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ABSTRACT 

Geochemical investigations of mantle heterogeneity as sampled by ocean island basalts 

(OIB) have long relied on isotopic analyses of whole rock lavas. However recent work has 

shown that significant isotopic disequilibrium can exist between the phases (groundmass and 

phenocrysts) of a single OIB lava. In this study, we target individual olivine-hosted melt 

inclusions from two samples—one Samoan and one Hawai’ian—with melt inclusion 87Sr/86Sr 

heterogeneity previously measured using laser ablation inductively coupled plasma mass 

spectrometry (LA-ICP-MS). We report 87Sr/86Sr and 143Nd/144Nd in individual melt inclusions 

analyzed by thermal ionization mass spectrometry (TIMS). In melt inclusions from Samoan 

sample AVON3-71-2, we find highly heterogeneous (935 ppm) 87Sr/86Sr (0.705193 – 0.705853, 

N=6), consistent with previously identified 87Sr/86Sr heterogeneity (~2030 ppm) by laser ablation 

multi-collector ICP-MS (0.70459 – 0.70602, N=12). In contrast, we find comparatively little 

(251 ppm) 87Sr/86Sr heterogeneity (0.703761 – 0.703938, N=9) in olivine-hosted melt inclusions 

contained in a Hawaiian scoria clast from the Pu’u Wahi eruption (Mauna Loa). This result 

contrasts with a previous measurements by laser ablation single-collector ICP-MS that found 

highly heterogeneous (~8500 ppm) 87Sr/86Sr in olivine-hosted melt inclusions from the same 

eruption (0.7021 – 0.7081, N=137). In both the AVON3-71-2 and Pu’u Wahi melt inclusions, 

143Nd/144Nd is indistinguishable from their respective whole rock 143Nd/144Nd values. The 

isotopic measurements on the melt inclusions are paired with major and trace element 

concentrations to investigate the mechanisms generating 87Sr/86Sr variability in melt inclusions. 

The lack of significant 87Sr/86Sr variability in the Hawai’ian melt inclusions (only 251 ppm) from 

Pu’u Wahi suggests a relatively simple magmatic history. In contrast, for the Samoan melt 

inclusions, we present evidence that supports the mixing of isotopically-heterogeneous mantle-

derived melts in conjunction as the mechanism generating the observed 87Sr/86Sr and trace 
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element variability in the melt inclusions from AVON3-71-2. However, brine interaction appears 

to have increased the Cl concentrations of some of the Samoan inclusions without significantly 

modifying the 87Sr/86Sr or the other elemental budgets examined in this study.  

 

Keywords: Melt inclusions, 87Sr/86Sr, 143Nd/144Nd, Mantle Geochemistry, TIMS 
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1. INTRODUCTION 

Geochemical studies have dominantly relied on analyses of whole-rock lavas to infer the 

composition of the mantle beneath ocean island hotspots (e.g., Gast et al., 1964; Hofmann and 

White, 1982; White, 1985; Zindler and Hart, 1986; Sun and McDonough, 1989; Carlson, 1994; 

Hofmann, 1997; White, 2010; 2015a; 2015b; Stracke, 2016). However, small blebs of melt 

trapped in growing magmatic phenocrysts at depth—referred to as melt inclusions—have been 

shown to host extreme geochemical heterogeneity that is not observed in analyses of individual 

whole-rock lavas. Melt inclusions from a single lava can host heterogeneous Pb (e.g., Saal et al., 

1998, 2005; Yurimoto et al., 2004; Maclennan, 2008; Sakyi et al., 2012; Borisova et al., 2014; 

Cabral et al., 2014; Rose-Koga et al., 2012, 2017) and Sr (Jackson and Hart, 2006; Harlou et al., 

2009; Sobolev et al., 2011) isotopic compositions that span much of the variability observed in 

oceanic lavas globally. Despite their volumetrically minor contribution to the whole rock lava, 

the isotopic diversity preserved in melt inclusions provides important information about mantle 

melting and the processes that operate in magma chambers. The origin of the chemical and 

isotopic diversity in melt inclusions remains a source of debate but has most often been 

attributed to either assimilation of oceanic crust or mixing of isotopically heterogeneous mantle 

melts (e.g., Sobolev and Shimizu, 1993; Gurenko and Chaussidon, 1995; Kent et al., 1999; 

Sobolev et al., 2000; Lassiter et al., 2002; Maclennan et al., 2003a, 2003b; Danyushevsky et al., 

2003, 2004; Sobolev et al., 2011; Cabral et al., 2013).  

Only a handful of studies have examined Sr isotopic compositions of olivine-hosted melt 

inclusions from ocean island basalt (OIB) lavas. Jackson and Hart (2006) were the first to target 

individual olivine-hosted melt inclusions for Sr isotopic analysis, utilizing laser ablation multi-

collector inductively coupled plasma mass spectrometry (LA-ICP-MS) to analyze melt 

inclusions from Samoan picrites. They found 87Sr/86Sr variability as large as 3400 ppm within 
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olivine-hosted melt inclusions from a single basalt. This result was reinforced by the work of 

Harlou et al. (2009), who employed micro-milling, traditional column chemistry (to separate Sr), 

and thermal ionization mass spectrometry (TIMS) to analyze the 87Sr/86Sr of individual olivine-

hosted melt inclusions. Harlou et al. (2009) found even greater 87Sr/86Sr heterogeneity (>6000 

ppm) than Jackson and Hart (2006) in olivine-hosted melt inclusions from an Icelandic lava. A 

more recent laser ablation single-collector ICP-MS study (Sobolev et al., 2011) reported 

remarkable 87Sr/86Sr variability (0.7021 to 0.7081, or ~8500 ppm) in olivine-hosted melt 

inclusions from a single olivine-rich scoria clast (the “Pu’u Wahi” eruption) from Mauna Loa, 

Hawai’i. These studies collectively appear to demonstrate that intra-basalt Sr isotopic 

heterogeneity exists within olivine-hosted melt inclusion populations in OIB from several 

localities, and that whole-rock 87Sr/86Sr analyses do not accurately capture the full isotopic 

variability of the melts that contribute to the geochemical signature of a basalt.  

Complementary studies have shown that intra-lava Sr-isotopic variability also exists in 

other phases in MORB (Bryce and DePaolo, 2004) and OIB. In Samoan lavas significant 

isotopic disequilibrium has been observed between whole rocks and clinopyroxene separates (as 

large as ~3100 ppm for 87Sr/86Sr and 160 ppm for 143Nd/144Nd; [Jackson et al., 2009]). More 

recently Reinhard et al. (2016) observed 87Sr/86Sr disequilibrium as large as 1947 ppm (in 

Samoan lava AVON3-78-1) between aggregated olivines and host whole rocks, confirming 

Jackson and Hart’s (2006) observation that melt inclusions hosted in olivines are not always in 

isotopic equilibrium with the host lava. In summary, there is overwhelming evidence for 

radiogenic isotopic variability preserved in the various components (clinopyroxene, olivine, melt 

inclusions) hosted in fresh, young OIB lavas. However, the mechanisms generating the Sr 

isotopic disequilibrium remain poorly understood. The three studies reporting 87Sr/86Sr 
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heterogeneity in melt inclusions (Jackson and Hart, 2006; Harlou et al., 2009; Sobolev et al., 

2011) provide no consensus on the mechanisms responsible for the variability. 

More recently, Koornneef et al. (2015) utilized high precision isotopic analyses by TIMS 

in individual olivine-hosted melt inclusions from Italian Neogene – Quaternary lavas and found 

significant 87Sr/86Sr and 143Nd/144Nd heterogeneity between melt inclusions from single lavas. 

Based on these successful measurements of 87Sr/86Sr and 143Nd/144Nd in individual melt 

inclusions from enriched arc lavas by Koornneef et al. (2015), we apply the same high precision 

TIMS technique to melt inclusions from OIB lavas which transit the thinner, less enriched 

oceanic crust. Here we present the first 87Sr/86Sr and 143Nd/144Nd measurements by TIMS, paired 

with major, trace, and volatile-element analyses, from individual olivine-hosted melt inclusions 

erupted at two oceanic hotspots. This study targets olivine-hosted melt inclusions from one 

Hawai’ian scoria clast (Sobolev et al., 2011; Wallace et al., 2015) and one Samoan lava (Jackson 

and Hart, 2006), both of which were targeted for Sr-isotopic analyses on olivine-hosted melt 

inclusions by laser ablation ICP-MS in previous studies. We use a different analytical 

approach—wet chemistry and isotopic analysis by TIMS—to obtain precise Sr and Nd isotopic 

data on melt inclusions from the same localities. An important advantage of the TIMS analytical 

technique is that it does not suffer from the same uncertainties in correcting for isobaric 

interferences (e.g. Kr, Rb, Ca dimers, etc.) as laser ablation-ICP-MS techniques (e.g., Ramos et 

al., 2004; Vroon et al., 2008). By pairing the TIMS Sr isotopic data with Nd isotopic analyses 

and major, trace, and volatile element data on the same melt inclusions, this study provides new 

constraints on the origin of 87Sr/86Sr variability in olivine-hosted melt inclusions in oceanic 

hotspot lavas.  

 

  

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 

 7 

2. METHODS 

2.1. Sample selection  

 The samples—AVON3-71-2 from Vailulu’u seamount in Samoa (Jackson and Hart, 

2006), and an olivine-rich scoria clast from the Pu’u Wahi eruption on Mauna Loa, Hawai’i 

(Sobolev et al., 2011; Wallace et al., 2015) (see Fig. 1)—were chosen for this study based on 

prior observations of 87Sr/86Sr heterogeneity within their olivine-hosted melt inclusion 

populations. Additionally, each of these samples contain abundant olivines that host abundant, 

large (>100 µm) melt inclusions.   

2.1.1. Vailulu’u sample AVON3-71-2. This sample is a deeply dredged picrite from Vailulu’u 

(the active location of the Samoan hotspot) that has been extensively characterized 

geochemically, including whole-rock major- and trace-element concentrations, 87Sr/86Sr, 

143Nd/144Nd, 208Pb/204Pb, 207Pb/204Pb, 206Pb/204Pb, 176Hf/177Hf, and 187Os/188Os (Workman et al., 

2004; Salters et al., 2011; Jackson and Shirey, 2011). Additionally, major, trace, and volatile-

element concentrations were measured in glass (Workman et al., 2006; Kendrick et al., 2015), 

87Sr/86Sr was measured in individual melt inclusions via laser ablation multi-collector ICP-MS 

(Jackson and Hart, 2006), δ18O and 3He/4He were reported in olivines (Workman et al., 2004; 

2008), 87Sr/86Sr and 143Nd/144Nd isotopic ratios were measured in clinopyroxene separates 

(Jackson et al., 2009), and 87Sr/86Sr was measured on bulk olivine separates (Reinhard et al., 

2016).  

2.1.2. Pu’u Wahi. Pu’u Wahi is a line of scoria cones on the NE rift zone of Mauna Loa 

(Lockwood et al., 1995). Olivine-hosted melt inclusions in scoria have the advantage of having 

been rapidly cooled, resulting in glass melt inclusions. The material sampled is a reticulite scoria 

clast hosting abundant euhedral olivines (referred to hereafter as the “Pu’u Wahi” sample), and 

material from this eruption was analyzed for major, trace, and select volatile-element (S and Cl) 
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concentrations, as well as 87Sr/86Sr, 207Pb/206Pb, and 208Pb/206Pb isotopic ratios in olivine-hosted 

melt inclusions (Sobolev et al., 2011). In the same study, major-element concentrations in the 

glass matrix and host olivines, trace-element concentrations, and 87Sr/86Sr in Pu’u Wahi matrix 

glass were reported. Olivines from Pu’u Wahi were also used for experimental testing of H 

diffusion rates in olivine by Gaetani et al. (2012), and a later study measured major element and 

volatile (H2O, CO2, S) concentrations in olivine-hosted melt inclusions from the Pu’u Wahi 

scoria (Wallace et al., 2015).  

2.2. Sample Preparation 

Sample AVON3-71-2 was crushed using a rock hammer then sieved before olivines were 

handpicked under a binocular microscope. The Pu’u Wahi sample is glass rich, and adhering 

glass had to be removed from the olivines prior to sample preparation. Therefore, the Pu’u Wahi 

olivines, but not the AVON3-71-2 olivines, were leached in 2N HF for 10 min at 25°C, then 

rinsed three times in milli-Q water, then leached in concentrated HNO3 for 15 min at 25°C, then 

rinsed again three times in milli-Q water to remove all adhering matrix glass. Visual inspection 

and geochemical analytes indicate that the process of leaching the adhering glass off of the 

olivine surfaces did not modify the entrapped Pu’u Wahi melt inclusions, which were protected 

within the olivine crystal. Olivines that hosted large (>85 µm) melt inclusions were selected from 

both samples (AVON3-71-2, N=10 melt inclusions; Pu’u Wahi, N=10). The selected olivines 

hosting large melt inclusions were inspected under a binocular microscope to ensure that there 

was no remaining matrix glass, basaltic groundmass, or secondary phases. Because some 

olivines host more than one melt inclusion, some of the selected olivines hosting melt inclusions 

were then cut with a diamond wire saw (150 µm diameter wire) to isolate the largest melt 

inclusion; remaining melt inclusions hosted in the same olivine grain were removed by mounting 

the olivine in CrystalbondTM and grinding the melt inclusions with silicon carbide abrasive paper 
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(See Fig. 2 for graphic of melt inclusion isolation). Most grains required polishing in multiple 

orientations to remove visible melt inclusions. Through this process, all visible glass, 

groundmass, and/or surface alteration was also removed from the olivines by making strategic 

cuts with the diamond wire saw and by grinding with silicon carbide (Fig. 2)(images of isolated 

melt inclusions are shown in Fig. S1). The olivines were then removed from their mounts, 

sonicated in acetone for 15 min to remove any adhering Crystalbond TM, leached in 6N HCl at 

25°C for 10 min, and then rinsed three times in milli-Q (i.e., 18.2 MΩ) water.  

While the Pu’u Wahi melt inclusions were dominantly glassy (only 2 melt inclusions 

required homogenization), all inclusions from AVON3-71-2 were crystalline and necessitated 

homogenization. Following isolation of melt inclusions by cutting and polishing, olivine 

fragments hosting a single large melt inclusion were homogenized using a Vernadsky-type 

heating stage under a microscope at the Laboratoire Magmas et Volcans at the Université 

Clermont Auvergne in Clermont-Ferrand, France, following the procedure detailed by Le Voyer 

et al. (2008). Crystalline melt inclusions were bathed in helium during homogenization at 1 atm 

and the oxygen fugacity was kept between 10-10 and 10-9 atm. Temperatures of homogenization 

(where applicable) can be found in Table S1. Samples were quenched after homogenization to 

avoid recrystallization of the melt inclusions. Samples that burst or cracked during 

homogenization were discarded and are not considered in this study (note that three melt 

inclusions from AVON3-71-2 did not fully homogenize during heating on the Vernadsky-type 

stage, therefore we do not discuss their major or trace element concentrations, but we do present 

and discuss their Sr and Nd isotopic compositions). The resultant glassy melt inclusions were 

then exposed by careful grinding and polishing, pressed into an indium mount, re-polished using 

¼ µm alumina paste, ultra-sonicated in ethanol (10 minutes) and then distilled water (10 

minutes) before major and trace element analysis.  
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Unlike Harlou et al. (2009), who separated the melt inclusions from the host olivine by 

micro-drilling, this study does not separate melt inclusions from the olivine. This is because Sr 

and Nd are highly incompatible in the olivine lattice (Fujimaki et al., 1984; Beattie, 1994) and 

therefore the Sr and Nd budgets of the olivines are dominated by the melt inclusions (Koornneef 

et al., 2015). It is not possible to avoid micro-inclusions during sample preparation, but their 

influence on the Sr (or Nd) isotopic composition of the target melt inclusion will be minimal. For 

example, the 87Sr/86Sr composition of a 150 µm diameter melt inclusion with 87Sr/86Sr of 0.7050 

(and 300 ppm Sr) would be perturbed by only 0.2 ppm if a 5 µm diameter melt inclusion—which 

is visible under a binocular microscope—with 87Sr/86Sr of 0.7092 (and the same Sr 

concentration) was inadvertently included in the same olivine through sample preparation and 

digestion. 

 

2.3. Major and Trace Element Analyses 

Major-element, Cl and S concentrations of the melt inclusions, and major element 

concentrations of the olivines, were carried out using the Cameca SX100 electron microprobe 

hosted at the Laboratoire Magmas et Volcans following the method described by Le Voyer et al. 

(2008). A focused electron beam with 15 kV accelerating voltage and 15 nA current was used for 

analyses of host olivines. For analyses of melt inclusions, an electron beam defocused to 5 µm 

with 15 kV accelerating voltage and 8 nA current was used. Analyses of ALV519-4-1 (Melson et 

al, 2002) and KL2-G (Jochum et al., 2006) were performed throughout the major element 

analytical session to monitor for instrument drift and data quality, and several standards were 

analyzed during the Cl and S analytical session (including ALV519-4-1; see Table S2). 

Reproducibility for basaltic glass reference material ALV519-4-1 was <2 % (2 RSD) for SiO2, 

Al 2O3, MgO, and CaO, <3 % for TiO2, ≤5 % for FeO and Na2O, <23 % for K2O, <39 % for 
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MnO, and <68 % for P2O5. Reproducibility is calculated based on repeat analyses of basaltic 

geologic reference glasses during the same analytical session. Chlorine and S were measured 5 

times consecutively in each melt inclusion and standard using a 40 s cycle, and errors are based 

on the reproducibility of these consecutive analyses. 

Data for melt inclusions, olivines, and geologic reference materials can be found in 

Tables S1, S2, S3, and S4. Major-element data were corrected for the effects of post-entrapment 

crystallization of olivine by adding or subtracting equilibrium olivine to the melt inclusions in 

0.1% increments until the melt inclusion is in equilibrium with the host olivine. Calculation of 

equilibrium olivine assumes an olivine-melt Fe-Mg Kd of 0.30±0.03 (Roeder and Emslie, 1970; 

Ford et al., 1983) and that 10 % of the total iron in the melt is as Fe3+. These olivine-corrected 

values are reported in Table S5. Unless stated otherwise, all melt inclusion major (and trace, see 

below) element compositions discussed in the text have been corrected for olivine fractionation 

or addition.  

 Trace element concentrations were measured using a Thermo Scientific Element XR 

ICP-MS coupled to a Resonetics M-50E 193nm ArF excimer laser housed at Laboratoire 

Magmas et Volcans. The method followed those outlined in Oulton et al. (2016), with some 

minor differences as described here. Intensities were normalized to 43Ca as the internal standard. 

Before all analyses, each spot underwent pre-ablation for 1 s at 10 Hz repetition rate to remove 

surface contamination. Analyses of melt inclusions and geologic reference materials used a 20 

µm spot and had a repetition rate of 2 Hz with a 50 second dwell time (resulting in 100 shots per 

spot); the laser pits were approximately 15 µm deep. The accelerating voltage was scanned 

between magnet jumps to monitor the peak positions. The following masses were analyzed for 

the target elements 6Li, 7Li, 44Ca, 47Ti, 59Co, 85Rb, 88Sr, 89Y, 90Zr, 93Nb, 137Ba, 139La, 140Ce, 146Nd, 

147Sm, 157Gd, 172 Yb, 208Pb, 238U. Analyses were made in low resolution mode using triple mode 
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with a 20 % mass window and a 20 ms integration window. NIST612 (Gagnon et al., 2008) and 

BCR-2 (Jochum et al., 2006) glass were used as standards to generate the calibration curve. 

Trace element concentrations are shown in Table S3, and olivine-fractionation corrected trace 

element concentrations of the melt inclusions are shown in Table S6 (for the olivine-

fractionation correction, incompatible trace element concentrations were adjusted by the same 

proportion as incompatible major elements, e.g., TiO2). To evaluate the precision and accuracy 

of analyses, 16 replicate trace element measurements were performed on a basaltic glass (sample 

GL07-D52-5 is an incompatible trace element enriched glass from the Easter-Salas y Gomez 

seamount chain from Kelley et al., 2013) with trace element concentrations similar to those in 

the Hawai’ian melt inclusions from Pu’u Wahi, but somewhat more depleted than the 

incompatible trace element enriched Samoan melt inclusions from Vailulu’u. The reproducibility 

of the trace element concentrations measured in this basaltic glass reference material (see Table 

S2) was better than 6 % (2 RSD, N=16), except for Pb (8 %), and U and Li (10 % and 12 %, 

respectively). The measured concentrations agree with published values from Kelley et al. (2013) 

to better than 6 % for most elements (Ti, Sr, Nb, Ba, La, Ce, Nd, Sm, Yb), and better than 10 % 

for the remaining elements (see Table S2). We report volatile elements (CO2, H2O, and F) in the 

supplementary tables, methods can be found in the supplementary material.  

2.4. 87Sr/86Sr and 143Nd/144Nd analysis of melt inclusions by TIMS:  

 Olivines were plucked from the indium mount and then leached in 15 N nitric acid for 2 

min at 90 °C to remove any adhering indium. Samples were then leached in 1 N HCl for 15 min 

at 25 °C to remove any remaining surface contamination and transferred to Teflon beakers. 

Spikes of 84Sr and 150Nd were added to each olivine sample, for determination of the total 

amount of analyte in the sample. The olivines (and the melt inclusions hosted within) were then 

dissolved in a 4:1 solution of concentrated HF and concentrated HNO3, and placed on a hot plate 
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at 120 °C in capped Teflon beakers for four days. Samples were then dried down and brought up 

in concentrated HNO3. Finally, samples were brought up in 200 µl of 3 N HNO3 and loaded on 

to columns for chemical separation of Sr and Nd. Chemical separation followed the procedures 

detailed in Koornneef et al. (2015). 

 The separated Sr was then loaded onto degassed Re filaments for 87Sr/86Sr analyses on 

the Thermo Scientific Triton Plus TIMS housed at the Vrije Universiteit (VU) Amsterdam. 

Strontium isotopic and abundance measurements were made using ID-TIMS with standard 1011 

Ω amplifiers and a static multi-collection routine (Koornneef et al., 2015). All 87Sr/86Sr ratios 

were corrected for mass bias relative to an accepted 86Sr/88Sr ratio of 0.1194 using an exponential 

law. Two 200 ng loads of NBS987 were analyzed during the same analytical session had 

87Sr/86Sr ratios of 0.710236 (± 0.000009, 2 SE) and 0.710243 (± 0.000009, 2 SE). All 87Sr/86Sr 

ratios measured on melt inclusions and geologic reference materials are corrected for the offset 

between the preferred NBS987 value (0.710240; Thirlwall, 1991) and the average value 

measured on NBS987 during the same analytical session. Two aliquots of BHVO-2 (146 and 380 

ng of Sr) were processed through all steps of the chemistry, and yielded 87Sr/86Sr ratios of 

0.703470 (± 0.000010, 2 SE) and 0.703458 (± 0.000008, 2 SE). Both measured BHVO-2 

compositions are within error of the preferred BHVO-2 value of 0.703471 (±0.000020, 2 SD), 

following renormalization to a NBS987 value of 0.710240 (Weis et al., 2006). The average 

87Sr/86Sr of AGV-1 (loaded to have ~4 ng Sr) run during the same period was 0.704007 (± 

0.000029 2 SD, N=6), which is within error of the preferred AGV-1 value of 0.703981 (± 

0.000017 2 SD; Weis et al., 2006), following renormalization to the preferred NBS987 value of 

0.710240.  

Neodymium was loaded onto a degassed Re filament for 143Nd/144Nd ratio and Nd 

abundance analyses on the Thermo Scientific Triton Plus using 1013 Ω amplifiers in the feedback 
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loop (following procedures from Koornneef et al., 2014 and 2015). The 1013 Ω amplifiers yield 

better signal-to-noise ratios that enhances the precision of isotopic analyses of very small 

amounts of Nd (Koornneef et al., 2014; 2015). All 143Nd/144Nd ratios were corrected for 

instrumental mass bias to a 146Nd/144Nd ratio of 0.7219 using the exponential law. All 

143Nd/144Nd ratios are corrected for the offset between the measured JNdi value (measured 

during the same analytical session) and our preferred value (0.512104; Hamelin et al., 2011). 

Three 100 ng JNdi standards were run throughout the analytical session using 1013 Ω amplifiers, 

and yielded values of 0.512111 (± 0.000032, 2 SE), 0.512154 (± 0.000035, 2 SE) and 0.512116 

(± 0.000035 2 SE); the average 143Nd/144Nd value was used to correct for the offset of the 

measured value from the preferred value. Additionally, a 100 pg load of the in-house CIGO 

standard was run, yielding a 143Nd/144Nd value of 0.511357 (± 0.000034, 2 SE), which is within 

error of the long-term average of 100 pg CIGO standard loads run at VU using the same 

technique (0.511339 ± 0.000066 2 SD, N=77). Two (9.3 and 23 ng Nd) aliquots of BHVO-2 

were processed through all steps of the Nd chemistry with the melt inclusions in this study, and 

yielded 143Nd/144Nd ratios of 0.512969 (± 0.000039, 2 SE) and 0.512908 (± 0.000037, 2 SE); 

these values compare well with the Weis et al. (2006) BHVO-2 value of 0.512973 (±0.000011 2 

SD), following the La Jolla to JNdi conversion from Tanaka et al. (2000) and correcting to a 

JNdi 143Nd/144Nd value of 0.512104. The average 143Nd/144Nd of AGV-1 (loaded to have ~200 

pg Nd) run during the same period was 0.512787 (± 0.000040, 2 SD, N=4; normalized to a 

CIGO value of 0.511333), which is within error of the preferred Weis et al. (2006) AGV-1 value 

of 0.512780 (± 0.000013, 2 SD) following the corrections used above.  

Individual Samoan and Hawai’ian melt inclusions contained 0.8 to 19.1 ng of Sr (Table 1 

& S7) and 0.06 to 1.07 ng of Nd (Table 1 & S8). Total procedural blanks were processed 

together with the melt inclusions through all steps of column chemistry and mass spectrometry 
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and were 72 pg for Sr and 6 pg for Nd.  Sample-to-blank ratios for Sr analyses varied from 11 to 

265, and from 10 to 178 for Nd (see Tables S7 & S8).  A sample-to-blank threshold was applied 

to ensure that samples with the most significant contribution from blank were not considered, 

and the following thresholds are employed to reduce uncertainty associated with the blank 

correction (see Fig. S2): Only analyses with Sr sample/blank ratios greater than 25, and Nd 

sample/blank ratios greater than 40, are considered in Sections 3 (Data and Observations) and 

Section 4 (Discussion). Nonetheless, all Sr and Nd isotopic data, including melt inclusions that 

have unacceptably low sample/blank ratios, are reported in Tables S7 and S8. Blank corrections 

were made using the laboratory blank 87Sr/86Sr and 143Nd/144Nd ratios previously determined for 

the Sr and Nd chemistry at VU (Koornneef et al., 2015; Knaf et al., 2017); the total procedural 

blank isotopic ratio used for correction is 0.711120 ± 0.000050 (N=3) for 87Sr/86Sr and 0.511856 

± 0.000090 (N= 3) for 143Nd/144Nd. 

 

3. DATA AND OBSERVATIONS  

Major elements for the melt inclusions analyzed in this study are presented in Fig. 3 (and 

Table S1 & S5). Like all Mauna Loa lavas, the 10 olivine-hosted melt inclusions analyzed in this 

study are tholeiitic, whereas three melt inclusions from AVON3-71-2 are alkalic and four are 

transitional (Fig. 3). The MgO contents of the Pu’u Wahi (11.8-14.1 wt %; Table S5) and 

AVON3-71-2 (10.9-16.3 wt %; Table S5) melt inclusions fall within the range identified in 

previously analyzed Mauna Loa and Vailulu’u lavas, respectively (Fig. 3). With the exception of 

one Pu’u Wahi and one AVON3-71-2 melt inclusion, the melt inclusions from both samples 

have significantly lower FeO concentrations than previously analyzed Mauna Loa and Vailulu’u 

whole rocks (Fig. 3). The apparent depletion in Fe in most of the melt inclusions, due to re-

equilibration between the melt inclusion and the host olivine, is similar to previous observations 
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of “Fe-loss” from olivine-hosted melt inclusions at other localities (Danyushevsky et al., 1992, 

2000; Sobolev and Danyushevsky, 1994; Gaetani and Watson, 2000; Kent, 2008).  

Following correction for olivine fractionation or addition to be in equilibrium with the 

host olivine, the primitive mantle (McDonough and Sun, 1995) normalized incompatible trace 

element patterns of the melt inclusions from AVON3-71-2 are similar to that of the host whole 

rock (Fig. 4). The AVON3-71-2 melt inclusions have no clear Sr anomalies relative to elements 

of similar compatibility. (Sr anomalies are represented by Sr/Sr*= SrN/(NdN*SmN)0.5, where N 

represents normalization to the primitive mantle concentration from McDonough and Sun 

(1995]). In the Pu’u Wahi melt inclusions, trace element concentrations of the most incompatible 

elements are similar to their host glass. In contrast, the less incompatible elements (Zr, Sm, Ti, 

Gd, Y, Tb) tend to have lower concentrations in the melt inclusions relative to host glass 

analyzed by Sobolev et al. (2011), but we do not have an explanation for this observation. The 

Pu’u Wahi melt inclusions show positive Sr anomalies (average Sr/Sr* = 1.37) that are generally 

larger in magnitude than the host glass (Sr/Sr*= 1.14; Fig. 4).  

Figure 5a presents previously-published 87Sr/86Sr data obtained on various components of 

the Samoan lava AVON3-71-2 for comparison with the new 87Sr/86Sr reported on melt inclusions 

here, which are isotopically heterogeneous. Bulk whole rock 87Sr/86Sr (0.705943; Workman et 

al., 2004), laser ablation multi-collector ICP-MS data from melt inclusions (which were 

previously found to vary from 0.70459 to 0.70602; Jackson and Hart, 2006), bulk clinopyroxene 

separates (divided into two sub-populations based upon color: green [0.705485] and black 

[0.705545] cpx; Jackson et al., 2009), and aggregated olivine separates (also sub-divided based 

upon olivine color: green [0.705404] and brown [0.705436] olivine; Reinhard et al., 2016) are 

presented. The new 87Sr/86Sr data on individual olivine-hosted melt inclusions analyzed by TIMS 

in this study have 87Sr/86Sr values that range from 0.705193-0.705853 (936 ppm variability), 
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which represents 44% of the total variability observed in previously analyzed whole rocks from 

Vailulu’u seamount. The 87Sr/86Sr measured in AVON3-71-2 melt inclusions in this study are 

consistent with previously observed values obtained on a separate suite of melt inclusions 

analyzed by Jackson and Hart (2006) using laser ablation multi-collector ICP-MS, but the new 

data (0.705193- 0.705853; N=6) span only 46% of the range of 87Sr/86Sr values identified in the 

laser ablation multi-collector ICP-MS data (0.70459 to 0.70602; N=12). All melt inclusions from 

AVON3-71-2 in this study (by TIMS) and in a prior study (by laser ablation multi-collector ICP-

MS), as well as all clinopyroxene separates and bulk aggregate olivines from this lava, have 

87Sr/86Sr that is similar to or lower than the whole-rock (0.705943; Workman et al., 2004).  

All published 87Sr/86Sr data from the Pu’u Wahi sample are presented in Fig. 5b, 

including data on the host glass (this study), 87Sr/86Sr on 137 melt inclusions by laser ablation 

single-collector ICP-MS (Sobolev et al., 2011), and new 87Sr/86Sr data in melt inclusions by 

TIMS reported here. Sobolev et al. (2011) found extreme 87Sr/86Sr variability (~8500 ppm) in a 

suite of melt inclusions from Pu’u Wahi (0.7021–0.7081; N=137). In contrast, the Pu’u Wahi 

melt inclusions analyzed in this study show only 251 ppm of total variability (0.703761–

0.703938, N=9), which is more than 30 times less variability than observed by Sobolev et al. 

(2011). Additionally, the Pu’u Wahi melt inclusions analyzed in this study have 87Sr/86Sr ratios 

that are less than, or within error of, the 87Sr/86Sr of the matrix glass (0.703912 ±0.000008, 2 SE; 

this study) hosting the olivines. This stands in contrast to the Pu’u Wahi melt inclusions analyzed 

by Sobolev et al. (2011), which have 87Sr/86Sr ratios that are higher (64 melt inclusions) and 

lower (73 melt inclusions) than the matrix glass.  

No 143Nd/144Nd heterogeneity outside of error was found in the Pu’u Wahi or AVON3-

71-2 melt inclusions. Figure 6 presents the 143Nd/144Nd and 87Sr/86Sr data of the Samoan and 

Hawai’ian melt inclusions analyzed in this study(see Table 1). Vailulu’u sample AVON3-71-2 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 

 18 

melt inclusions with Nd-isotopic data (N=3) have 143Nd/144Nd ratios of 0.512705 (± 0.000052, 

2SE) to 0.512809 (± 0.000065, 2 SE), and are thus within error of previously reported whole 

rock 143Nd/144Nd measurements from Vailulu’u from Workman et al. (2004). Similarly, the three 

Pu’u Wahi melt inclusions with 143Nd/144Nd data have ratios that are within error of one another 

(from 0.512800 ± 0.000050 to 0.512900 ± 0.000064) and within error of previously published 

143Nd/144Nd from Mauna Loa whole rocks.  

Notably, Fig. 6 shows that the internal errors obtained on individual melt inclusions from 

Samoa AVON3-71-2 (the 2σ standard errors range from 102 to 152 ppm, N=3) and Pu’u Wahi 

(91 to 126 ppm, N=3) are similar to the errors obtained using an older generation TIMS 

instrument on 143Nd/144Nd analyses of MORB and OIB whole rocks by DePaolo and Wasserburg 

(1976) (60 to 90 ppm, N=3). Nonetheless, the precision (91 to 152 ppm, 2 RSE) on 143Nd/144Nd 

analyses of individual melt inclusions is insufficient to resolve any intra-lava heterogeneity in 

this sample suite. However, this may be due to the geochemical nature of the melt inclusions that 

yielded successful 143Nd/144Nd analyses. For example, the three AVON-3-71-2 Samoan melt 

inclusions with 143Nd/144Nd measurements capture a relatively small fraction (0.705221 to 

0.705307) of the total 87Sr/86Sr variability (0.705193 to 0.705853) present in melt inclusions 

from this lava. One might expect that, if the melt inclusions with the highest 87Sr/86Sr were to 

yield successful 143Nd/144Nd measurements, resolvable Nd-isotopic heterogeneity would also be 

observed. Future work will target these geochemically-enriched melt inclusions. 

The ratio of chlorine to similarly incompatible elements (e.g. Nb) has been used as an 

indicator of assimilation of seawater derived materials or seawater-altered rocks in lavas (Rowe 

and Lassiter, 2009; Rose-Koga et al., 2012; Cabral et al., 2014). The Cl/Nb ratios vary from 13.4 

to 16.6 in AVON3-71-2 melt inclusions, with the exception of melt inclusion AVON3-71-2-8 

(33.6) (Fig. 7; Table S6). Similarly, high Cl/Nb ratios (up to 33.0 see Fig. 7) were observed in 
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pillow rim glasses dredged from the flanks of Vailulu’u (Workman et al., 2006; Kendrick et al., 

2015). In contrast, the Pu’u Wahi melt inclusions have Cl/Nb ratios (4.5–10.1) that are within the 

range suggested for mantle melts (Cl/Nb < 11; Rose-Koga et al., 2012). Cl/Nb (and Cl/K) do not 

co-vary with 87Sr/86Sr in the Pu’u Wahi or AVON3-71-2 melt inclusions analyzed in this study 

(Fig. 7).  

However, 87Sr/86Sr ratios show a positive relationship with Rb/Sr and Ba/Nb ratios in 

AVON3-71-2 melt inclusions. The melt inclusions from AVON3-71-2 have Ba/Nb ratios that 

vary from 5.5 to 6.2, falling within the range of Ba/Nb previously reported on whole rock lavas 

from Vailulu’u (Fig. 8). The AVON3-71-2 melt inclusions have a smaller range in Rb/Sr (0.060–

0.085) than previously observed in Vailulu’u lavas (0.051–0.081; Workman et al., 2004) (Fig. 9), 

but they fall within the range of Rb/Sr ratios (0.047–0.103) reported by Jackson and Hart (2006) 

in melt inclusions from the same sample (AVON3-71-2).  

The Pu’u Wahi melt inclusions have a broad range of Ba/Nb ratios (8.6–12.0) that fall 

within the variability observed in Mauna Loa lavas (Jackson et al., 2012; see Fig. 8). However, 

Sobolev et al. (2011) reported greater variability in Ba/Nb ratios of Pu’u Wahi melt inclusions 

(7.7–15.4) than we report in melt inclusions from the same lava. Similarly, Rb/Sr ratios in the 

Pu’u Wahi melt inclusions analyzed in this study (0.019–0.023; Fig. 9) exhibit an order of 

magnitude less variability than the Rb/Sr ratios observed in melt inclusions analyzed (0.004–

0.045) by Sobolev et al. (2011). Finally, Sr isotopes in melt inclusions do not correlate with 

Rb/Sr in the new Pu’u Wahi melt inclusion dataset or in the dataset of Sobolev et al. (2011). 

However, in the Pu’u Wahi melt inclusions from this study there is a positive relationship 

between 87Sr/86Sr and Ba/Nb (Fig. 8), but no equivalent correlation is present in the Sobolev et 

al. (2011) dataset. 
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4.  DISCUSSION. Exploring mechanisms for generating 87Sr/86Sr variability in melt 

inclusions. 

Significant 87Sr/86Sr heterogeneity has been shown to exist between olivine-hosted melt 

inclusions within a single lava (Jackson and Hart, 2006; Harlou et al., 2009; Sobolev et al., 2011; 

Koornneef et al., 2015; this study). The observation that olivines in a single lava can host melts 

with variable 87Sr/86Sr necessitates that melts with variable 87Sr/86Sr were present when olivine 

crystallized in the magma system, and that olivines captured these heterogeneous melts as melt 

inclusions. Below, we discuss potential mechanisms for generating the heterogeneous melts 

trapped in the AVON3-71-2 and Pu’u Wahi melt inclusions: 1.) mixing of mantle-derived melts 

with variable 87Sr/86Sr, and 2.) interaction with seawater-derived brines or interaction with 

material that has been significantly altered by seawater derived brine (hereafter referred to as 

“interaction with brines”). In the supplementary material we discuss 3.) assimilation of altered 

oceanic crust (AOC), and 4.) assimilation of unaltered gabbro in the deep oceanic crust, but we 

do not find evidence for these processes having modified the melt inclusions in this study. After 

acquiring heterogeneous 87Sr/86Sr and becoming entrapped in olivine, the olivine-hosted melt 

inclusion populations are assembled within magmatic plumbing systems and erupted.  

Previous studies (Koornneef et al., 2015; Reinhard et al., 2016) argue that olivines 

encapsulate melts and preserve their 87Sr/86Sr ratios due to the incompatibility of Sr in olivine 

(Beattie, 1994) and slow Sr diffusion rates through olivine (Remmert et al., 2008). Additionally, 

both of the samples we studied have relatively low Rb/Sr ratios (see Data and Observations 

section) and are visually fresh and young—Pu’u Wahi erupted at 910 yr B.P. (Lockwood et al., 

1995) and AVON3-71-2 is <8 ka (Sims et al., 2008)—such that the radiogenic decay of 87Rb to 

87Sr (half-life of ~49 Ga) has not significantly modified the 87Sr/86Sr of these melt inclusions post 

entrapment. Therefore, we assume all 87Sr/86Sr heterogeneity in the melt inclusions examined 
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here is the result of pre-entrapment processes. In the following sections we evaluate potential 

mechanisms that contribute to heterogenous 87Sr/86Sr in melt inclusions: new data from Vailulu’u 

melt inclusions are explored, followed by a discussion of the relatively isotopically 

homogeneous Pu’u Wahi melt inclusions.  

 

4.1. Vailulu’u (Samoan sample AVON3-71-2) 

4.1.1. Mixing of mantle-derived melts with heterogenous 87Sr/86Sr. 

 The mixing of mantle melts with heterogeneous 87Sr/86Sr has been proposed as a 

mechanism for generating the highly heterogeneous 87Sr/86Sr ratios in olivine-hosted melt 

inclusions, including melt inclusions from AVON3-71-2 (Jackson and Hart, 2006). If mantle 

melts have heterogenous 87Sr/86Sr ratios that reflect their source, then the mixing of these melts 

as olivine is crystallizing (and trapping melt inclusions) could generate the observed 87Sr/86Sr 

and trace element ratio heterogeneity in the AVON3-71-2 melt inclusions.  

A simple binary mixing model can be used to generate the heterogeneity observed in the 

AVON3-71-2 melt inclusions using known whole-rock lava compositions from the Samoan 

hotspot as hypothetical mixing endmembers. In the model, the geochemically enriched 

endmember is mixed with a geochemically depleted endmember. We identify two endmembers 

that are suited for generating the trends exhibited by the melt inclusions (see description of 

endmembers in Fig. 8 caption). A mixture of these two endmembers generates trends that fit the 

observed relationships between 87Sr/86Sr and incompatible trace element ratios (e.g. Rb/Sr and 

Ba/Nb). The observed correlation between trace element ratios (Rb/Sr and Ba/Nb) and 87Sr/86Sr, 

together with the observation that the AVON3-71-2 melt inclusions fall along the model mixing 

line, support the hypothesis that the mixing of mantle-derived melts with heterogeneous 87Sr/86Sr 

prior to eruption could generate the observed 87Sr/86Sr variability. 
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4.1.2. Assimilation. 

While the mixing of heterogenous mantle melts could generate the observed 87Sr/86Sr 

heterogeneity and the concomitant incompatible trace element ratio (Rb/Sr and Ba/Nb) 

variability, magma mixing alone cannot explain the enrichments in Cl found in the AVON3-71-2 

melt inclusions (Fig. 7). The elevated Cl/Nb ratios range up to values (i.e., 33.6) that are above 

the range for mantle-derived melts, suggesting that assimilation of seawater-derived materials 

has modified the Cl concentrations of the AVON3-71-2 melt inclusions. However, it is important 

to evaluate whether the 87Sr/86Sr was modified by this mechanism.  

The assimilation of seawater-derived materials—including AOC, seawater, and brines—

can modify the 87Sr/86Sr of a melt. This is because seawater-derived materials can have elevated 

concentrations of Sr and inherit an 87Sr/86Sr ratio from seawater (which contains ~7.85 ppm Sr 

[Bernat et al., 1972] with radiogenic 87Sr/86Sr [0.709179; Mokadem et al., 2015]). If olivine 

crystallizes during or after magmatic assimilation of seawater-altered rock, the melt inclusions 

would trap signatures of this assimilant.  

Several studies have suggested that melt inclusions may be more sensitive recorders of 

the assimilation of seawater derived materials than whole rock lavas because 1.) crystallization 

of olivine is enhanced at the magma chamber margins due to cooler temperatures near the 

magma chamber walls and 2.) melts trapped by growing olivine at magma chamber margins are 

more likely to have interacted with the wall rock than melts closer to the interior of the chamber 

(Kamenetsky et al., 1998; Bédard et al., 2000; Danyushevsky et al., 2003, 2004). If assimilation 

is generating 87Sr/86Sr heterogeneity, and if melts hosting signatures of assimilation are 

preferentially trapped in olivine phenocrysts near magma chamber walls, then variable 87Sr/86Sr 

compositions will be recorded disproportionately in olivine-hosted melt inclusions relative to the 
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bulk lava. This conceptual model may explain the high degree of 87Sr/86Sr variability observed in 

melt inclusions from some lavas. 

Identifying signatures of assimilated seawater-derived materials can be difficult due to 

the geochemical variability in these materials. While the 87Sr/86Sr of modern seawater is 

homogeneous, with a value of 0.709179 (Mokadem et al., 2015), oceanic crust and alteration 

products can have 87Sr/86Sr ratios that range from ~0.7021 in fresh MORB (Schilling et al., 1994; 

Fontignie and Schilling, 1996) to as high as 0.7257 (Hauff et al., 2003) in highly altered 

components within early Mesozoic Pacific oceanic crust (where enrichment of Rb in AOC [e.g., 

Kelley et al., 2003] results in high Rb/Sr that generates high time-integrated 87Sr/86Sr via 87Rb 

decay).  

Chlorine provides a powerful tool for identifying assimilation of seawater-derived 

materials in oceanic lavas because it is fluid mobile and not efficiently subducted into the mantle. 

Thus, recycled materials in hotspot lavas are not expected to have high Cl/K (e.g., Kendrick et 

al., 2013) or Cl/Nb (Rowe and Lassiter, 2009), and mantle-derived lavas that have not 

assimilated seawater-derived materials have low Cl/Nb ratios (e.g. 5-17; Rowe et al., 2015; 

Michael and Cornell, 1998; Saal et al., 2002; Stroncik and Haase, 2004; Rowe and Lassiter, 

2009).  

In contrast, seawater and seawater-derived materials (including brines and altered oceanic 

crust) are rich in Cl (e.g., Sano et al., 2008; Kendrick et al., 2013; 2015; Van den Bleeken and 

Koga, 2015). Due to alteration by seawater, altered oceanic crust becomes enriched in Cl and 

other diagnostic elements (including Li, B, K, Rb, Cs, and U; e.g., Kelley et al., 2003; Staudigel, 

2003; Sano et al., 2008). However, seawater and brines are poor in Nb relative to mantle-derived 

melts. As a result, altered oceanic crust inherits high Cl/Nb ratios (and high Cl/K, implied 

hereafter; Jambon et al., 1995; Michael and Cornell, 1998; Kent et al., 1999a, 1999b, 2002; 
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Lassiter et al., 2002; Kendrick et al., 2013, 2015) relative to mantle-derived melts. Therefore, 

assimilation of altered oceanic crust by magmas transiting through oceanic crust can elevate the 

magmatic Cl concentrations relative to similarly incompatible elements, like Nb, resulting in 

high Cl/Nb ratios in lavas (and melt inclusions) erupted at the surface (e.g., Michael and Cornell, 

1998; Kent 1999a, 1999b; Kendrick et al., 2013, 2015).  

Therefore, when used in tandem, Cl concentrations and 87Sr/86Sr present a powerful tool 

for evaluating the presence of assimilated seawater derived materials in lavas. Altered oceanic 

crust has elevated Cl (and Cl/Nb) and higher 87Sr/86Sr relative to fresh MORB (Staudigel et al., 

1995, 1996; Bach et al., 2003; Hauff et al., 2003; Staudigel, 2003). Thus, if assimilation of 

seawater derived materials is the mechanism responsible for generating the observed 87Sr/86Sr 

variability in olivine-hosted melt inclusions, then 87Sr/86Sr should correlate with indicators of 

assimilated seawater derived materials (e.g, Cl/Nb). However, Cl and Cl/Nb do not covary with 

87Sr/86Sr (Fig. 7). This requires that the melt assimilated material that modifies the Cl (and 

Cl/Nb) of the melt inclusions but does not significantly modify 87Sr/86Sr. Assimilation of deep 

crustal gabbros and altered oceanic crust are unlikely candidates (see Supplementary Text). 

However, as we explain below, interaction with brines may be consistent with the observations 

of this study. 

 

Interaction with brines. Kendrick et al. (2015) analyzed Samoan glasses for F, Cl, Br, and I 

concentrations and reported a Cl/Nb ratio of 32.6 in pillow rim glass from the same lava that we 

examine here (AVON3-71-2), similar to the Cl/Nb ratio we measured in melt inclusion AVON3-

71-2-8 (33.6). Together with evidence from Br and I data, Kendrick et al. (2015) attribute 75% of 

the Cl in the AVON3-71-2 glass to interaction with brines (totaling 0.45 wt. % of the mixture, 

assuming the brines are composed of 55 ± 15 wt % salts). Other glasses from Vailulu’u (as well 
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as submarine glasses from several other Samoan volcanoes, Ta’u, Malumalu, Tupito [formerly 

known as Muli], and Taumatau) also exhibit evidence for significant contribution of Cl from 

brine (Kendrick et al., 2015). Kendrick et al. (2015) and Workman et al., 2006 did not observe a 

correlation between indicators of assimilation and 87Sr/86Sr in the Samoan glasses they analyzed. 

Kendrick et al. (2013; 2015) suggest that the brine with which the Samoan basalts interacted had 

low Sr concentrations and therefore interaction with brines could generate the observed Cl 

enrichment (and high Cl/Nb ratios) without significantly modifying the 87Sr/86Sr of the melt.  

The influence of melt interacting with brines prior to entrapment can be tested using a 

simple mixing model. We adopt a 55% salt brine (~30 wt.% of the brine is Cl) composition 

(from Kendrick et al., 2015) that has 87Sr/86Sr of seawater (0.709179; Mokadem et al., 2015), a 

Sr concentration Mid-Atlantic Ridge hydrothermal fluids (11.1 ppm; Schmidt et al., 2007), and a 

Nb concentration of 0.2 ppb (Le Roux et al., 2006). The brine component is mixed with a melt 

that has a Cl/Nb ratio equal to the lowest Cl/Nb Vailulu’u glass (sample AVON3-72-2: Cl = 670 

ppm, Nb = 67 ppm Cl/Nb = 10.0; Workman et al., 2006) and 87Sr/86Sr equal to the lowest 

87Sr/86Sr inclusion from this study (AVON3-71-2-9; Fig. 7). In our model, a mixture with only 

0.52% brine would generate the maximum Cl/Nb (33.6) of the AVON3-71-2 melt inclusions 

reported here (Fig. 7). This value is similar in magnitude to the 0.45% brine interaction for the 

AVON3-71-2 pillow glass from Kendrick et al. (2015). Critically, the assimilation of such a 

small amount of brine increases the 87Sr/86Sr ratio of the melt by only 0.5 ppm, more than an 

order of magnitude less than the uncertainty on the 87Sr/86Sr analyses by TIMS reported here. 

Therefore, interaction with brine can generate elevated Cl/Nb in Vailulu’u melts without 

significantly modifying the 87Sr/86Sr of the melt. Therefore, the lack of correlation between 

Cl/Nb and 87Sr/86Sr in AVON3-71-2 melt inclusions, which host a wide range of Cl/Nb (13.4 to 

33.6), is explained by brine interaction with melts prior to entrapment in growing olivines.  
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  Based on the magma mixing model described in section 4.1.1., binary mixing of 

geochemically-enriched and geochemically-depleted magmas can generate relationships between 

87Sr/86Sr and Rb/Sr and Ba/Nb and, critically, none of these ratios are significantly impacted by 

interaction with brines owing to low Sr, Nb, Rb (Schmidt et al., 2007), and Ba (Charlou et al., 

2002) content of brines relative to the alkalic Samoan melts. However, elevated Cl/Nb ratios in 

the suite of AVON3-71-2 melt inclusions indicate that either (or both) of the endmember 

magmas in the magma mixing model (Section 4.1.1) interacted with a small amount of brine, 

variably influencing the melt inclusion Cl budgets (and Cl/Nb ratios) prior to entrapment. 

Unfortunately, given the existing suite of data, it is not possible to evaluate whether magma 

mixing or brine interaction occurred first, but the data do suggest that both processes operated on 

the melt trapped in the AVON3-71-2 melt inclusions.  

 

4.2. Pu’u Wahi (Mauna Loa, Hawai’i) 

4.2.1.  87Sr/86Sr heterogeneity in melt inclusions from Pu’u Wahi  

The Pu’u Wahi melt inclusions analyzed in this study have limited 87Sr/86Sr variability 

(only 251 ppm, 0.703761– 0.703938, N=9). However, this limited variability is still greater than 

the reproducibility of 87Sr/86Sr measurements on similarly sized aliquots of Sr (± 43 ppm 2 RSD, 

based on replicate analyses of 4 ng Sr loads of AGV-1; see Methods), suggesting a very limited 

range of true Sr-isotopic variability in the suite of Pu’u Wahi melt inclusions examined here. 

Given the relatively narrow range of 87Sr/86Sr ratios, it is difficult to evaluate the mechanisms 

responsible for generating the 87Sr/86Sr variability observed in the Pu’u Wahi melt inclusions 

analyzed in this study. 

The Pu’u Wahi melt inclusions analyzed in this study do not show a correlation between 

87Sr/86Sr and Cl/Nb (Fig. 7), and they all have low Cl/Nb ratios (<10.1), so it is unlikely that 
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assimilation of materials altered by seawater is responsible for their limited 87Sr/86Sr variability 

(Lassiter et al., 2002; Workman et al., 2006; Kendrick et al., 2014; Cabral et al., 2014). 

Additionally, the Pu’u Wahi melt inclusions have Sr/Sr* >1.2, but there is no relationship 

between 87Sr/86Sr and Sr/Sr* (Fig. S5), which argues against the assimilation of deep oceanic 

gabbro as the sole mechanism generating the limited 87Sr/86Sr heterogeneity (e.g., Saal et al., 

2007) (and see Supplementary Information for discussion of gabbro assimilation). Finally, the 

Pu’u Wahi melt inclusions show no relationship between 87Sr/86Sr and Rb/Sr, which excludes 

simple two-component mixing of magmas as the sole mechanism generating 87Sr/86Sr variability 

in these melt inclusions.  

In contrast to the narrow range of 87Sr/86Sr ratios obtained on Pu’u Wahi melt inclusions 

from this study, Sobolev et al. (2011) identified much greater variability (more than 30 times 

greater) in their suite of Pu’u Wahi olivine-hosted melt inclusions (~8500 ppm of 87Sr/86Sr 

variability, 0.7021–0.7081; N=137). The extreme isotopic variability observed by Sobolev et al. 

(2011) raises some key questions: Why does their dataset exhibit a significantly greater range in 

87Sr/86Sr in Pu’u Wahi melt inclusions than the dataset generated in this study, and how can we 

reconcile their results with the relatively narrow range in 87Sr/86Sr observed in the melt 

inclusions in this study?  

One possible explanation is that our sample size (N= 9 melt inclusions) is significantly 

smaller than that of Sobolev et al. (2011) (N = 137), and the more limited 87Sr/86Sr heterogeneity 

observed in this study (251 ppm) compared to the Sobolev et al. (2011) study (~8500 ppm) is the 

result of the small sample size. However the observed trace element heterogeneity (e.g. Ba/Nb; 

Fig. 8) is similar in magnitude to that observed by Sobolev et al. (2011), suggesting that we did 

not analyze an anomalously homogenous suite of Pu’u Wahi melt inclusions. A second possible 

reason for the contrast between the results of this study and those of Sobolev et al. (2011) is 
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inherent difference in precision between the two analytical methods; the reproducibility of the 

87Sr/86Sr ratio during repeat 87Sr/86Sr analyses of individual Pu’u Wahi melt inclusions by 

Sobolev et al. (2011) vary considerably, but average errors are ± 1660 ppm (2 RSE) and are as 

high as ± 4376 ppm (2 RSE, i.e., melt inclusion 1441A in their study). This error is similar to the 

total range in the Pu’u Wahi melt inclusions suite (~8500 ppm total range) observed by Sobolev 

et al. (2011). By comparison, the Pu’u Wahi melt inclusions examined here have errors ranging 

from only ±14 to ±56 ppm (2 SE) (and repeat TIMS  87Sr/86Sr analyses of  4 ng loads of AGV-1 

reproduced to within ± 41 ppm (2 RSD, N=6)). Looking ahead, it will be important to prospect 

for highly heterogeneous 87Sr/86Sr melt inclusions—like those observed in Sobolev et al.’s 

(2011) study—in a larger suite of Pu’u Wahi melt inclusions using the TIMS technique 

employed here. Additionally, multiple clasts of the Pu’u Wahi eruption should be examined as 

significant variability in olivine forsterite content has been observed between clasts of the Pu’u 

Wahi eruption (Wallace et al., 2015).   

 

4.5. CONCLUSIONS  

In this study, we present the first paired 87Sr/86Sr and 143Nd/144Nd data on individual 

olivine-hosted melt inclusions from OIB lavas from Hawai’i (sample from the Pu’u Wahi 

eruption of Mauna Loa) and Samoa (from Vailulu’u volcano). The combination of isotopic and 

trace-element analyses on individual olivine-hosted melt inclusions allows the identification of 

processes that can modify mantle melts prior to eruption. In the suite of melt inclusions from the 

Samoa AVON3-71-2 lava, we report 936 ppm variability in 87Sr/86Sr in six melt inclusions, and 

these new data (obtained using a TIMS technique) exhibit 46% of the variability in 87Sr/86Sr 

reported on a suite of 12 melt inclusions from this lava analyzed by laser ablation multi-collector 

ICP-MS (Jackson and Hart, 2006). For the Samoan melt inclusions, we show that the mixing of 
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isotopically heterogenous mantle-derived melts may be an important mechanism generating the 

observed 87Sr/86Sr heterogeneity, and that localized interaction with  small amounts (<1 %) of 

brine generates the observed Cl enrichments and high Cl/Nb ratios (up to 33.6). The relatively 

homogeneous 87Sr/86Sr in Pu’u Wahi melt inclusions by TIMS (251 ppm variability in 87Sr/86Sr 

on nine melt inclusions) identified here contrasts with previously reported extreme 87Sr/86Sr 

variability (~8500 ppm variability in 87Sr/86Sr on 137 melt inclusions) in melt inclusions from the 

same eruption using a laser ablation single-collector ICP-MS technique. We were able to show 

that heterogeneous 87Sr/86Sr in Samoan melt inclusions using LA-MC-ICP-MS can be replicated 

using a TIMS technique (this study and Reinhard et al., 2016). Therefore, it will be important to 

employ a TIMS technique to confirm the highly heterogeneous (and extremely radiogenic) 

87Sr/86Sr compositions identified in Pu’u Wahi melt inclusions by Sobolev et al. (2011), but on a 

larger suite of melt inclusions than was analyzed in this study.  
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Figure captions 

Fig. 1. Map of sample locations for A) the Hawai’ian Pu’u Wahi flow on Mauna Loa and B) the 

Samoan sample AVON3-71-2 form Vailulu’u seamount. Panel C shows the Pacific region and 

the relative location of each sample. The base map imagery is from GeoMapApp 

(geomapapp.org). 

 

Fig. 2. Olivine preparation schematic. Panel A is a photograph of a homogenized melt inclusion 

(AVON3-71-2-6) analyzed in this study (images of all melt inclusions are shown in Fig. S1). 

Prior to Sr and Nd isotopic analyses of melt inclusions, olivines with accessory inclusions were 

identified and accessory inclusions were removed (B), using a diamond wire saw to cut away 

portions of the olivine that contain accessory inclusions (C), then polishing away any remaining 

accessory inclusions (D), and finally exposing a small portion of the melt inclusion by polishing 

for EPMA, SIMS, and LA-ICPMS analyses (F). Panel E is an example of a melt inclusion (PW-

1) that has been successfully isolated from accessory inclusions. Accessory inclusions include 

smaller melt inclusions, fluid inclusions, and spinel crystals.  

 

Fig. 3. Major-element compositions of the Pu’u Wahi and AVON3-71-2 melt inclusions. 

Vailulu’u whole rock data are from Workman et al. (2004) and Jackson et al (2010). Mauna Loa 

whole rock data were taken from the Jackson et al. (2012) compilation of Hawai’ian lavas, and 

only lavas with >6 wt. % MgO are shown. Melt inclusion major elements are corrected for 

olivine crystallization to be in equilibrium with the host olivine and are normalized to 100 wt.% 

totals (on a dry basis).  
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Fig. 4. Primitive mantle–normalized trace-element patterns from the seven glassy AVON3-71-2 

melt inclusions and ten glassy Pu’u Wahi melt inclusions presented in this study (normalized to 

the primitive mantle values from McDonough and Sun, 1995). The black line is the trace-

element data for the AVON3-71-2 whole rock from Workman et al. (2004), corrected for olivine 

accumulation to be in equilibrium with Fo90. The grey line is the trace-element data for the host 

glass for the Pu’u Wahi olivines (Sobolev et al., 2011).  

 

Fig. 5. All 87Sr/86Sr data published for AVON3-71-2 and Pu’u Wahi. In panel (A) 87Sr/86Sr data 

are presented for the AVON3-71-2 whole rock (Workman et al., 2004), melt inclusions by LA-

MC-ICP-MS (Jackson and Hart, 2006), melt inclusions by TIMS (this study), clinopyroxene 

separates (separated by color; Jackson et al., 2009), and aggregated olivine (separated by color; 

Reinhard et al., 2016). The grey bar in (A) displays the total range of 87Sr/86Sr reported for 

Vailulu’u whole rocks by Workman et al. (2004), Jackson et al. (2010), and Jackson et al. 

(2014). For Pu’u Wahi, 87Sr/86Sr data for multi collector ICP-MS host glass (this study), laser 

ablation single-collector ICP-MS melt inclusion (Sobolev et al., 2011), and TIMS melt inclusion 

(this study) are also presented in panel (B). For the laser ablation-ICP-MS analyses of melt 

inclusions error bars are 2 SE, for all other data the error bars are smaller than the symbols. The 

grey bar in (B) displays the total 87Sr/86Sr variability reported in Mauna Loa whole rocks 

(compiled from the GEOROC database [http://georoc.mpch-mainz.gwdg.de]). The Pu’u Wahi 

host glass was analyzed as part of this study for 87Sr/86Sr (0.703912 ± 0.000008) and 143Nd/144Nd 

(0.512843 ± 0.000006) using the methods described in Hart and Blusztajn (2006), and the Sr and 

Nd isotopic data are normalized to the preferred NBS 987 (87Sr/86Sr = 0.710240) and JNdi 

(143Nd/144Nd = 0.512104) ratios. 
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Fig. 6. 143Nd/144Nd versus 87Sr/86Sr for melt inclusions from Pu’u Wahi and AVON3-71-2. The 

grey field represents the global OIB array (compiled from the GEOROC database 

[http://georoc.mpch-mainz.gwdg.de]). Vailulu’u whole rock 87Sr/86Sr and 143Nd/144Nd data are 

from Workman et al. (2004), Jackson et al (2010), and Jackson et al. (2014). Mauna Loa whole 

rock 87Sr/86Sr and 143Nd/144Nd data were compiled from the GEOROC database 

[http://georoc.mpch-mainz.gwdg.de]. Grey squares with white stars are 143Nd/144Nd analyses on 

oceanic basalts from DePaolo and Wasserburg (1976; A is Mid-Atlantic Ridge MORB [VG295], 

B is Oahu nephelinite [HN-1], C is Oahu tholeiite [HT-1]), and the precision from these early 

whole rock 143Nd/144Nd analyses are similar to the precision obtained on individual melt 

inclusions in this study.  All error bars are 2 SE. Melt inclusions with low Sr and Nd 

sample/blank ratios are not plotted (see Methods and Fig. S2). 

 

Fig. 7. Cl/Nb plotted versus 87Sr/86Sr for AVON3-71-2 (A) and Pu’u Wahi (B). Vailulu’u glass 

87Sr/86Sr and Cl/Nb data in (A) are from Workman et al. (2006) and Kendrick et al. (2015). 

Where a glass from Workman et al. (2004) was reanalyzed by the noble gas method for Cl by 

Kendrick et al. (2015), the Kendrick et al. (2015) value for Cl is used. The grey line with grey 

tick marks is a binary mixing model of a model melt (yellow circle; described in section 4.1.2.) 

with a 55 wt. % brine (as discussed in section 4.1.2.). Each tick mark represents 0.1 % brine 

interaction. The vertical dashed line shows the effect of mixing the least contaminated (by 

seawater-derived materials) Vailulu’u melts and the horizontal dashed lines show the effect of 

interaction with brine. In (B) previously published Pu’u Wahi melt inclusion 87Sr/86Sr and Cl/Nb 

data from Sobolev et al. (2011) are represented by the red field. 
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Fig. 8. 87Sr/86Sr versus Ba/Nb in the melt inclusions from AVON3-71-2 (A) and Pu’u Wahi (B). 

Vailulu’u whole rock 87Sr/86Sr and Ba/Nb field encompasses data from Workman et al. (2004), 

Jackson et al (2010), and Jackson et al. (2014). The black line is a mixing model between Ta’u 

lava T10 (from Workman et al., 2004 [0.704657; 437 ppm Sr, 19.9 ppm Rb, 178 ppm Ba, and 

35.2 ppm Nb]) and Tutuila Island basalt sample TGH3-1931. Tick marks are 10% increments. 

TGH3-1931 (the enriched mixing endmember in the mixing model) was analyzed for trace 

elements and 87Sr/86Sr using the methods described in Hart and Blusztajn (2006). TGH3-1931 

has 75.1 ppm Rb, 657 ppm Sr, 497 ppm Ba, 76.6 ppm Nb, and 87Sr/87Sr of 0.706467 (normalized 

to the preferred NBS987 ratio of 0.710240). The AVON3-71-2 melt inclusion Ba/Nb and 

87Sr/86Sr data from this study have a correlation coefficient of 0.81, however the p-value for this 

correlation is only 0.093, indicating the correlation is not significant at the 95% significance 

level.  In (B), the Mauna Loa whole rock 87Sr/86Sr versus Ba/Nb field (from GeoRoc 

[http://georoc.mpch-mainz.gwdg.de]) compilation, encompasses the Pu’u Wahi melt inclusion 

analyses from this study; the inset shows a detailed view of Pu’u Wahi melt inclusions from this 

study. 

 

Fig. 9. 87Sr/86Sr versus Rb/Sr for the AVON3-71-2 (A) and Pu’u Wahi (B) melt inclusions. In 

panel A, the open triangles are data from Jackson and Hart (2006). The black line is a binary 

mixing line between the two endmembers (samples T10 and TGH-1931, see Fig. 8. caption), and 

tick (“X”) marks are 10% mixing increments. The AVON3-71-2 melt inclusion Rb/Sr and 

87Sr/86Sr data from this study give a correlation coefficient of 0.82 with a p-value of 0.087. The 

correlation coefficient of all AVON3-71-2 melt inclusion Rb/Sr and 87Sr/86Sr data from this 

study and the data of Jackson and Hart (2006) give a correlation coefficient of 0.79 with a p-

value of 0.0002, indicating the correlation is significant at the 95% significance level. The model 
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describes the melt inclusion data with an R2 of 0.62; the residuals for our model show no 

correlation with Rb/Sr (correlation coefficient = -0.08). Vailulu’u whole rock data define a field 

that encompasses data from Workman et al. (2004) and Jackson et al (2010). In panel B, the field 

for Mauna Loa whole rock data encompasses data from the Jackson et al. (2012) compilation; a 

field for melt inclusion analyses from Sobolev et al. (2011) is also shown. The inset shows a 

detailed view of Pu’u Wahi melt inclusions from this study. 
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Table 1- Sr and Nd isotopic measurements made on melt inclusions in this study. 

   

Sample a Total Sr (ng) 
sample to blank 

ratio (Sr) 

87Sr/86Sr b 2σ (std. err.) 
Total Nd 

(ng) 

sample to blank 

ratio (Nd) 

143Nd/144Nd c 
2σ (std. 

err.) 

Vailulu'u d 
        

AVON3-71-2-1 3.0 42 0.705221 0.000012 0.24 41 0.512809 0.000065 

AVON3-71-2-2 4.3 59 0.705508 0.000023 

    AVON3-71-2-3  1.8 25 0.705853 0.000036 

    AVON3-71-2-5 4.8 66 0.705307 0.000011 0.40 66 0.512705 0.000052 

AVON3-71-2-8 4.3 59 0.705229 0.000012 0.31 51 0.512745 0.000078 

AVON3-71-2-9 2.7 37 0.705193 0.000016 

    Puu Wahid 

        PW-1 2.0 28 0.703902 0.000011 

    PW-2 2.0 28 0.703935 0.000030 

    PW-3 2.9 40 0.703938 0.000018 

    PW-4 7.4 103 0.703906 0.000012 0.38 63 0.512800 0.000050 

PW-5 5.4 75 0.703871 0.000015 0.24 40 0.512900 0.000064 

PW-8 4.1 57 0.703807 0.000040 

    PW-9a 4.0 56 0.703903 0.000013 
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PW-10 19.1 265 0.703777 0.000010 1.07 178 0.512876 0.000047 

PW-11 3.4 47 0.703761 0.000011         

a Only Puu Wahi melt inclusions PW-5 and PW-9a were homogenized, and none of the other Puu Wahi melt inclusions were homogenized; all 

AVON3-71-2 melt inclusions were homogenized. 

b 87Sr/86Sr values have been blank corrected and corrected for the offset beween the preferred (0.710240) and the measured 87Sr/86Sr of NBS987. 

c 143Nd/144Nd values have been blank corrected and corrected for the offset beween the preferred (0.512104) and the measured 143Nd/144Nd of JNdi-1 

d Only inclusions with Srsample/Srblank ratios > 25 and Ndsample/Ndblank ratios > 40 are shown in the table. Inclusions with lower sample/blank ratios are 

not discussed in the text, but are included in Tables S7 and S8 
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Highlights 

The first paired 
87

Sr/
86

Sr and 
143

Nd/
144

Nd data in olivine-hosted melt inclusions from OIB lavas 

are reported 

Highly heterogeneous 
87

Sr/
86

Sr is found in Samoan melt inclusions from a single lava 

Hawai’ian melt inclusions demonstrate a much lower degree of 
87

Sr/
86

Sr heterogeneity 

Samoan melt inclusions show evidence of both magma mixing and brine interaction prior to 

entrapment 
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