of the result of the Jackson and Hart (RBOB}P-MS study
showing that olivine-hosted melt inclusions have diffefé®t£°Sr than the whole rock.

Here we report extrenféSrPeSr disequilibrium between Samoan basalts and the olivines
they host. The discovery 8i-isotopic disequilibrium between whole rocks and oligihas
important implications for magmatic processes operating at depth and impacts the possible
interpretations of the relationships betwé&&rfSr (which is frequently measured in the whole
rock) and®He*He andd®0 (which are frequently measured in olivines). Critically, the discovery

that olivine®’SrPSr can be significantly different from whole rotrfSr indicates that
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established relationships betweete/He and®’Srf°Sr will be modified ifHe/*He and®’Srf°Sr
are both measured in olivines. This is fundamentally important for chemical geodynamics, which
seeks to explain how relationships between various isotopic systeeiading®’SrfeSr and
3HefHe—evolved in Earth’s dynamic mantle.
2. METHODS

This study focuses on olivine samples from 10 yowrigMa; Sims et al., 2008;
McDougall, 2010; Koppers et al., 2011) and fresh (Workman et al., 2004; Jackson et al., 2010
Hart and Jackson, 20)lkavas from the Samoan hotspot track, which helps to mini¥@&é&°Sr
variability introduced by(1) post-eruptive radiogenic ingrowth &6r by decay of’Rb and (2)
alteration of the lavas. The samples represent submarine and subaerial shield-stage lavas from 5
volcanoegOfu, Malumalu, Vailulu’u, Ta’u and Muli; Workman et al., 2004; Jackson et al.,
2007b). The analytical campaign sought to charact&t&#°Srin aggregated olivine separates
from geochemically well-characterized whole rock lavas. For analysis, up to 100 olivines hosting
visible (under binocular microscope) melt inclusions from each basalt sample were aggregated,
dissolved, and analyzed f&'Srf°Sr by TIMS.

A subset of the lavas examined here were previously characteriZgteftiie and 610
(both measured in olivines; Table 1), whole rock Sr, Nd, and Pb isotopic ratios, whole rock
major and trace element concentrations, and volatile element concentrations measured on glasses
(Workman et al., 2004; Jackson et al., 2007a, 2007b, 2010; Workman et al., 2006, 2008; Salters
et al., 2011; Jackson and Shirey, 2011). The major element concentrations of a representative
suite of olivines from each sample (not the olivines dissolved for analyses) were analyzed by
electron microprobe. Whole rock major element concentrations were measured by XRF on

whole rock powders prepared from two Samoan |aA8§N3-63-11 and AVON3-63-2 (see
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supplementary Table 2). Then XRF analyses were carried out at Washington State University
with the otheiSamoan “AVON3” samples published in Workman et al. (2004).
2.1. 87Sr/8Sr analysisin olivines by TIMS:

87Srf°Sr measurements were conducted at the Boston University TIMS facility. 69 to 185
mg of the freshest, most pristine olivines were separated from each whole rock sample and
pooled for¥’SrfSr analysis. Two samples (AVON3-71-2 and AVON3-68-11) hosted two
visually distinct olivine populations (green and brgwach with a distinct forsterite
compositions; Fig. 2). For these two samples, an aliquot of each olivine population was analyzed
for 8’SrPeSr. Thus, 12 aliquots of olivine separates from 10 basalt samples were analyzed for
87SrfoSr (Table 1).

The olivines were leached and sonicated in 25°C 6N HCI to remove all adhering
groundmass and surface alteration. Following leaching, the samples were cleaned by sonication
in milli-Q water. The olivine samples were then inspected for remaining groundmass or adhering
alteration phases using a binocular microscope. If no such material remained, the leached
samples were then weighed and dissolved in concentrated HF and 6N nitric acid at 140 °C. (Note
that the olivines were not powdered prior to dissolution, as powdering contributes additional Sr
blank to the olivines.) AR*Sr spike was then added to the solution and Sr was purified from the
spiked Sr solution by column chemistry using Eichrom Sr spec resin (Harlou et a)., DOOSr
was then analyzed f6fSrf®Srand Sr concentrations by isotope dilution (ID) TIMS. Total
procedural blanks (from sample dissolution to loading on the filament) f8fSh&¥Sr analyses
varied from 19 to 53 picograms of Sr, and blanks generally improved as the method was refined.
Total procedural blanks were insignificant in comparison to the amounts of Sr measured in the
bulk olivine separates: 14 to 101 nanograms of Sr were isolated from each batch of olivine

separates, and sahpidSthiank Varied from 427 to 2905 during analysis of olivines.
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All 8’Srf%Sr analyses in this study were conducted on a ThermoFinnigan Triton Thermal
lonization Mass Spectrometer (TIMS) outfitted withi6hm amplifiers. A static
multicollection routine with a standard cup configuration was used. All mea&&#§Sr ratios
were corrected for mass bias relativé®®r/£®Sr of 0.1194 using an exponential law. During the
course of this study, the Sr standard (NBS 987) was run during the same analytical sessions as
the olivines. The filament loads of the standard runs bracket the range of Sr loads from the
olivine separates: 100 nanograms (0.710249+0.00G1 h=8) and 4 nanograms
(0.710249+0.00003@g, n=8).

Following correction for spike addition and for mass bias, measured olivine sample
87Srf8Sr ratios were then normalized to®8rf°Sr of 0.710240 for SRM 987. A final blank
correction was applied to all samples: due to the high saimblienk ratios, and the relatively
consistent’Srf°Sr value of the blank (0.7099+0.002%, n=6)-which is similar to th&’Srf°Sr
ratios in Samoan olivinesblank corrections to thESrfSr ratio of the olivine separates were
small(<16 ppm). The final correctédSrf®Sr values of the olivines are reported in Table 1. The
internal precision on th&Srf°Sr measurements of the olivine separates varied from 11 to 46
ppm (&), similar to the internal precision achieved on the NBS 987 standard runs. In order to
evaluate the reproducibility 8fSrf°Sr measurements on olivine unknowns, 4 different batches
of visually-identical olivine separates from Samoan sample T25 were processed separately
through all steps of chemistry and mass spectrometry over the course of 1 year8&@fi8e
of the four analyses measured during two analytical sessions range from 0.704647 to 0.704662
(which represents 22 ppm total variation) (Table 1). The T25 olivines are homogeneous for
87SrfeSr, and replicate analyses of these olivines shows that the method for me¥Suftgy
in olivine separates generates precise, reproducible data.

Additionally, a 77 mg aliquot of olivines from sam@p®% ON3-78-1 was acid leached.
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Following sample dissolution and Sr separation at the University of Leeds, the sample was
analyzed using the ThermoFinnigan TIMS (usingt bhm amplifiery hosted at the University
of Leeds to provide an additional, replicate analysis in a different lab to evaluate tre result
presented in Table 1. A 5 ng aliquot of NBS987 run in the same analytical session as the olivine
yielded a value 00.71024%0.0000122c), and employs the same mass bias correction reported
above. The reportédSrfeSr of the olivine analysis (Table 1) is corrected for the offset between
this value and the preferred value (0.710240g total procedural blank was 70 picograms, and
the samplde-blank ratio (547) results in a negligible blank correction to the final reported
87SrfeSr ratio. Thé’SrPoSr of the replicate olivine analysis, obtained by ID-TIMS, yielded a
value 0f0.7077730.000070 (), which is 356 ppm higher than tR&SrFeSr analyses of a
different batch of olivines from the sample basaltic sample made at Boston University

A third 8’Srf®Sr measurement was made on AVON3-78-1 olivine using the
ThermoFinnigan Triton-plus TIMS (using #®hm amplifier} at Vrije Universiteit (VU)
Amsterdam (Koornneef et al., 2015). A sepal&@eng aliquot of olivines was prepared from
AVON3-78-1 and acid leached. During the same analytical session, a 100 ng load of NBS 987
was analyzed and yielded #$rF®Sr value of 0.710246+0.000008c), and follows the mass
bias correction employed above. TH8rF®Sr of the olivine analysis is corrected for the offset
between the measure and preferred (0.710240) NBS 987Ta&dotal procedural blank for this
analysis was 28g, and the high sample to blank ratio (464) relilh a negligible blank
correction. Thé’SrPeSr analysis and Sr concentration determination of the olivine was made by
ID-TIMS; following blank correction and standard normalization 2t8ef°Sris
0.70738%0.00009(20), which is 192 ppm lower than the BU measurement and 547 ppm lower
than the Leeds measurement.

All three8’SrP°Sr measurements were made on aliquots of fresh olivines that were



218 carefully leached prior to dissolution. Thus, it is unlikely that material adhering to the surface of
219 the olivines (i.e., alteration phases, basaltic matrix, etc.) contributes¥&tReSr variability

220 observed in different aliquots of olivine from AVON3-78-1. Instead ytriability of 8’SrPeSr

221 between the three analyses is likely the result of sampling a heterogeneous olivine population:
222 individual melt inclusionsrbm sampleAVON3-78-1 have highly variabl&’SrfeSr (Jackson and

223 Hart, 2006), and slightly different populations of olivines may have been analyzed during the
224  Boston University, Leeds and thé\analyses. Nonetheless, the Leeds\dddP’SrFPeSr

225 analyses of AVON3-78-1 olivine are both lower (1591 and 2139 ppm respectively) than the
226  whole rock, which confirms the result of significant olivine-whole rock Sr-isotopic

227  disequilibrium. This contrasts with the four different aliquots of pristine olivine from Samoan
228 sample T25, that give identicdSrf°Sr within measurement uncertainty (Table 1), which

229  suggests a high degree of homogeneity in the melt inclusion population hosted in the olivines
230  from this lava.

231 New *He*He measurements are not reported heréHalfHe measurements were

232  obtained by crushing olivines in vacuo (see Kurz et al., 2004) and are reported in Workman et al.
233 (2004) and Jackson et al. (2007b, 2010, 2014). It is possible to m&&s#fEr on olivine

234 powder following crushing for helium isotopic measurement (thus permitting measurement of Sr
235 and He isotopes on the same aliquot of olivines), but this procedure may result in a higher Sr
236  blank contribution to the olivine powders following crushing. Careful measurements of Sr blank
237  contributions from the crushing apparatus must be performed 5é0f&Sr and®He/*He can

238  be measured on a single olivine aliquot. Therefore?’®&#°Sr measurements reported here

239  were made on different aliquots of olivines than ¥He/*He measurements.

240 2.2. Major element analyses of olivines by electron probe.

10



241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

Olivine major element analyses for 5 of the lavas examined here are reported in Jackson
and Shirey (2011). Major element analyses for olivines from the remaining 5 lavas are reported
here for the first time (supplementary Tab)eRepresentative olivine grains from each of these
5 lavas were separated. For two samples (AVON3-71-2 and AVON3-68-11), two visually-
distinct olivine populations (green and brown) were identified in each lava, and representative
olivines from each population were characterized. Therefore, in total, major element analyses of
these 7 olivine populations from 5 different basalt samples (AVON3-68-10N8/71-2,
AVON3-73-2, ALIA104-04, Ofu 04-03) were completed on the Cameca SX-100 electron
microprobe housed at UC Santa Barbara. Between 10 to 13 grains were analyzed for each of the
7 olivine populations, and one major element analysis was made on the core of each olivine. For
these analyses, a 4 um beam with a 45 nA current and a 20 kV accelerating voltage was used. A
counting time of 40 seconds per element was used. The following standards were utilized for
major element analysis: synthetic forsterite for Mg and Si, synthetic faylite for Fe, synthetic
MnO for Mn, orthoclase (MAD-10) for Al, diopside (Chesterman) for Ca, a chromite (UC 523-

9) for Cr, and synthetic M5iO4 for Ni. A single olivine grain from AVON3-68-11 was analyzed

throughout the analytical session to monitor instrument drift.

3. DATA AND OBSERVATIONS

The major element compositions of the magmatic olivines examined in this study are
presented in Fig. 2. The data are compared with major element compositions in olivines from
Samoan peridotite mantle xenoliths (Fig 2a; Hauri and Hart, 1994). As shown in Jackson and
Shirey (2011), the olivine compositions in Samoan basalts exhibit no evidence for being
xenocrystic mantle olivines. The high CaO at a given forsterite content observed in the olivines

examined in this study are evidence of a magmatic origin, and the olivines are clearly not related

11



265  to peridotite mantle xenolith compositions. Samples OFU-04-03 and ALIA104-04 show large
266  variations in olivine forsterite content (olivine forsterite values of 77.6-85.1 [7.5% total

267  variability] and 83.1-87.5 [4.4%)], respectively) while other samples, like AVON3-78-1 and T25,
268  show very little variation (83.8-84.1 [0.3%] and 84.2-85.2 [1%)], respecjiviély. 2b shows that
269 the olivines and their host whole rocks from this study are not in Mg-Fe equilibrium. The

270  Samoan lavas examined here generally fall below the equilibrium olivine-melt field (Roeder and
271 Emslie, 1970), indicating that the olivines are likely cumulate in origin.

272 The8’SrF%Sr data collected on olivines are presented in Table 1, along with previously
273 published whole rocR’Srf°Sr values for theesamples. In Fig. 3, the néisrf°Sr data are

274  shown in order of increasing whole rd®rf°sr. The four whole rocks with the low&ssrFeSr

275  (i.e., <0.705)-samples T25, T33, EJ-04-03, ALIA-10404 (from Ta’u, Ofu, and Muli

276  seamount, respectivelydhave olivine®’SrfSr compositions that are similar to the whole rock.
277  Using a delta notatiom\f’SrP®Skunolerock-oliving SEE €qUAation in the caption to Fig, #he®’SrfSr

278  of these olivines are <80 ppm different from the whole rock (Fig. 4). The six lavas with whole
279  rock®’Srf%Sr >0.705 exhibit greater whole rock-olivif&rFfeSr disequilibrium, and the

280  8’SrfSSr of the olivines in these lavas h&/®rfoSr that is >100 ppm different than the whole

281  rock. With the exception of two lavas from the same dredge of Vailulu’u seamount (AVON3-63-

282 2 and AVON3-63-11), which exhibit olivif€SrF°Sr ratios that are 185 and 103 ppm higher

283  than the whole rock, the remaining lavas Wi®rf®Sr > 0.705all from Vailulu'u [AVON3-73-

284  2,AVON3-68-11, AVON3-71-2] or Malumalu [AVON3-78-1] seamounts) have olifigfSr

285  ratios that are 184 to 1947 ppm lower than the whole rock. A key observation is that the three
286  whole rock lavas with the highe¥6rfeSr (AVON3-68-11, AVON3-71-2AVON3-78-1) have

287  the greatest wholerock-olivirféSr£°Sr disequilibrium. Sample AVON3-78-1, which has the

12
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highest whole rocR’Srf°Sr, shows the greatédsrfoSr disequilibrium, 1947 ppm (with
replicate analyses showing 1591 and 2139 ppm).

Two Vailulu’u seamount samples (AVON3-68-11 andAVON3-71-2) have two visually
distinct populations of olivines, green and brown. For both basalt samples, the green olivines
have more primitive (higher) forsterite compositions and lower CaO than the brown olivines, and
with no compositional (i.e., forsterite number and CaO) overlap between the two populations
(Fig. 2a; supplementary Table 3). Olivine populations isolated from sakivjid3-68-11 have
87SrfeSr ratios that are 229 ppm (green olivines) and 489 ppm (brown olivines) lower than the
whole rock. Critically, the two olivine populations from this lavgreen (0.705433+0.000014,
26) and brown (0.705249+0.000013%how a&8’Srf°Sr difference of 260 ppm. While the two
populations of olivines separated from sample AVON3-71-2 also have {8v&fSr—718 ppm
lower (brown olivines) and 763 ppm lower (green oliviretf)an the whole rock, there is ordy
small difference (44 ppm) between tHE1°Sr of the two olivine populations from this lava.
Additionally, there is no clear pattern of one population (green or brown) exhibiting greater
disequilibrium.

There are no obvious covariations between whole rock-olV8#°Sr disequilibrium
and average olivine compositions for each sample (supplementafyaf-igdditionally, there is
no relationship between whole rock-oliviti&rFeSr disequilibrium and variability (given as the
1 ¢ standard deviation of the olivine compositions in each sample) in olivine compositions
within each sample (supplementary Fig. 1b).

The availablé’SrF°Sr data for olivine-hosted melt inclusions (Jackson and Hart, 2006)
and magmatic clinopyroxenes (Jackson et al., 2009) from two SamoanAsA@N3-78-1 and
AVON3-71-2) that were analyzed f1Srf°Sr on aggregate olivine separates in this study are

plotted in Fig. 5. Data from sample AVON3-63-2 are also shown in Fig. 6, but there are no cpx
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312 data for this lava. The olivine-hosted melt inclusions in the two Samoan lavas that exhibit the
313  greatest whole rock-olivin€Srf°Sr disequilibrium AVON3-78-1 and AVON3-71-2) tend to

314  have lower melt inclusioffSr£°Sr ratios than the whole rock (Jackson and Hart, 2006).

315 Therefore,tiis not surprising that the aggregate olivifer/f°Sr ratios in these two lavas are also
316  shifted to loweP’Srf%Sr than the whole rock. Similarl§/Srf°Sr ratios measured on two

317 populations of visually distinct magmatic clinopyroxenes from both lavas are lower than the
318 respective whole rock (Fig. 5; Jackson et al., 2009). This observation is notable, as it indicates
319 that the two lavas with the high&86rf°Sr examined in this study host a component (seen only
320 inolivine hosted melt inclusions, aggregated olivines, and clinopyroxenes) that is less

321 geochemically-enriched than the whole rock lava. However, in sample AVON3-63-2, the olivine
322  has slightly highe?’Sr£°Sr than the whole rock as does the aveP&8e°Sr of the melt

323 inclusions.

324 In Fig. 6, the unweighted avera$&rf°Sr of individual olivine-hosted melt inclusions

325  (from Jackson and Hart, 2006) is used to calculaté’8r&°Sr disequilibrium between the

326  whole rock and the melt inclusions (i.48’Srf®Srwholerock melt inclusion averagg)S€€ caption of Fig.

327  6). The A¥'SrP8SIuwnole rock- mett inclusion averagdlisequilibrium is then compared with the whole rock-
328  olivine 8SrPeSr disequilibrium (i.e.A8"SrESrwnolerock olivine). Fig. 6 shows that tHESrE°Sr

329 disequilibrium between whole rocks and averd§ef°Sr of the olivine-hosted melt inclusions

330 relates positively with th&’Srf°Sr disequilibrium between whole rocks and the aggregate

331 olivine measurements. However, the relationship is imperfect, as AVON3-78-1 deviates from the
332 oneto-one line. The discrepancy between the average melt incR/SoffSr and the aggregate

333  olivine 8’SrP®Sr may be attributed to the limited number of individual melt inclusiéesr

334 measurements available (only 11 melt inclusions were analyzed from sample AVON3-78-1

335 Jackson and Hart, 2006), which is dwarfed by the large number of inclusions that were analyzed

14



336  (likely 100’s) in the aggregate olivine measurement. It is possible that a larger number of

337 individual melt inclusiorf’Srf°Sr analyses would provide an average composition that better
338 approximates th&’Srf°Sr in the aggregate olivine analysis. Nonetheless, the rough positive

339 relationship observed in Fig. 6 is consistent with the hypothesis tH4BHFEST ratios of

340 aggregate olivine measurements are controlled by the Sr in the olivine-hosted melt inclusions.
341 Disequilibrium betweef’Srf°Sr in the whole rock and t§éSr£°Sr in olivines varies

342  with CI/K measured on pillow rim glasses (Fig [T)s necessary to analyze deeply erupted

343 submarine glass in order to capture Cl concentrations that are relatively unaffected by degassing.
344  Unfortunately, only three samples analyzed for whole rock and of{81€°Sr have coexisting

345 submarine glass. The CI/K ratios in these samples provide important insights into the origins of
346 the whole rock-oliviné’Srf°Sr disequilibrium. CI/K varies from 0.042 to 0.18 in glasses from
347 three lavas, where relatively high CI/K (> 0.08) in submarine volcanic glass is considered to be
348 an indicator of the assimilation of seawater-derived materials (Michael and Schilling, 1989;

349 Workman et al., 2006; Kendrick et al., 2013, 20T%e lava (sample AVON3-78-1) with the

350 greatest whole rock-olivin¥SrF®Sr disequilibrium (1947 ppm) has the lowest CI/K ratio

351 (0.042), which is similar to that of pristine, uncontaminated mantle melts (Stroncik and Haase,
352 2004). In contrast, the lava (ALIA-104-04) with the smallest magnitude whole rock-olivine

353  8/SrfSSr disequilibrium (11 ppm) has the highest CI/K (0.18). Sample AVON3-71-2 has

354 intermediate whole rock'SrPéSr disequilibrium has an intermediate CI/K ratio (0.The

355 important observation is that increased whole rock-oli¥8ef®Sr disequilibriumis not

356 associated with enhanced signatures for assimilation of seawater-derived materials (i.e., higher
357  Cl/K).

358 3He/*He previously measured on Samoan olivines are plotted ag@n8iSr measured in

359 the respective whole rodkig 89. In Fig. 8b,5'80 previously measured on Samoan olivines are
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plotted against whole rodkSrF®Sr. In both panels of Fig. 8, the effects of compafiigyf°Sr
measured in olivines with olivingHe/He and olivine3*®0 are also shown. In a plot of olivine
3He/*He versus oliviné’SrfoSr, the®’SrfoSr of the olivines in lavas with the highest whole rock
87SrfeSr tend to be shifted to lowBiSrE°Sr (than the respective whole rock) at the s3fe#*He
value. When oliviné’SrP®Sr is compared t6'%0 measured on olivines (Fig Blithe slope of the
correlationin olivine 8Srf®Sr versusi'®0 space steepens compared to the array formed when
plotting whole rock®’Srf°Sr versuss*®0. In summary, the relationships betwééarf°sr and
3He'He and betweefSrf°Sr ands®0 are significantly modified whef{SrfeSr measurements

of olivines are compared wifliHe/He ands!®0 measured on olivines.

4. DISCUSSION

4.1. What is the mechanism responsible for generating the whole rock-olivine 8’Sr/8Sr

disequilibrium: Mantle source heterogeneity versus processes operating in magma chambers?

Samoan magmatic olivines can record significantly diffetént°Sr than the whole
rock lava in which they are hosted, but the mechanism producing this disequili®taoertain.
The®'SrfeSr disequilibrium observed between whole rocks and bulk olivines relates to the
isotopic disequilibrium between whole rocks and the avet@ré&°Sr of the population of melt
inclusions hosted in the olivines (Fig. 6). Therefore, a population of olivines in a Samoan lava
must have crystallized from, and trapped, melts of diffé@&m®Sr composition than the final
erupted lava that hosts the olivines. A primary question is how melts with difféseftSr can
exist in the same magmatic plumbing system and contribute heterogéf&fSr toalava and
the magmatic olivined hosts. Here we explore two potential mechanisms for generating

heterogeneous melts in magma chambers, which ultimately drive the whole rockB8viftsr
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disequilibrium in the Samoan samples: 1) variable assimilation of seawater-derived materials
(including altered oceanic crust) and 2.) mixing of isotopically-diverse magmas sampling
heterogeneous mantle sources that did not experience assimilation of seawater-derived materials.
First, however, it is important to be clear that olivines serve as capsules that preserve the
Sr isotopic composition of trapped melts. For elements that have high diffusivities in olivines
(e.g., Fe), diffusive exchange between the melt inclusion and the host olivine can be rapid
(Gaetani and Watson, 2000). However, diffusion of Sr in olivines (log @tdéfusivity is 10
187m?/s at 1275€) is quite slow (Remmert et al., 2008). The low diffusivity of Sr in olivine,
together with the incompatibility of Sr in olivine (Beattie, 19%4d the preservation of Sr-
isotopic differences in olivine-hosted melt inclusions relative to the host melt. Thus, the olivine
acts as a vessel effectively limiting diffusive exchange with the host melt.
4.1.1 Assimilation. The Samoan volcanoes examined here have ages of <1 Ma (Sims et al.,
2008; Koppers et al., 2011). However, these young volcanoes were constructed on top of old
oceanic lithosphere that has an age of ~100 Ma (Taylor, 2006). Ancient oceanic crustal
lithosphere may be extensively altered by interaction with seawater. If a mantle melt assimilates
altered oceanic crust and/or seawater-derived components that host radi®réfr (e.g.,
Hart et al., 1999; Hauff et al., 2003), {8rF°Sr of the melt will be modified. This is because
seawater has high&iSrfeSr (0.709179; Mokadem et al., 2015) than all Samoan lavas from the
eastern region of the hotspot where the samples in this study were cellactatiset of lavas
from the western region of the Samoan hotspot R&#°Sr higher than seawater, but these
lavas are not examined here (Jackson et al., 8007
Where whole rock- olivine 8’Srf°Sr disequilibrium is observed in this study, the whole
rocks tend to have high&iSrf°Srthan the olivine. Tis observation might be explained by the

following assimilation scenario, which assumes that the assimilated materiafé$r&8r that
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is higher than identified in whole rocks in this study. If assimilation of seawater derived
materials is responsible for increasing the whole P&8kP®Sr relative to the olivines, then the
growth of olivines must have occurred early in the evolution of a magma chamber, prior to
significant assimilation of altered oceanic crust or seawater derived material. In this model,
pristine melts with lovf’Srf°Sr are trapped as melt inclusions in growing olivines prior to
significant assimilation. Subsequently, the remaining melt assimilates material with high
87SrPSr—including altered oceanic crust, seawater and/or britlest increassthe®’SrfeSr of

the magmas. Indeed, there are indications that a small mass fraction of altered oceanic crustal
sections extend to extremely radiogeH®rf°Sr (up to 0.7257Hauff et al., 2003). Melt

inclusions would preserve the lowB8rf°Sr of the pristine (i.e., pre-assimilation) melt even as
the host magma assimilates material with hi§ierfeSr. Olivines are an early-crystallizing

phase and it is reasonable to assume that olivines will tend to trap melts very early in the history
of a magma. Thus, in this simple model, magmas that have assimilated altered crustal material
have highf’SrF8Sr that is generally higher than the olivines they host. Similarly, magmas that
did not experience assimilation have I[B48rFf°Sr that is similar to the olivines they host. This
conceptual model provides a mechanism for generating the B/§m&?Sr in whole rocks

relative to their host olivines, particularly in lavas that have the hi§f&&°Sr (Fig. 3 and 4).

One prediction of this model is that the erupted melt (which quenches to glass or
crystallizes as basaltic matrix) should have strong signatures for seawater-derived components.
However, this assimilation model is inconsistent with independent indicators of assimilation,
including CI/K. Globally, CI/K ratios are higher in oceanic lavas that have assimilated altered
oceanic crust, seawater and/or brines (&lg:hael and Schilling, 1989; Jambon et al., 1995;

Kent et al., 1999a, 1999b; Lassiter et al., 2002; Stroncik and Haase, 2004; Kendrick et al., 2013).

If whole rock-olivine®’Srf8Sr disequilibrium is generated through the assimilation of seawater-
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431 derived material, increasing magnitude of whole rock-oli§isef°Sr disequilibrium should

432  correlate with increasing Cl/K ratio. However, the Samoan lava (sample AVON3-78-1) with the
433  largest magnitude olivine-whole roksr£°Sr disequilibrium in this study has among the lowest
434 CI/K (0.042, measured on a submarine pillow glasshe Samoan suite (Fig. 7). This Cl/K is

435  similar to that of uncontaminated primary mantle melts (Stroncik and Haase, 2004). A subset of
436  Samoan lavas do exhibit elevated CI/K, which is indicative of the assimilation of seawater-

437  derived materials (Workman et al., 2006; Kendrick et al., 2015). However, the lava with the

438 highest CI/K (~0.18) examined in this study (sample ALIA-104-04), which is associated with
439  higher degrees of assimilation of seawater-derived materials, shows the smallest magnitude
440  whole rock-olivine®’SrFeSr disequilibrium (i.e., < 11 ppm) (Fig. 7). In summary, the

441  relationship between CI/K and whole rock-olivfi&rPeSr disequilibrium isnconsistent with

442  assimilation as the mechanism causing?Bef®Sr disequilibrium in this sample suite.

443 However, the CI/K of the pillow rim glass may not be representative of (and may aecord
444  different history than) the CI/K in the olivine-hosted melt inclusions. In order to fully assess

445 assimilation of seawater derived material as a mechanism for generating whole rock-olivine
446  8'SrPeSr disequilibrium, botfi’SrPeSr and an independent indicator of assimilation (i.e., CI/K)

447  must be measured in individual melt inclusions. It is possible that magmatic phenaysts

448 more likely to crystallize near the magma chamber wallbere the magma is in contact with

449  the cooler wall rocks of the magma chamber (Kamenetsky et al., 1998; Danyushevsky et

450 al.,2009. Thus, compared to the bulk of an erupted lava (including liquids represented by pillow
451 rim glass), melt inclusions may preferentially trap melts that have assimilated altered oceanic
452  crust at the margins of a magma chamber, a process that may impart compositional and isotopic
453  variability on melt inclusions hosted in a single erupted lava. Altered oceanic crust may not have

454  87SrPeSr that is as radiogenic as the samples with the highest whol&’8£RSr ratios in this
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study. Instead, altered oceanic crust typically¥asf®Sr ratios (<0.7050) that is at the low end
of the range of’Srf®Sr observed in Samoan lavas (i.e., 0.7044). For example, Hauff et al.
(2003) report average values of 0.7048 to 0.7049 in drill cores of old (130 to 167 Ma) western
Pacific crust. If melt inclusions assimilated altered oceanic crust of this composition, the
87SrfeSr of Samoan melt inclusions will actually be reduced compared to most pristine Samoan
melts, and the reduction #Srf°Sr due to assimilation will be associated with higher CI/K in the
same melt inclusion3.herefore, if olivine hosted melt inclusions preferentially trap a melt (at
the margins of the magma chamber) with high proportions of assimilated seawater-derived
material with®’Srf®Sr < 0.7050, then the melt inclusions will tend to have higher CI/K and lower
87SrfSSr than the bulk lava. In this model, however, pillow rim glasses measured in this study
(which are representative of the basaltic groundmass) may not have a CI/K ratio that is
representative of the melt inclusions, because the melt inclusions may be more prone to
assimilation than pillow rim glass. It is conceivable that the pillow rim glass could be pristine
(e.g., AVON3-78-1 whole rock), and have low CI/K and HifBr~feSr, while the melt inclusion
population could inherit higher CI/K and low&BrF°Sr by assimilation. This model may be
consistent with the data from, for example, AVON3-78-1, where the olivines have lower
87Srf5Sr than the whole rock and the pillow rim glass has low CI/K Esge7): If the melt
inclusions from AVON3-78-1 have elevated Cltke whole rock- olivine 8’Srf°Sr
disequilibrium in this lava would be best explained by a crustal assimilation mechanism.
Unfortunately, CI/K data on olivine-hosted melt inclusions in the samples examined in this study
are not yet available to evaluate this hypothesis.

4.1.2. Magma mixing of pristine melts that sample different mantle sources.

Magma mixing of isotopically heterogeneous melts that refle&’81&°Sr of their

respective mantle sources also can generate wholealadgke 8’SrPeSr disequilibrium in the
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Samoan lavas examined in this study. A simple magma mixing scenario provides one possible
mechanism for generating magmas that have hijBef°Sr than the olivines they host.

olivine crystallizes from a magma with IGASrFeSr, then melt with the same (lof/BrfSr will

be trapped in the olivines as melt inclusions. If this $8rf°Sr magma later mixes with an
olivine-free (or olivine-poor) magma of a higlfésrfeSr composition, and no further olivine is
crystallized, thé’Srf°Sr of the olivine hosted melt inclusions (and therefore, the aggregated
olivines) in the final lava will be lower than tR&rfeSr of the whole rock lava. Samoan lavas
with high®’SrPeSr tend to have higit SiO, (and less olivine) than loffSrP°Sr melts (which

host more olivine; Jackson et al., 2003@e supplementary Fig. 2). Therefore, a magma that
forms by mixing a hig’Si/®®Sr magma with lovf’Sr°Sr magma is likely to host an olivine
cargo that originated in (and h&Srf°Sr that matches) the 10%SrfSr magma. However, the
liquid of the magma mixture will be a mixture of liquids from both magmas, and will be shifted
toward the highe?’Srf°Sr magma. While this is a simple conceptual madélyminates a

primary observation of this study: Samoan whole rocks with the higl8#8fSr tend to host
olivine with significantly lowef’SrfeSr than the whole rock (Fig. 3).

High SiQ melts with low®’Srf°Sr do exist in the Samoan lava suite, but are relatively
uncommon and they are poor in olivine. If a magma of this composition were to mix with a
mafic, olivine-rich magma with high&fSrf°Sr, then olivines in the mixed magma will host
higher8’SrP®Sr than final erupted lava. This may explain the observation that 3 out of the 10
lavas in this study host aggregate olivines with hi§ferfSr than the whole rock.

We employ a simple binary mixing model to show how mixing between mafic, low
87SrfeSr melts and high Sihigh®’SrfSr melts can generate the whole readlivine 8’SrfSr
disequilibrium observed here. The whole rock and olifiBef®Sr data from Samoan sample

AVON3-71-2 are used as an example to illustrate this process. In the model we assume that the
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AVON3-71-2 whole rock’SrfSr composition is the result of mixing a melt with I1&8rf°Sr
(represented by the averddsrf°Sr of the bulk olivines from this lava) and a silicic, olivine-free
melt with high®’Srf°Sr (represented by Samoan sample ALIA-115-21). The low average
87SrfeSr of the melts trapped in the bulk olivines from AVON3-71-2 (i.e., 0.705420) is used in
the mixing calculation, and the Sr concentration of the endmember melt trapped in the olivines is
given by the average Sr concentration of the olivine-hosted melt inclusions from this sample
(484 ppm; Jackson and Hart, 2006). The KighF®Sr (0.720469) of the SiQich (and olivine
free) Samoan lava ALIA-115-21 is used for the enriched endmember in the mixing calculation,
which has [Sr] of 478 ppm (Jackson et al. 2007a). Given these model input parameters, the
87SrfeSr of AVON3-71-2 is generated by adding 3.5% of ALIA115-21 melt to 96.5% of a melt
like that sample by AVON3-71-2 olivines. If the olivines crystalized from the mafic endmember
prior to mixing, thereby trapping t{éSrFeSr ratio measured in the AVON3-71-2 olivines, then
the melt in the final mixture will hav&Srf°Srthat is higher (0.705943) than the olivines.
However, it is important to recognize that magma mixing scenarios can be more
complex and olivine likely crystallizes over a longer portion of the magma’s evolution. For
example, if olivine crystallizes from a magma before and after mixing with other, isotopically
heterogeneous magmas, the individual olivine hosted melt inclusions will record the history of
mixing in the system. If a mafic magma with relatively hfg®rfeSr is mixed into a magma
system while olivine is being crystallized, the melt inclusioiik necord the increasirfgSr£°Sr
composition of the melt. If a lo#/Srf®Sr mafic melt is later mixed into the system, newly-
crystallizing olivine can trap melt inclusions that record the subsequent decreas¥ SnAfgr
of the bulk melt. The final olivine population would include melt inclusions with both higher and
lower 8’Srf8Sr than the final erupted lava, whikeetmeasurements 8fSrf°Sr in pooled olivines

provide an averag&Srf°Sr composition of the melt for the period during which olivines were
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527  crystdlizing. This scenario may help explain the distributiof’8f£°Sr in melt inclusions from
528 Samoan sample AVON3-68-3 (see Jackson and Hart, 2006), which has melt inclusions that are
529  both higher and lowéYSrf°Sr than the whole rock, while the unweighted average melt

530 inclusion®’SrPeSr and the aggregate oliviB&rfSr compositions are lower than the whole

531  rock.

532

533  4.1.3. A hybrid model: magma mixing and assimilation.

534 An important question is how magmas with diffef&®rf°Sr occupy the same magma
535  plumbing system so that they can mix. One possibility is that the two pristine magmas sample
536 two different mantle sources with differéd®rfSr. Alternatively, the magmas may inherit

537  heterogeneou&SrfSr by assimilation of altered oceanic crust, and these heterogeneous

538 magmas then mix to generate the diversit§’8f£°Sr recorded in erupted lavas and the olivine
539 they host. Again, measurements paififgrf°Sr and CI/K in individual melt inclusions will

540 provide important insights into the mechanism driving the whole-raxtk/ine 8’Srf°Sr

541 disequilibrium observed in this study. If the melt inclusions have low, mantle-like CI/K that is
542  unrelated t&’Srf°Sr, then mixing of pristine melts with heterogenedi®£°Sr is likely to be

543  generating the intra-lavSrPeSr disequilibrium. Alternatively, if melt inclusions CI/K is

544  variable and correlates with melt inclusid¥Srf°Sr in the same lava, then crustal assimilation is
545 likely influencing the whole rock olivin&Srf®Sr disequilibrium. Future studies targeting

546 individual melt inclusions for paired CI/K afésrf°Sr measurements will be critical for

547  determining the origin of the whole rock-oliviR&rFeSr disequilibrium.

548 Finally, it is important to note that, if the conceptual magma mixing model for the origin
549  of whole rock-oliviné®’SrF®Sr disequilibrium in Samoan lavas is correct, olivines with different

550  8’SrfSSr than the host lavas are not phenocrysts, as the olivines with diff@ei$6r could not
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have crystallized from the same lava. However, these olivines are not xenocrysts either, because
they crystallized from melts that mixed to generate the final erupted lava. The term antecrysts
(Hildreth, 2001; Charlier et al., 2005; Gill et al., 2006; Davidson et al., 2007) may best describe
the olivines in the Samoan lavas that exHit8r£°Sr disequilibrium with the whole rock.

Antecrysts differ from phenocrysts in that, instead of crystallizing from the erupted lava, they
crystallized from progenitors of the final erupted melt. Antecrysts are also not xenastysty

are derived directly from the active plumbing system, possibly after multiple magma

replenishment events (Jerram and Martin, 2008).

4.2. Mass balance for the 8Sr/#Sr in the olivines and the whole rock.

The majority of the magmatic olivines in this study have Ic@rF°Sr than the whole
rock host (Fig. 3). Therefore, in thelavas, there must exist a component with higferfeSr
than the whole rock in order to mass balance the ele¥8e8Sr measured within the lava. The
simplest explanation is that basalt matrix has slightly higts#°Sr than the whole rock, thus
balancing the lowet’SrE°Sr in the olivine separates (where thhole rock represents all the
constituents in a lava, including magmatic phases [i.e., olivine and cpx] and basaltic matrix). We
use Samoan sample AVON3-78-1 (Fiytcillustrate the magnitude of elevation®érfeSr
required in the basalt matrix to balance the ¥8rF°Sr of the olivines. In this calculation, the
whole rock®’Sr/8Sr and Sr concentration is a mixture of basalt matrix, cpx, and olivine, and thus
the whole rock composition must have®4®&/2°Sr and Sr concentration that is between the
endmembers. THESrA®Sr (0.708901) and Sr concentration (333ppm) of the whole rock are
known (Workman et al., 2004). Similarly, tF&rf°Sr (0.707521; this study), Sr concentration
(0.26 ppm; this study) and modal abundance of the olivine (25%; Workman et al., 2004) are

known. Additionally, thé’Srf°Sr (0.707985, average two cpx populations from Jackson et al.,
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575 2009), Sr concentration (44 ppm, calculated by averaging measured concentrations from Jackson
576 etal., 2009) and modal abundance of the cpx (5%; Workman et al., 2004) are known. Thus, only
577  0.02% of the whole rock Sr is hosted in the olivines. Mlodal abundance of matrix (i.e., 100%

578 - 25% - 5% = 70%)sialso known, leaving the basalt matti$rf°Sr and Sr concentration as the

579  only remaining unknowns. The Sr concentration of the whole rock is the sum of the products of
580 the Sr concentrations and modal abundances of the phases present (i.e. cpx, olivine, and matrix),
581  which allows calculation of the Sr concentration of the matrix, which is 472 ppn¥’SitféSr

582  of the whole rock is the sum of the matrix, cpx, and oli¥{&e£°Sr, weighted by the fraction of

583 the whole rock Sr that is hosted in each component, matrix, cpx, and olivine. Given these

584  constraintsan®’SrfSr ratio in the matrix that is only 9 ppm greater than that of the whole rock
585 is required to balance the low¥6rf°Sr of the olivine and cpx cargo. This mass balance

586 calculation demonstrates that the lower oliVifgr£°Sr does not strongly influence tH&rfeSr

587  of the whole rock owing to the much higher concentration of Sr in the matrix compared to the
588 olivines.

589

590 4.3. Sr-isotopesin olivines: implications for redefining relationships between isotopes

591 traditionally measured in olivines (e.g., *He/*He and ¢*®0) and isotopes measured in whole

592  rocks (e.g. &Sr/®Sr).

593

594  4.3.1. Olivine*He/*He versus olivine 8Sr /865 .

595 Relationships between helium isotope and heavy radiogenic isotop&$SHkesr, have

596 long been used to constrain the evolution and structure of the mantle (e.g, Kurz et al., 1982;

597  Zindler and Hart, 1986; Hart et al., 1992; Graham, 2002; Allegre and Moreira, 2004; Class and

598  Goldstein, 2005). However, measurements of heavy radiogenic isotopes, inélGafigr, are
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often carried out on whole rock basalt powders (e.g., Hofmann, 1997; Stracke et al., 2005;
White, 2010, 2015). Whole rocks are unsuitable for measuring helium isotopeig/ $te is

often measured on magmatic olivines separated from the lava (olivine-hosted melt inclusions
contain less degassed melts suitable for helium isotopic measurement). Biefivte data are
then compared with the isotopic ratios of other elements $&8g£°Sr) measured in a whole

rock. This approach is robust provided #@®rf°Sr measured in the whole rock powder is the
same as th&Srf°Sr in the olivine. However, the results of this study show that olivines can
have different’SrfSr than the whole rock.

In olivines, incompatible elements like He (Parman et al., 2005; Heber et al., 2007
Jackson et al., 20)&nd Sr are hosted primarily in melt inclusions. Therefore, pooling olivines
for 8’SrPeSr analysis is advantageous as it permits direct comparison of the two isotopic systems
in the same material (i.e, the population of melt inclusions hosted in the olivines). Unfortunately,
measuring botAHe/*He and®’SrF°Srwithin a single olivine-hosted melt inclusion is beyond
current analytical capabilities. Nonetheless, the différ@n®°Sr between Samoan whole rocks
and the olivines they host has the potential to modify established relationships bittedida
and®’Srfesr.

When olivine®He/He is compared with whole rokSrf°Sr, the Samoan lava suite
forms a “wedge shape” (Fig. 8a): highi®He/"He appears only in lavas with IG8rFeSr, and low
3He/*He appears in lavas with both higfsrf°Srand low?’Srf°Sr. However, samples with the
highest whole rocR’Srf®Sr tend to have olivines with significantly low&8rF°Sr (Figs 3 and
4). Therefore, when olivintHe/*He is compared with olivin&Srf°Sr, a somewhat different
relationship between these two isotopic systems emerges. For example, for the three lavas that
exhibit the largest whole rock-olivirféSr£®Sr disequilibrium (AVON3-78-1AVON3-71-2, and

AVON3-68-11), thé®’Srf°Sr data are effectively shifted to lower values when olivine data are
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used (Fig. 8). This shift in the oliviféSrf®Sr data can be described by simple binary mixing
between a lowHe/He melt that is helium rich and a higfde/*He melt that is helium pooiF{g.

8a). If a melt with the Sr and He isotopic compositions of Ofu-04-06 (0.704584; 33.8 Ra) is
mixed with a melt with the isotopic compositions of AVON3-78-1(0.708901; 8.22 Ra), and if (at
the time of mixing) the AVON3-78-1 melt had a helium concentration thirty times that of the
Ofu 04-06, then the mixing line between the two endmembers describes how olivines hosted in
the whole rocks with the highe€BrfeSr can be shifted to lowéfSrfeSr than the whole rock

(while preserving a similaiHe/He). However, this requires that the olivines tend to sample a
larger fraction of the 1oW’Srf°Sr component than the whole rock (Fig. 8a).

Over the past several decadesignificant body of work has systematically related noble
gas and lithophile radiogenic isotopic systems (e.g., Kurz et al., 1982; Farley et al., 1992; Hart et
al., 1992; Hanan and Graham, 1996; Graham, 2002; Class and Goldstein, 2005; Caro and
Bourdon, 2010). This is critical, &shemical geodynamics” (e.g., Zindler and Hart, 1986) is
built upon hypotheses that attempt to relate different isotopic systamosiding3HelHe,
87SrfeSr—measured in mantle-derived lavas. Thus, determining relationships békleste
and®’Srf%Sr in the source magma is essential for developing a more complete understanding of
the geodynamic evolution of the mantle. We argue that analysis of He and Sr in olivines
provides a direct comparison of the two systems that have important implications for global OIB
systematics betweéhle/He and®’SrFoSr.

Analysis of*Hef*He and®’Srf®Sr in deeply-dredged submarine volcanic glassebich
represent less degassed magma compositioascircumvent the issue posed by whole rock-
olivine 8’Srf%Sr disequilibrium, as He and Sr are measured in the same homogeneous, glassy
material. Unfortunately, deeply dredged submarine glasses are not available for most OIB

localities, including many Samoan volcanoes, and the community has refidg/ite analyses
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of olivines hosted in basalts at many OIB localities for decades (e.g., Kurz et a)., 1982

While whole rock-oliviné?’Srf°Sr disequilibrium can modify relationships between
3HelHe and®’SrP®Sr in Samoan lavas, there are additional mechanisms that may decouple these
two radiogenic isotopic systems. For example, post-eruptive radiogenic ingrotita ofn
rapidly and dramatically reduce thige/*He in erupted lavas (particularly highly degassed lavas)
compared to the mantle souftée/He (e.g., Zindler and Hart, 1986), thereby decoupling the
relationship betwen>He/He from®'Srf°Sr measured in lavas from the relationship in the
mantle source. Additionally, highly degassed lavas withide/ concentrations are susceptible
to atmospheric contamination, which can decodidie*He from8’SrP°Sr (Hilton et al., 1995).
Furthermore, helium has a much higher diffusivity in olivines (e.g., Hart, 1984; Trull et al.,
1991) than heavy radiogenic isotopes (like Sr), and this can potentially result in diffusive
decoupling oPHeHe from®'SrfSrin the mantle (e.g., Hart et al., 2008; Albaréde, 2008) and
in olivine hosted melt inclusions in magma chambers (Kurz et al., 2004). Whole rock-olivine
87SrfeSr disequilibrium identified in this study provides an additional novel mechanism for

modifying relationships betweérle/He and®’SrF°Sr.

4.3.2. Olivine 9*80 versus olivine 87Sr/8Sr. 60 is commonly measured in olivine in OIB
samples, including Samoan lavas (Eiler, 2001; Widom and Farquhar, 2003; Bindeman, 2008).
Therefore, whole rock-olivin®Srf8Sr disequilibrium in Samoan lavas also has the potential to
modify established relationships betw&dfO and®’SrfSr. The published correlation between
Samoan olivingé*®0 and whole rock’SrféSr (Workman et al., 2008) is strongly influenced by
lavas with the highe$tSrf®Srand the highest oliving'®O (Fig. 8b), but we find that Samoan

lavas with the highest whole ro€lSrfeSr also have the most extreme whole rock-olivine
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670  8'SrfeSr disequilibrium. Thus, when the new olivifi&rf°Sr data are compared with olivine

671 080, the linear regressions through the data have a steeper slope than the Workman et al. (2008)
672  correlation (Fig. 8b). This is important, as the slope defining the relationship bettf@eand

673  8'SrfeSrin Samoan lavas is critical for determining the origin of the enriched protolith

674  contributing to the Samoan mantle. Workman et al. (2008) indicated that steeper si3f@s in

675 8’Srf°Srspace are more easily fit by a recycled continental crust protolith, while shallower

676  slopes are better fit with recycled marine sediment with a terrigenous origin &138Sr

677 measurements in olivine not only have the potential to inform on relationships between isotopes
678 measured in olivines (e.g®0) and whole rock(SrF®Sr), but also to impact existing

679 interpretations regarding the origin of isotopic variability in the Samoan mantle. The significance
680  of comparing whole rock’SrP®Sr with olivine®He/*He and olivine3'®0 has to be reconsidered

681 if whole rocks lavas and the olivines they host have diffé&nf°Sr. However, additional data

682  pairing olivine®’SrfSr with olivine®*He/He ands'®0O on a larger number of samples will be

683  important for evaluating whether the whole rock-olivine disequilibria observed in this study are
684  representative of the Samoan suite.

685  4.3.3. Looking ahead: Additional radiogenic isotopic systemsin olivines. In an earlier study

686  (Jackson and Shirey, 2011), a subset of the Samoan lavas characterized fotttditite (T25,

687 T33, AVON3-63-11, AVON3-63-2, AVON3-78) were also characterized for both whole rock

688 and olivine'®’0st®0s. In addition to Sr and Os isotopes, it may be possible to measure other
689 radiogenic isotopic systems in magmatic olivines. For example, Nd concentrations in olivines
690 tend to be 10 to 20 times lower than Sr concentrations in Samoan lavas, and given the Sr

691 measured in the olivine separates in this study (14 to 100 ng), we would expect 0.7 to 10 ng of
692 Nd in the same aliquots of Samoan olivine (assuming that Samoan basalts and olivine hosted

693 meltinclusions have similar Sr/Nd ratios). Thus, the potential exists to routinely measure
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143N dA*Nd precisely in olivine separates from most Samoan samples (Koornneef et al. 2015;
Harvey and Baxter, 2009). However, low abundances of certain trace elements, including Pb,
may prove to be an obstacle for isotopic measurement in olivines by TIMS, but the potential
exists for high precision Pb isotope measurements by SIMS (Saal et al., 1998, 2005; Maclennan,
2008) prior to destructive Sr and Nd isotopic measurements by TIMS. Nd/Pb is a canonical ratio
in oceanic lavas (Hofmann, 2003), and the average Nd/Pb (15.14&tid in basaltic lavas

from the volcanoes considered in this study indicate that Pb concentrations are likely to be 10 to
20 times lower than Nd concentrations in melt inclusions. Thus, Pb abundances are estimated to
be only 0.033 to 1.0 ng in the olivine samples examined here, and procedural blanks may present

a hurdle for routine Pb-isotopic analyses of most olivines.

Figure captions.

Figure 1. Map of Samoan volcanoes aldNd/A*Nd versu$’Srf°Sr in Samoan whole-rock
lavas.Samoan whole rockSrf°Sr and“**Nd/**Nd data are from White and Wright (1987);

Farley et al. (1992), Workman et al. (2004), Jackson et al. (2007a, 2007b, 2010). Data for the

globalMORB and OIB data compiled from the GEOROC datatflaﬂe:(/qeoroc.mpch-

mainz.gwdg.dp”
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713  Figure 2. (a) Major element compositions of the Samoan magmatic olivines examined in this
714  study are different from the compositions of olivines analyzed in Samoan peridotite mantle
715 xenoliths. Samoan magmatic olivine data are from this study and from Jackson and Shirey
716  (2011). The Samoan peridotite mantle xenolith olivines are from Hauri and Hart (1994). (b)
717  Olivine forsterite compositions are compared to the Mg number of their host whole rocks (after
718 Garcia et al., 1995). The equilibrium field is from Roeder and Emslie (1970; Mg# = molar ratio
719 of [Mg/(Mg + 0.9 * FeO)*100]) Whole rock major element data used for Mg-number calculation
720  are from Workman et al. (2004).

721

722  Figure 3. Comparison of olivine and whole ro8iSrf°Sr for 12 olivine separates from 10

723  Samoan basalts. TREIFSr of the olivines (green symbols) can have diffe?é&Sr from

724  the whole rock (grey symbols): In general, the difference is greatest in whole rocks with the
725  highest’Srf°Sr. Two visually-distinct populations of olivine were separated from two whole
726  rocks (AVON3-71-2 and AVON3-68-11) f8fSrf°Sr analyses. The bracket links the two

727  replicate measurements for AVON3-78-1. Individual volcano names are provided in parentheses.
728

729  Figure4. The relative difference i#/Srf°Sr between the whole rock and olivine is expressed in
730  ppm asA®’SrEOSr wholerock - oliviney@nd is plotted as a function of whole r&é8rf°Sr. Error bars

731 are smaller than data points’SrPeSrwnolerock - olivine= 1 * (8’SrP8Skunolerock- &'SIESrolivine)/

732 8'SrP8Skunoierock The bracket links the two replicate measurements for AVON3-78-1

733

734  Figureb5. Pervasivé’SrFPeSr disequilibrium in three Samoan lavas. Whole f38k~FeSr

735  (Workman et al., 2004) is compared WitBrF°Sr in olivine-hosted melt inclusions (Jackson and

736  Hart, 2006), magmatic clinopyroxenes (Jackson et al., 2009a) and aggregated olivine separates
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737  (this study). Excluding melt inclusions, error bars are smaller than the symbols. The bracket links
738  the two replicate measurements for AVON3-78-1. The red circle represents the unweighted
739  averagé’SrPeSr of the olivine hosted melt inclusions.

740

741  Figure 6. Whole rock - oliviné’Srf°Sr disequilibrium is compared with tR&rfeSr

742  disequilibrium between whole rocks and the unweighted average melt inclusions in the three
743  Samoan basalts. Only three Samoan basalts (AVON3-78-1, AVON3-71-2, AVON3-63-2) have
744  ®'Srf%Sr measured on both the aggregate olivine (this study) and on individual olivine melt
745  inclusions (Jackson and Hart, 2006). The valueA¥@rFfeSrwholerock olivine) ANAA7SrFESrwhole

746 rock— melt inclusion averageif€ expressed in ppriihe “melt inclusion average is the unweighted mean

747  of the®’Srf°Sr measured in olivine-hosted melt inclusions in a single basalt sample (see Jackson
748  and Hart, 2006 The®’SrP®Sr disequilibrium between the whole rock and the melt inclusion

749  average is calculated in the following wa’SrE8Srunolerock  melt inclusion average= 1P *

750  (3"SrP®Stanolerock- 8"SIPCStmett inclusion averagd &’ SIS tunolerod.

751

752  Figure7. CI/K versusA®’SrPSruwnolerock-oivine). CI/K is available on only a small subset of

753  samples with paired whole rock-olivifé&rfeSr datan this study (ALIA-104-04, AVON3-71-2,
754  AVONS3-78-1). The grey field encompasses data from this study.

755

756  Figure8.8’SrPeSr (in whole rocks and olivines) versus olivitiée/*He (a) and olivine 6*20 (b).

757  Data are for Samoan lavas only. Aie/He and 6*%0 are measured in olivines. Green symbols
758  represent samples whé¥&rf8Sr is measured in olivines, and a red line links these

759  measurements with the corresponding whole Pé8kFeSr measurement (represented by grey

760  symbols with black lines). Grey symbols with grey lines represent Samoan samples for which
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olivine 8’Srf°Sr has not yet been measur&&rFeSr error bars are smaller than the symbols.
The bracket links the two replicate measurements for AVON3-78-1. The blue line in (a) is the
mixing model described in section 4.3.1. Each tickkmapresents a 10% fraction. The linear

regressions in (b) are calculated using only data that has paired whole rock&8vfiisr.
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Table 1. Olivine *’Sr/**Sr and Sr concentrations for Samoan samples examined in this study.

Sample Olivine color ~ Volcano Olivine mass (g)  Total Sr (ng)  Olivine Sr conc. (ppm) Sr blank (ng)  Sample/Blank  *’Sr/*°Sr olivines’ 26 (std. err)  ¥’Sr/*°Sr whole rock’> A 37Sr/“'Srvw_a,iv cU/K® ‘HefHe* §"0°

T25 Ta'u 0.069 31.9 0.461 0.019 1661 0.704647 0.000008 0.704708 87 13.3 5.3
T-25rep 1 Ta'u 0.094 34.4 0.364 0.047 735 0.704652 0.000009 0.704708 79

T-25rep 2 Ta'u 0.092 38.3 0.417 0.047 819 0.704653 0.000009 0.704708 78

T-25rep 3 Ta'u 0.092 44.0 0.476 0.047 942 0.704662 0.000005 0.704708 65

T33 Ta'u 0.073 18.0 0.248 0.019 935 0.704777 0.000025 0.704736 -58 16.6 5.24
OFU 04-03 Ofu 0.095 55.8 0.590 0.019 2905 0.704722 0.000012 0.704756 49 24.0
ALIA-104-04 Muli 0.068 14.4 0.212 0.031 459 0.704823 0.000021 0.704831 11 0.176 18.6
AVON3-63-2 brown Vailulu'u 0.097 25.9 0.266 0.031 825 0.705516 0.000015 0.705385 -185 10.1 5.34
AVON3-63-11 brown Vailulu'u 0.185 100.6 0.543 0.053 1914 0.705467 0.000017 0.705394 -103 10.2 5.35
AVON3-73-2 Vailulu'u 0.096 59.9 0.622 0.019 3120 0.705294 0.000008 0.705424 184 9.3 5.11
AVON3-68-11 brown Vailulu'u 0.091 18.0 0.198 0.038 481 0.705249 0.000013 0.705594 489

AVON3-68-11 green Vailulu'u 0.099 16.0 0.161 0.038 427 0.705433 0.000014 0.705594 229

AVON3-71-2 brown Vailulu'u 0.174 68.5 0.393 0.053 1304 0.705436 0.000013 0.705943 718 0.169 9.5 5.42
AVON3-71-2 green Vailulu'u 0.153 61.8 0.404 0.025 2487 0.705404 0.000015 0.705943 763 9.5 5.42
AVON3-78-1 Malumalu 0.077 19.9 0.258 0.031 633 0.707521 0.000032 0.708901 1947 0.042 8.1 5.53
AVON3-78-1 Leeds Rep Malumalu 0.077 383 0.496 0.070 547 0.707773 0.000070 0.708901 1591

AVON3-78-1 VU Rep ¢ Malumalu 0.019 13.0 0.667 0.028 464 0.707385 0.000009 0.708901 2139

1. Following spike deconvolution and correction for mass bias, all data are corrected for the offset between the accepted (0.710240) and measured ¥781/*Sr of NBS987 runs made on the same date of analysis. ¥78r/*Sr ratios are also
corrected for blank.

2. Whole rock *’St/*’Sr data are from Workman et al. (2004, 2008) and Jackson et al. (2007, 2010, 2011, 2014).

3. CI/K data are measured on submarine pillow glasses, and are from Workman et al. (2006) and Kendrick et al. (2015). Only 3 samples examined in this study have associated submarine glass that can be used for CI/K analysis.

4. He/*He data are from the following sources: Workman et al. (2004), Jackson et al. (2007), Jackson et al. (2010, 2014).

5. All 5"*0 measurements were made on olivines, and are published in Workman et al. (2008).

6. Replicate analyses on a different subset of olivines from AVON3-78-1 underwent separate leaching, chemical separation and mass spectrometery at VU and University of Leeds.
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