Available online at www.sciencedirect.com

scmNcE@DlnEcT@ EPSL

ARy
ELSEVIER Earth and Planetary Science Letters 245 (2006) 260277

www.elsevier.com/locate/epsl

Strontium isotopes in melt inclusions from Samoan basalts:
Implications for heterogeneity in the Samoan plume

Matthew G. Jackson **, Stanley R. Hart °

? Massachusetts Institute of Technology—Woods Hole Oceanographic Institution Joint Program, Woods Hole, Massachusetts, 02543, USA
® Department of Geology and Geophysics, Woods Hole Oceanographic Institution, Woods Hole, Massachusetts, 02543, USA

Received 25 October 2005; received in revised form 22 February 2006; accepted 26 February 2006
Available online 19 April 2006
Editor: R.W. Carlson

Abstract

We measured ¥’ Sr/*°Sr ratios on 41 olivine-hosted melt inclusions from nine Samoan basalts using laser ablation multi-collector
(LA-MC) ICPMS. ¥’Sr/*Sr ratios are corrected for mass bias after eliminating major isobaric interferences from Rb and Kr. The
external precision averages +320 ppm (20) for the ¥’Sr/*®Sr ratios on natural Samoan basalt glass standards of a similar
composition to the melt inclusions.

All of the Sr-isotope ratios measured by LA-MC-ICPMS on Samoan melt inclusions fall within the range measured on whole-
rocks using conventional methods. However, melt inclusions from two Samoan basalt bulk rock samples are extremely
heterogeneous in *’Sr/*°Sr (0.70459—0.70926), covering 70% of the variability observed in ocean island basalts worldwide and
nearly all of the variability observed in the Samoan island chain (0.7044—0.7089). Seven melt inclusions from a third high *He/*He
Samoan basalt are isotopically homogeneous and exhibit 37Sr/**Sr values from 0.70434 to 0.70469.

Several melt inclusions yield *’Sr/*°Sr ratios higher than their host rock, indicating that assimilation of oceanic crust and
lithosphere is not the likely mechanism contributing to the isotopic variability in these melt inclusions. Additionally, none of the 41
melt inclusions analyzed exhibit 8’ Sr/*Sr ratios lower than the least radiogenic basalts in Samoa (¥’Sr/%¢Sr=0.7044), within the
quoted external precision. This provides an additional argument against assimilation of oceanic crust and lithosphere as the source
of the isotopic diversity in the melt inclusions.

The trace element and isotopic diversity in Samoan melt inclusions can be modeled by aggregated fractional melting of two
sources: A high *He/*He source and an EM2 (enriched mantle 2) source. Melts of these two sources mix to generate the isotopic
diversity in the Samoan melt inclusions. However, the melt inclusions from a basalt with the highest *He/*He ratios in Samoa
exhibit no evidence of an enriched component, but can be modeled as melts of a pure high *He/*He mantle source.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Ocean island basalts (OIBs) erupted at hotspots are
thought to be the surface expression of buoyantly up-
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[1,2]. The Samoan islands and seamounts, formed by
a mantle plume impinging on the Pacific plate just
north of the Tonga Trench, form a time-progressive
hotspot track [3,4] which conforms reasonably well to
Morgan’s hotspot model [5]. Samoan lavas exhibit the
highest ®’Sr/*°Sr ratios and the largest ®’Sr/*°Sr
variation (0.7044-0.7089) measured in fresh OIBs
[4,6], making them ideal for prospecting for diverse
Sr-isotope compositions in melt inclusions.

Olivine-hosted melt inclusions in Samoan lavas
provide snapshots of diverse magma chemistry before
complete melt aggregation, providing an opportunity to
see more of the isotopic heterogeneity which exists in
the melt source but that is not detectable in whole
rocks. However, the chemical variability in melt
inclusions may be generated by a number of processes
that obscure source variation, including pre-entrapment
fractional crystallization, post-entrapment diffusive re-
equilibration, crustal assimilation, and degree, type and
depth of melting [7-16].

Studies delineating Pb-isotope diversity in melt
inclusions have demonstrated that heterogeneous melt
source compositions are an important factor in generat-
ing compositional variability [17-21]. A landmark Pb-
isotope study of melt inclusions hosted in basalts from
Mangaia Island in the Cook Islands revealed signifi-
cantly more isotopic heterogeneity than is found in
whole rocks from the island [17]. The results indicate the
presence of an unradiogenic Pb-isotope endmember in
the melt inclusions not discernable in whole-rock basalts.
Problematically, this unradiogenic Pb endmember has
been poorly characterized, owing partly to the large
uncertainties associated with in situ Pb-isotope measure-
ments: Pb-isotope data from melt inclusions generally
are limited to 2°*Pb/?°°Pb versus *°’Pb/*°°Pb isotope
projections (due to the inability to collect precise ***Pb
data on silicate melt inclusions), which place DMM
(depleted MORB mantle, low 3He/*He, low 87Sr/86Sr),
FOZO (Focus Zone, high SHe/*He, low 87Sr/86Sr),
PHEM (Primitive Helium Mantle, high *He/*He,
middle-range *’Sr/*Sr) and EM2 (enriched mantle 2,
low *He/*He, high *’Sr/*®Sr) in such close graphical
proximity that they cannot be unequivocally resolved.
The true pedigree of the unradiogenic Pb endmember in
Mangaia is still unknown, and could be similar to any of
these four endmembers.

An advantage to the Sr-isotope system is that the
EM2 endmember has dramatically higher ®’Sr/*°Sr
ratios (~0.7089) [4] than the DMM (0.7026) [22],
PHEM (0.7045) [23] and FOZO (0.7030) [24] mantle
endmembers, and can be readily differentiated from the
three less radiogenic endmembers. PHEM hosts signif-

icantly more radiogenic Sr than DMM and FOZO and is
easily resolved from these two components. Unfortu-
nately, DMM and FOZO exhibit similar *’Sr/*®Sr ratios
and it will be difficult to differentiate between these two
components as potential sources of the isotopic diversity
in melt inclusions.

We present Sr-isotope data from olivine-hosted melt
inclusions recovered from Samoan basalts, some of
which lie near the EM2 mantle endmember, with the
goal of better understanding the puzzling unradiogenic
component sampled by melt inclusions. To this end, we
also contribute Sr-isotope data measured on melt
inclusions from a recently discovered high *He/*He
basalt from Samoa [25]. Our strategy is to analyze Sr
isotopes in melt inclusions from EM2 and high *He/
“He endmember basalts from Samoa, to constrain the
role of the various components—EM2, PHEM, DMM
and FOZO-that may be contributing to the Sr-isotope
diversity in the Samoan plume.

2. Methods

A detailed description of the protocol used for in situ
measurement of Sr isotopes in basaltic glasses (and melt
inclusions) by LA-MC-ICPMS is provided in the Sup-
plementary data. In order to measure Sr-isotope ratios
in situ, we use a 213 nm NewWave laser ablation system
coupled to a Themo-Finnigan Neptune MC-ICPMS,
located in the Plasma Facility at Woods Hole Oceano-
graphic Institution (WHOI). During analytical runs, the
laser is run in aperture mode with 100% power, a pulse
rate of 20 Hz and a spot size of 120 um. The raster
pattern varies depending on the size and shape of the
melt inclusion, and the line speed is 4 pm/s. Surface
contamination is removed by pre-ablation using the
same raster and spot size, but with a pulse rate of 5 Hz,
45% power and a raster speed of 30 um/s.

During each analytical session, we measure intensities
on masses 82 through 88. Raw data are exported to an
offline data correction program (TweaKr) for correcting
the Rb and Kr isobaric interferences. Runs with low
intensities (i.e., <1 Von mass 88, due to small size or low
Sr content) were discarded as they are prone to large
systematic errors [26]. Masses 85 and 88 are pure Rb and
Sr, respectively, with no significant known interferences,
and require correction only for mass fractionation. We
correct for Kr interferences on masses 84 and 86 so that
the mass fractionation-corrected **Sr/*°Sr value is
canonical (0.0565725). The protocol for correcting
mass 87 for the Rb interference is the following: A
Samoan basalt glass with known *’Sr/*°Sr, from analysis
by conventional Thermal Ionization Mass Spectrometry



Table 1
Corrected and normalized *’St/**Sr melt inclusion and whole-rock data, including Rb/Sr ratios and raw exported Neptune data (in volts)
Sample name  Disc  Mass 82 Mass 83 Mass 84  Mass 85 Mass 86  Mass 87  Mass 88 SRbARb  ¥7Sr/%°Sr ¥7Sr/%°Sr Int.  Rb/Sr Int.  # Type Oliv
and grain # # meas’d-V  meas’d-V  meas’d-V meas’d-V meas’d-V meas’d-V meas’d-V  required corrd®  corr’d®  prec. prec. Cycles Fo
AVON3-78-1 0.70890 0.1255

(whole rock):
78-1Z Yearl 0.0013 0.0011 0.0193693 0.158083  0.263023  0.250903  2.25759 2.58966 0.70791  0.70784 87 0.0746 1.82 14° C 84.6
78-1#7¢ Discl 0.0020 0.0022 0.0193323  0.164332  0.188415  0.199670  1.60867 2.58811 0.70927  0.70926 123  0.1081 247 9 H 84.6
78-1#9¢ Discl 0.0019 0.0021 0.0178511 0.111482  0.163039  0.159876  1.38845 2.58811 0.70733  0.70732 103  0.0850 1.90 6 H 84.4
78-1#6" Disc2 0.0031 0.0034 0.0297219 0.341900  0.308400  0.354647  2.62064 2.58593 0.70846  0.70843 99  0.1397 2.63 32 H 83.6
78-1#9¢ Disc2 0.0031 0.0034 0.0316443 0.384820  0.340724  0.395010  2.89882 2.58593 0.70873  0.70870 94 0.1421 3.08 30 H 82.8
78-1#107 Disc2 0.0030 0.0031 0.0241696 0.094343  0.202069  0.179689  1.70410 2.58663 0.70845 0.70842 104 0.0593 3.21 16 H 83.6
78-1#4¢ Disc3 0.0049 0.0057 0.0638080 0.704962  0.756968  0.817352  6.43584 2.58694 0.70869  0.70866 44 0.1179 0.60 40 G 85.2
78-linside Disc3 0.0048 0.0049 0.0311385 0.155536  0.152840  0.165959  1.25071 2.58564 0.70689  0.70686 139  0.1337 2.20 16 C 84.3
78-1B Disc3 0.0044 0.0043 0.0327454 0.189114  0.222802  0.230356  1.86119 2.58675 0.70791  0.70788 127 0.1089 5.76 10 C 84.2
78-1C Disc3  0.0041 0.0043 0.0408646 0.414636  0.401444  0.448986  3.40453 2.58675 0.70866  0.70863 38 0.1304 1.96 24 C 83.9
78-1D Disc3 0.0048 0.0048 0.0313504 0.130366  0.156852  0.158811  1.28485 2.58675 0.70699  0.70696 119 0.1091 3.79 14 C 85.3
AVON3-71-2 0.70594 0.0754

(whole rock):
71-2¢¢ Yearl 0.0015 0.0012 0.0241555 0.131881  0.348997  0.301171  2.99950 2.58977 0.70488  0.70481 50  0.0469 4.99 10° G 88.8
71-2C° Disc3 0.0049 0.0051 0.0423813 0.151006  0.357484  0.309961  3.00928 2.58772 0.70487  0.70484 60 0.0539 2.09 19 G 88.8
71-2Da Yearl 0.0014 0.0012 0.0190549 0.143364  0.258958  0.241512  2.22256 2.58977 0.70555  0.70549 53 0.0687 3.92 12° C 90.1
71-2i_mil¢ Discl 0.0041 0.0042 0.0293387 0.151118  0.188888  0.190950  1.57393 2.58696 0.70605  0.70602 42 0.1028 0.89 19 G 90.7
71-2#6_saoll ~ Discl 0.0040 0.0044 0.0392836 0.237282  0.399731  0.376067  3.39132 2.58675 0.70532  0.70529 63 0.0750 2.45 32 C 90.3
71-2#6_saol2  Discl 0.0038 0.0039 0.0311684 0.151330  0.259691  0.241924  2.18859 2.58675 0.70511  0.70508 90 0.0741 3.15 15 C 90.5
71-2pentagon  Discl 0.0035 0.0036 0.0274768 0.164455  0.221630  0.220515  1.86556 2.58653 0.70603  0.70600 69 0.0944 1.40 35 C 91.1
71-2#5¢ Disc3  0.0049 0.0055 0.0608667 0.440578  0.704362  0.672560  5.98503 2.58694 0.70537  0.70534 34 0.0792 1.23 40 G 91.0
71-2#5¢ Disc3  0.0049 0.0057 0.0600272  0.456791  0.688053  0.667289  5.84446 2.58694 0.70537  0.70534 34 0.0841 1.21 40 G 91.0
712464 Disc3  0.0050 0.0053 0.0461581 0.261970  0.420138  0.399032  3.54513 2.58674 0.70602  0.70600 53 0.0794 135 40 G 85.7
71-2#6° Disc3  0.0050 0.0054 0.0511361 0.320998  0.514222  0.489758  4.35389 2.58674 0.70600  0.70598 32 0.0793 1.19 40 G 85.7
7127 Disc3 0.0041 0.0042 0.0286629 0.120538  0.176062  0.169532  1.46336 2.58809 0.70576  0.70573 97 0.0882 2.60 21 C 86.1
71-2N Disc3 0.0041 0.0043 0.0326106 0.171904  0.249420  0.242412  2.09517 2.58778 0.70554  0.70551 48 0.0879 2.74 26 C 90.5
71-2imi_run2  Disc3 0.0046 0.0048 0.0392641 0.162916  0.326152  0.292704  2.74335 2.58778 0.70520  0.70518 112 0.0638 2.80 12 C 91.0
71-2V Disc3 0.0034 0.0037 0.0358138 0.196791  0.370738  0.339729  3.15166 2.58754 0.70461  0.70459 122 0.0668 4.32 13 C 87.4
OFU-04-06 0.70458 0.0458

(whole rock):
OFU-04-06-13% Ofu  0.0012 0.0004 0.0123598 0.087599  0.202878  0.179279  1.74009 2.58774 0.70458  0.70457 226 0.0541 6.04 6 H 79.8
OFU-04-06-15% Ofu  0.0008 0.0006 0.0166800 0.116272  0.260130  0.231639  2.23575 2.58791 0.70443  0.70443 128 0.0556 1.62 13 H 77.3
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OFU-04-06-254
OFU-04-06-26¢
OFU-04-06-28
OFU-04-06-03¢
OFU-04-06-02¢
AVON3-71-11
(whole rock):
71-11a¢
71-11a°
71-11#1¢
AVON3-68-3
(whole rock):
68-3#6mil?
68-3#6mi2
68-3#6mi2°
68-3Ami
AVON3-63-2
(whole rock):
63-2mi
63-2mi°
63-2ami
63-2bmil
AVON3-74-1
(whole rock):
74-1mi
S11 (whole
rock):
S11mi
AVON3-78-3
(whole rock):
78-3 mi

Ofu
Ofu
Ofu
Ofu
Ofu

Discl
Discl
Disc3

Discl
Discl
Discl
Disc3

Disc3
Disc3
Disc3
Disc3

Yearl

Disc3

Yearl

0.0009
0.0007
0.0007
0.0004
0.0007

0.0035
0.0019
0.0048

0.0020
0.0038
0.0037
0.0041

0.0049
0.0047
0.0044
0.0044

0.0015

0.0048

0.0014

0.0008
0.0006
0.0006
0.0005
0.0006

0.0035
0.0021
0.0048

0.0021
0.0040
0.0041
0.0042

0.0051
0.0056
0.0045
0.0045

0.0012

0.0048

0.0012

0.0272537
0.0135577
0.0138764
0.0090473
0.0126725

0.0250240
0.0204900
0.0316250

0.0186133
0.0305189
0.0371899
0.0302365

0.0641890
0.0601701
0.0283814
0.0334163

0.0174643

0.0330920

0.0184433

0.215485
0.076760
0.082936
0.057761
0.082453

0.083017
0.125897
0.103649

0.117638
0.209211
0.294848
0.092078

0.514757
0.544474
0.086324
0.133112

0.076749

0.078499

0.207247

0.450579
0.200599
0.207139
0.131245
0.187441

0.152405
0.216562
0.160366

0.165627
0.258789
0.389761
0.197293

0.759082
0.708353
0.138106
0.234231

0.224099

0.189324

0.241204

0.407078
0.173323
0.180426
0.115793
0.166696

0.138888
0.204083
0.150752

0.163878
0.264567
0.392493
0.173102

0.741869
0.718034
0.128251
0.215648

0.189719

0.161268

0.254752

3.87445
1.72195
1.77796
1.11700
1.61548

1.27387
1.85257
1.31592

1.40909
2.18215
331142
1.64414

6.46111
6.03171
1.13104
1.95929

1.91969

1.56507

2.06790

2.58797
2.58771
2.58777
2.58747
2.58588

2.58654
2.58857
2.58772

2.58798
2.58653
2.58653
2.58754

2.58815
2.58815
2.58815
2.58815

2.58895

2.58564

2.58966

0.70455
0.70443
0.70435
0.70443
0.70469

0.70653
0.70692
0.70683

0.70625
0.70577
0.70577
0.70482

0.70599
0.70616
0.70522
0.70528

0.70483

0.70520

0.70814

0.70454
0.70443
0.70434
0.70443
0.70469
0.70550

0.70653
0.70692
0.70680
0.70539

0.70624
0.70575
0.70574
0.70480
0.70540

0.70596
0.70613
0.70520
0.70525
0.70469

0.70477
0.70620

0.70518
0.70889

0.70807

60
86
164
92
184

83
109
144

75
87
93
144

58
69
181
55

157

125

61

0.0595 3.24
0.0476 2.73
0.0499 1.97
0.0560 2.67
0.0542 0.96
0.0700

0.0691 1.22
0.0720 0.92
0.0846 5.70
0.0688

0.0884 3.01
0.1027 1.92
0.0954 1.73
0.0600 6.45
0.0679

0.0856 2.68
0.0969 1.22
0.0818 4.84
0.0728 3.15
0.0484

0.0426 1.38
0.0597

0.0539 6.13
0.1108

0.1068 3.51

20
16
11
15

16
15

20
12

10

31
36
11
23

9&:

11

18¢

ZTTZT =TT
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C

712
76.5
78.4
83.8
76.5

83.0
83.0
81.4

87.9
87.9
87.9
90.1

87.1

86.6

85.1

76.5

84.1

All samples, except for OFU-04-06 and S11, are dredge samples from the AVON3 dredging cruise. Melt inclusion type refers to whether it was homogenized (H), glassy (G) or crystalline (C). Host
olivine forsterite contents are given in the last column. Internal precision (Int. prec.) is standard error (2¢) and is in ppm (®7St/*%Sr) or % (Rb/Sr). Melt inclusion ¥’St/*®Sr ratios are corrected for the
isobaric interference from Rb by use of the bracketing method (see text for details). All melt inclusion analyses were performed on 01/27/04, 01/10/05, 01/11/05, 08/09/05 and 08/10/06 and corrected
for the isobaric Rb interference using the Samoan glass standard analyses from those 5 days (see Supplementary data). Melt inclusion Sr-isotope and Rb/Sr data from a particular sample are listed

immediately below the equivalent whole-rock data.

? Sr-isotopes are corrected for Kr and Rb interferences and fractionation-corrected.
Y After correction for Rb and Sr interferences and fractionation, melt inclusions are corrected for 987 standard solution runs for each analytical session.
¢ Cycle length for melt inclusions from disc “Yearl” are 16 s integrations during analysis. Cycles for all other measurements are § s integration.
4 Has major and/or trace element data in Table 2.
¢ Replicate analysis of a melt inclusion is listed immediately below first analysis. Six melt inclusions were large enough to permit replicate analyses. Melt inclusion sample Yearl_71-2 was
replicated over a 1-year period, and was renamed Disc3_71-2C for the replicate analysis. All other replicate analyses were made during the same analytical session.
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(TIMS), is measured by laser ablation, Kr-corrected,
and the *Rb/*’Rb ratio is adjusted until the known
TIMS ¥'Sr/*®Sr value of the glass is achieved. We
adopted the strategy of using the required **Rb/*’Rb of
the Samoan basalt glass standards to bracket the **Rb/
87Rb of the basalt glass unknowns. In order to estimate
the overall accuracy associated with this technique, we
apply contiguous bracketing of the glass standard runs,
and we are able to reproduce the known TIMS values to
within an average of £320 ppm (20 standard deviation).
However, due to uncertainty associated with the **Rb/
87Rb ratio (2.5875+0.00275, 20), the final, corrected
87Sr/%Sr ratio exhibits an error magnification that is
directly proportional to the Rb/Sr ratio of the sample.
Samples with low Rb/Sr will exhibit less error from the
Rb correction (145 ppm, Rb/Sr=0.04) than samples
with high Rb/Sr (505 ppm, Rb/Sr=0.14) (see Supple-
mentary data). However, over the range of Rb/Sr in the
Samoan basalt glass standards (0.045-0.126), we find no
relationship between the internal (in-run) precision of
87Sr/%°Sr ratios (which average 45 ppm, 26 standard
deviation) and Rb/Sr during analyses of basalt glasses
by laser ablation. Similarly, there does not appear to be a
relationship between Kr/Sr and the internal precision or
reproducibility (external precision) of the ®7Sr/*°Sr
ratios in Samoan glass standards over the range of
ratios that we have observed during melt inclusion
analysis (**Kr/**Sr from 0.00013 to 0.004). Finally, the
reproducibility of *’Sr/*®Sr measurement does not
appear to be related to Sr intensity over the range of
Sr intensities observed in lasering Samoan glasses, a
range that encompasses the melt inclusion analyses.

Six melt inclusions were large enough for replicate
analysis (one melt inclusion, 71-2C, was replicated over
a one-year period), and five of their ®’Sr/*°Sr ratios
were reproducible within the quoted precision. How-
ever, the replicate analysis of melt inclusion 71-11a was
different by 550 ppm (see Table 1), while error resulting
from the Rb correction is only 260 ppm (20) on Samoan
glass standards with similar Rb/Sr ratios. The internal
precision of the replicate analysis of this melt inclusion
was ~ 100 ppm (20). Data from this melt inclusion
indicates that larger-than-usual ®*Rb/*’Rb variations
over time can occasionally generate uncertainties
(above the 2¢ level) in ®’Sr/%°Sr that are somewhat
larger than error predicted by the data from Samoan
glass standards.

An upper limit for the *’Sr/*°Sr measurement
precision on Samoan melt inclusions with low Rb/Sr
can be inferred from the near-uniform ratios obtained
on melt inclusions from the high *He/*He Ofu basalt.
The Rb/Sr values were among the lowest during analy-

sis of Ofu melt inclusions, and the tight clustering of
the Ofu melt inclusions may be partially explained by
decreased error of ¥’Sr/*°Sr measurement for these
samples compared to other, higher Rb/Sr Samoan
glasses and melt inclusions from Vailulu’u and Malu-
malu. If we assume that the Ofu melt inclusions are
isotopically homogeneous, then the external precision
on these 7 melt inclusions is =335 ppm (2¢). Some of
the apparent variability may be a result of error from
the Rb correction, which is £190 ppm (20) at Rb/Sr
ratios of 0.053, and may not reflect true variability.
Additionally, internal precision varied from 60 to
226 ppm (20 standard error) on the seven Ofu melt
inclusions.

Masses 85 and 88 represent pure Rb and Sr, res-
pectively, so that fairly precise measurement of Rb/Sr
ratios can be generated. After correcting for mass frac-
tionation (= 1.5%/amu), Rb/Sr ratios on Samoan basalt
glasses measured by laser ablation are reproduceable to
17% (20, compared to ratios obtained by XRF/ICP
techniques on the same samples), and precise (1.7%, 20)
during multiple runs on the same glass (see Supple-
mentary data).

Major element compositions of glassy and homog-
enized melt inclusions were obtained with a JEOL-733
automated electron microprobe at the Massachusetts
Institute of Technology using an electron beam with
current of 10 nA and accelerating potential of 15 kV
focused to a spot of 1-2 um in diameter for olivine
analyses, and defocused to 10 um for glass analyses.
Trace element contents were determined with a Cameca
IMS 3f ion microprobe following the techniques
described in [27,28]. A small beam (5 pm diameter
spot), combined with a high-energy filtering technique
(80—100 eV window), was used to determine trace
element concentrations. Precision for Sr, La, Zr, Y is
estimated to be £15%, and £20-30% for Ba, Nb and
Rb. Homogenization of olivine-hosted melt inclusions
was performed in a furnace at 1187-1220 C (depending
on olivine composition) at 1 atm pressure for 5 min in a
graphite capsule.

To correct for the effects of crystallization of olivine
in the glassy and homogenized melt inclusions, we add
equilibrium olivine to the melt inclusions in 0.1%
increments until equilibrium with mantle olivine (Fogg)
is achieved, assuming olivine-melt partitioning of Fe
and Mg from [29]. Instead of correcting the melt in-
clusions to be in equilibrium with the host olivine, this
correction scheme is chosen so that we can compare
them to similarly corrected Samoan whole-rock lavas
(after discarding data from the most evolved—
MgO<6.5 wt.%—whole-rock samples).
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3. Results
3.1. Sr-isotope variability in melt inclusions

Sr-isotopes were measured in melt inclusions from
nine geochemically well-characterized basalt samples
[4,25] from five islands and seamounts located along
the Samoan hotspot track. Olivines (Fo;6_9;) with large
ellipsoidal melt inclusions (50-250 pm diameter) were
separated from the basalt samples for melt inclusion
exposure and isotopic analysis. Most of the melt in-
clusions were crystalline and usually contained den-
dritic clinopyroxene in a glassy matrix, with spinel and
rare sulfide globules; some (=5%) of the melt inclu-
sions were glassy. The high *He/*He basalt sample
OFU-04-06 was unique in that amphibole and apatite
were common melt inclusion phases, and carbonate was
also observed.

Olivines (Fog,_gs) hosting melt inclusions were
separated from Malumalu seamount dredge sample 78-
1, a picrite with the highest 8’ Sr/*®Sr ratio (0.7089) of
any OIB [4]. Melt inclusion-rich olivines were also
recovered from dredge sample 71-2 (Fogs4_o;) from
Vailulu’u, a seamount that displays intermediate
enrichment relative to the other Samoan islands and
seamounts (bulk rock ®’Sr/*°Sr isotope ratios from
0.7052 to 0.7067, n=20). From Ofu Island, olivines
(Fo7¢_g4) were recovered from ankaramite dike sample
OFU-04-06, which exhibits the highest *He/*He
measured in a Samoan basalt [25]. Lavas from Ofu
are the most isotopically homogeneous of the volcanoes
in the Samoan chain (*’Sr/*®Sr from 0.70444 to
0.70480, n=12). Finally, a smaller number of olivines
were separated for melt inclusion analysis from
Vailulu’u dredge samples 71-11 (Fog;_g3), 63-2
(Foge_g7) and 68-3 (Fog7_o), Malumalu dredge sample
78-3 (Fogy), Ta’u Island dredge sample 74-1 (Fogs), and
Savai’i subaerial post-erosional sample S11 (Fo~).

The Sr-isotope data from melt inclusions in just three
Samoan whole-rock samples (OFU-04-06, 78-1 and 71-
2) define a broad array that encompasses the entire
spectrum of Sr-isotope variability (0.70434-0.70926)
recorded in Samoan basalts (Fig. 1 and Table 1). Eleven
melt inclusions from 78-1 display ®’Sr/*°Sr values of
0.70686—-0.70926, and encompass over 30% of the
isotope variability observed in the OIB mantle.
Vailulu’u melt inclusions from dredge samples 71-2
(¥7Sr/*Sr=0.70459-0.70602, n=12 melt inclusions)
and 68-3 (*7Sr/*°Sr=0.70480-0.70624, n=3) exhibit a
smaller range of Sr-isotope values than 78-1. However,
the magnitude of the Sr-isotope heterogeneity in the
melt inclusions from these two samples is approxi-
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Fig. 1. ¥’Sr/**Sr (upper panel) and Rb/Sr (lower panel) in melt
inclusions from nine basalt samples compared to the total variation in
each island/seamount (shown by boxes). References for whole-rock
data can be found in [4]. The nine whole rocks from which the melt
inclusions were separated are represented by larger symbols. No melt
inclusions are more isotopically depleted than the most depleted lava
measured in the island chain (*’Sr/**Sr>0.7044). The range for EPR
N-MORB [22] (averaged by segment) plots significantly below the
Samoan whole rocks and melt inclusions. Replicate analyses on the
same melt inclusion are averaged. The Rb/Sr for Savai’i whole-rock
sample SAVI-25 is not included because of alteration. Internal
precision (2, standard error) for #’Sr/*®Sr is approximately the size of
the data symbols. 87Sr/**Sr error bars represent error propagated from
the Rb correction, as determined on Samoan glass standards, and
dominates the error associated with ¥’St/*®Sr measurement by LA-
ICP-MS; maximum and minimum (500 and 150 ppm) errors are
shown for reference. Error bars for Rb/Sr are +17% (20, standard
deviation), and are based on the reproduceability of Rb/Sr measure-
ment on Samoan glass standards; internal precision for Rb/Sr averages
an order of magnitude better. Samples are listed in order of increasing
whole-rock #7St/*Sr, from left to right.

mately equal to the variability observed in Vailulu’u
seamount lavas, although the melt inclusions sample a
more depleted component than observed in whole rocks
from this seamount. Among the Vailulu’u samples, only
sample 71-11 (¥7Sr/*®Sr=0.70653-0.70692, n=2)
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hosts inclusions that sample compositions similar to the
most enriched isotopic compositions observed in
Vailulu’u volcano. Like sample 71-11, isotopic analy-
ses of melt inclusions from sample 63-2 (*’Sr/
868r=0.70520—0.70613, n=3) lie completely within
the isotopic range found in the whole rocks from
Vailulu’u seamount. OFU-04-06 melt inclusions exhib-
it the least isotopic variability (*’Sr/*°Sr=0.70434—
0.70469, n=7) among the samples with isotopic
analyses on more than two different inclusions, and
this variability is similar to the variability sampled by
whole-rock lavas from the island. There is only a single
melt inclusion analysis from each of basalt samples 78-
3(0.70807), 74-1 (0.70477) and S11 (0.70518); the Sr-
isotope ratios lie within the range observed in the
respective host volcanoes.

Although melt inclusions show more depleted iso-
topic compositions than the island or seamount from
which they were recovered, they are not observed to
sample compositions more depleted than whole rocks
from the Samoan hotspot (*”Sr/*°Sr>0.7044). There-
fore, the least radiogenic Sr-isotope ratios in Samoan
basalts and melt inclusions are significantly more
enriched than the depleted upper mantle sampled by
MORB along the EPR (East Pacific Rise; 0.70228—
0.70287, N-MORB segment averages from [22]); the
old oceanic crust upon which the Samoan island chain is
constructed is probably isotopically similar to these
modern EPR basalts.

RDb/Sr ratios measured by LA-ICP MS on the same
set of melt inclusions tell a story similar to that of the
isotopes. Melt inclusions in sample 78-1 exhibit the
largest variation in Rb/Sr ratios (0.0593-0.1421), and
the variability is similar to that observed in the whole
rocks measured from Malumalu seamount. The Rb/Sr
ratios in OFU-04-06 melt inclusions show some hete-
rogeneity (Rb/Sr from 0.0476 to 0.0595, n=7), but this
variability is smaller than the variability sampled by
whole-rock lavas from the island. Vailulu’u melt in-
clusions from dredge samples 71-2 (Rb/Sr from 0.0469
to 0.1028, n=12 melt inclusions) and 68-3 (Rb/Sr from
0.060 to 0.1027, n=3) exhibit a range of Rb/Sr values
that falls between 78-1 and OFU-04-06. Unlike the
isotopes, however, the magnitude of the Rb/Sr hetero-
geneity in the melt inclusions from samples 71-2 and
68-3 is greater than the variability observed in Vailulu’u
seamount lavas, and, within error of measurement, do
not sample a component with lower Rb/Sr than
observed in whole rocks from this seamount.

The present dataset suggests that the isotopic
variability exhibited by the melt inclusions in a basalt
sample may be a function of the whole-rock isotopic

composition. In Fig. 2, the Sr-isotope variability of melt
inclusions in three basalt samples—those with the largest
number of melt inclusion analyses—is plotted against
the bulk *’Sr/**Sr composition of the respective whole
rocks. The ®’Sr/*°Sr variability, determined by the dif-
ference between the highest and the lowest *’Sr/%°Sr
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Fig. 2. Upper panel: Melt inclusion isotopic variability (in ppm) as a
function of whole-rock ¥’St/**Sr ratio for the three Samoan lavas with
the greatest number of melt inclusion analyses. Melt inclusion isotopic
variability increases with increasing *’St/*®Sr (and decreasing *He/
“He, not shown) in the three Samoan basalts. Variability is determined
by the difference between the most isotopically extreme melt
inclusions in a basalt sample. The maximum and minimum values
for this variability are a result of the uncertainty introduced by the Rb
correction, which is directly related to the Rb/Sr of the melt inclusion.
For example, the maximum variability in basalt sample 78-1 is
determined by the difference between the highest (0.7092 plus
391 ppm uncertainty) and lowest plausible *’Sr/*°Sr (0.7072 minus
393 ppm uncertainty). The minimum variability is determined by the
difference between the lowest plausible ¥’St/**Sr in the most enriched
melt inclusion (i.e., 0.7089, or 0.7092 minus 389 ppm uncertainty) and
the highest plausible *’Sr/*’Sr in the most depleted melt inclusion
(0.7074, or 0.7072 plus 393 ppm uncertainty). Lower panel: Melt
inclusion Rb/Sr variability (absolute) as a function of whole-rock *’Sr/
86Sr ratio. Maximum and minimum variability is determined the same
way, but assumes an uncertainty for Rb/Sr of 17%. The magnitude of
variability due to internal precision is approximated by the size of the
data symbols in both panels.
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ratios from melt inclusions in a given basalt sample,
exhibits a maximum and a minimum due to the uncer-
tainty introduced by the Rb correction. Although the
number of data points is limited, the data are consistent
with melt inclusion isotopic diversity increasing with
increasing ®’Sr/*Sr (increasing EM2 component) and
decreasing *He/*He (not shown). The range of varia-
bility for Malumalu sample 78-1 is larger than, but
overlaps with, the range of values from Vailulu’u sam-
ple 71-2. The melt inclusions from the high *He/*He
Ofu basalt exhibit the smallest range of probable *St/
863 ratios, and they do not overlap with the range from
samples 71-2 and 78-1. A similar observation can be
made for the variability of Rb/Sr ratios in the melt
inclusions, where Rb/Sr tends toward greater melt
inclusion variability in samples 78-1 and 71-2; the Ofu
sample has the smallest range of variability, and
overlaps slightly with the lowest probable variability
in sample 71-2. It is notable that OFU-04-06 exhibits
the highest *He/*He ratio (and low ®’Sr/*®Sr) found in
Samoa, an observation that may be linked to the small

degree of isotopic and trace element variability in its
melt inclusions.

3.2. Major and trace element characteristics of melt
inclusions

Rb/Sr and ¥’Sr/*®Sr ratios from the melt inclusions
define a broad array that encompasses the entire spectrum
of Sr-isotope and Rb/Sr variability recorded in Samoan
basalts (Fig. 3). Curiously, the melt inclusions from Ma-
lumalu do not form an array by themselves, but plot over a
broad region. The Rb/Sr and Sr-isotope data array form a
crude mantle isochron of 1.1 Ga.

Major and trace elements were measured on melt
inclusions from Vailulu’u, Malumalu and Ofu basalts, and
they reveal a large range of compositions (Table 2). Al-
though the trace element compositions of Vailulu’u melt
inclusions are similar to whole-rock analyses from this
seamount, melt inclusions from EM2 endmember basalt
78-1 record a greater degree of trace element variability
than all of the whole rocks measured from Malumalu. One
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Fig. 3. ’Sr/**Sr versus Rb/Sr ratios for Samoan whole rocks and melt inclusions, determined by laser ablation. The shaded regions represent the
extent of melt inclusion variability for the volcanoes (Vailulu’u, Malumalu and Ofu). The open region encompasses the least evolved
(MgO > 6.5 wt.%) whole-rock measurements from these three volcanoes and Ta’u, thus encompassing islands and seamounts only on the eastern
half of the Samoan hotspot track (where ~98% of the analyzed melt inclusions were recovered). Whole-rock data from Ofu is unpublished, and
for the other volcanoes is from [4]. MORB range is limited to EPR N-MORB (M) segment averages [22]. High He/*He basalts from Hawaii (H)
[37], Iceland (I) [38] and Baffin Island (B) [39] provide an approximation for FOZO (higher *He/*He ratios exist for Hawaiian basalts [40],
but ¥’Sr/*°Sr data are not available for these samples; Rb/Sr data for high *He/*He samples from Baffin Island are found in [41]). Error bars on
symbols are internal precision of measurement (2o, mean deviation). Error bars on periphery of figure denote external precision of measurements,
as determined by Samoan glass standards with compositions similar to the melt inclusions: Rb/Sr error is 17% (20, standard deviation) and *”Sr/
86Sr error is based on error associated with the Rb correction (20, standard deviation). Replicate analyses of the same melt inclusion are shown.

The melt inclusion data form a crude mantle isochron age of ~1.1 Ga.



Table 2

Melt inclusion major and trace element data (uncorrected for olivine fractionation), and host olivine composition

Sample #  Disc # Grain # SiO, TiO, AlLO; FeO MnO MgO CaO Na,0 K,0 P,0s Total Mg# OIFoRb Sr Y Zr  Nb  Ba La  *Sr/Sr® Type
78-1 Discl #7 4564 3.77 1297 1411 0.14 6.85 9.53 346 216 046 99.19 49.0 84.6 181 1176 83.6 979 — - - 0.70926 H
78-1 Discl  #9 46.57 2.99 13.06 10.75 0.16 8.02 13.09 2.94 1.57 044 99.74 59.6 844 49 443 330 245 — - 456 070732 H
78-1 Discl #10-11 4498 322 12.84 11.18 0.14 926 11.29 262 1.76 039 9810 62.1 840 75 507 281 269 — - - - H
78-1 Discl #12 4637 3.76 13.09 1151 0.17 8.03 11.38 293 191 040 99.65 580 844 59 545 332 339 731 390 — - H
78-1 Disc2  #5 4516 3.42 12.62 11.09 0.17 9.15 1242 246 142 042 98.68 62.0 843 130 1127 755 568 1329 796 96.1 — H
78-1 Disc2  #6 4722 345 13.60 11.80 023  7.10 10.17 3.13 210 042 99.38 544 83.6 115 926 54.1 543 1224 666 93.8 0.70843 H
78-1 Disc2 #7 4720 292 13.65 994 0.14 7.83 1136 2.73 200 040 9849 609 839 — - - - - - - - H
78-1 Disc2  #8 4557 320 1226 1120 0.17 926 1133 2.71 133 047 97.88 62.1 836 71 679 406 360 760 409 577 — H
78-1 Disc2 #9 46.81 3.46 14.03 11.81 0.16 7.34 10.54 2.93 191 043 99.59 552 828 76 655 387 400 848 482 723 070870 H
78-1 Disc2 #10 4632 3.46 13.16 1101 0.15 7.65 11.60 4.80 127 046 100.01 57.9 83.6 33 631 373 346 734 450 651 070842 H
78-1 Disc2 #l1Le 4632 324 1274 11.04 0.14 818 12.72 3.18 133 039 99.67 59.5 83.6 55 598 367 281 561 401 455 — H
78-1 Disc2  #11RtS — - - - - - - - - - - - 832 194 1694 100.5 871 193.5 1258 173.6 — H
78-1 Disc2 #I1RtL 44.61 3.77 1299 1176 0.19 623 1320 270 1.57 044 97.85 51.2 832 299 2480 158.7 1310 293.5 1887 246.6 — H
78-1 Disc2  #3 46.09 3.23 1250 10.68 0.15 8.85 11.47 2.59 1.59 0.43 9791 62.1 84.1 135 1038 62.5 579 1268 719 1006 — H
78-1 Disc2 #4 4645 299 1217 1032 0.15 922 1292 237 137 040 98.80 63.9 839 104 901 551 465 1109 686 789 — H
78-1 Disc3 #4 46.07 3.81 1322 1047 0.12 6.00 1252 2.93 180 0.42 97.81 53.1 852 69 555 264 297 648 370 554 0.70866 G
712 Discl g#3-4 4850 2.66 12.55 9.41 0.14 738 14.63 233 084 035 99.13 60.8 874 26 384 230 185 304 124 224 - G
71-2 Discl i 48.13 2.57 1254 921 0.14 8.07 13.85 248 0.78 027 9840 634 907 — - - - - - - 0.70602 G
712 Disc3  #3 46.12 348 13.06 10.94 0.15 581 1409 2.55 129 032 9823 513 843 50 517 295 237 527 347 409 — G
71-2 Disc3  #5 4671 3.10 1272 9.66 0.15 7.90 13.10 2.45 124 032 97.72 61.8 91.0 45 504 27.1 243 588 314 353 070534 G
712 Disc3  #6 4646 323 1231 1052 0.17 7.54 13.64 2.64 1.14 036 9850 58.7 857 50 579 333 281 60.1 342 499 070599 G
71-2 Disc3 C 48.87 3.33 13.16 877 0.15 7.63 12.81 2.68 0.83 039 9894 63.3 888 27 437 222 232 426 177 339 070482 G
71-11 Disc3  #1 4901 3.13 1253 11.05 0.18  6.15 1201 2.85 094 040 9851 524 814 34 419 27.1 232 414 205 356 070680 G
71-11 Discl a 4928 2.82 1270 10.94 0.14 6.89 11.63 2.60 1.01 037 9873 555 83.0 36 409 303 223 409 214 33.0 070672 G
68-3 Discl #6mil 48.77 2.88 1430 875 0.13  4.68 1474 2.64 135 037 9898 51.4 879 54 533 270 260 625 378 463 070624 G
OFU-04-06 Ofu 13 4425 331 12,60 10.10 0.11  7.99 13.38 3.40 094 0.50 9675 61.4 798 52 856 41.6 464 768 343 1062 0.70457 H
OFU-04-06 Ofu 14 4633 3.07 14.03 8.64 007 8.03 11.89 3.52 1.08 0.53 97.24 549 804 61 613 333 352 556 311 778 — H
OFU-04-06 Ofu 15 46.47 2.81 13.67 10.58 0.14 7.20 10.64 3.96 1.09 033 9696 60.5 773 60 700 300 374 548 303 82.1 0.70443 H
OFU-04-06 Ofu 16 4674 3.13 1412 7.00 0.09 826 13.11 3.76 1.19 045 97.97 495 819 68 760 386 393 725 363 9.1 — H
OFU-04-06 Ofu 18 50.44 1.16 14.17 756 0.07 733 1122 469 138 039 9867 514 793 63 926 33.8 460 841 399 1139 - H
OFU-04-06 Ofu 19 47.15 2.14 11.15 17.06 021 13.83 272 156 171 046 98.00 752 766 — — - - - - - - H
OFU-04-06 Ofu 20 4736 2.90 1450 9.00 0.13  7.59 10.84 4.02 1.06 039 97.84 551 786 81 909 39.0 438 703 402 325 — H
OFU-04-06 Ofu  24rep 46.35 3.58 1347 858 0.9 811 13.70 323 0.72 029 98.13 558 83.0 — - - - - - - - H
OFU-04-06 Ofu 25 4574 3.16 1355 11.98 0.12 7.71 11.15 3.54 0.89 0.42 9833 63.6 772 59 659 381 383 487 243 — 0.70454 H
OFU-04-06 Ofu 26 46.14 2,51 1270 10.60 0.10  8.04 13.61 3.01 0.74 034 9793 623 765 45 573 37.7 338 423 191 — 0.70443 H
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Fig. 4. PUM-normalized trace element patterns of Samoan basalts and
melt inclusions; melt inclusion data is from ion probe analysis, except
for K and Ti, which were measured by electron probe. Vailulu’u melt
inclusions are from three samples: 71-2 (grey lines), 68-3 (dashed line),
71-11 (solid black lines). Malumalu and Ofu melt inclusions are from
samples 78-1 and OFU-04-06, respectively. All melt inclusions (except
for one melt inclusion from 78-1 and two from OFU-04-06 that have no
major element compositions, see Table 2) are corrected for olivine
fractionation to be in equilibrium with mantle olivine of Fog, (see text
for correction scheme). The grey field encloses the range of whole-rock
patterns from the least evolved basalts (>6.5 wt.% MgO) from
Vailulu’u, Ofu and Malumalu; whole-rock compositions have been
corrected for olivine addition/fractionation. PUM values from [30].

“He (not shown) in Samoan basalts. Nb/Zr may serve as a
proxy for *He/*He isotopes in Samoan melt inclusions;
therefore, it may be important that the Nb/Zr ratios in
several of the Ofu-04-06 melt inclusions exhibit values
lower than the ratios observed in whole rocks.

3.3. Melting models of the EM2 source

It is important to place constraints on the trace
element variability introduced by melting processes. A
plot of Sr versus Ti/Zr shows that the majority of the melt
inclusions form an array that extends outside of the
whole-rock field to enriched Sr and low Ti/Zr values
(Fig. 6). The low Ti/Zr ratios (15-88) observed in the
melt inclusions extend to lower values than observed in
whole-rock basalts from the eastern Samoa islands and
seamounts (63-130). Such low values cannot be
produced by crystal fractionation of melts before olivine
entrapment, and assimilation of MORB (Ti/Zr=88) also
fails to produce low Ti/Zr values [31]. A model of the
Samoan EM2 source composition [4] provides a robust
estimate for the mantle source sampled by the extreme
EM2 basalt sample 78-1, and variable degrees of
aggregated modal fractional melts of this source
(Sr=20.0 ppm, Ti/Zr=101.9) in the garnet and spinel
stability fields can describe much of the melt inclusion
array in Fig. 6. Consistent with the model of the EM2
source as a metasomatized harzburgite [4], we adopt a
harzburgite source lithology (1% spinel, 3.6% clinopyr-
oxene [cpx], 20.6% orthopyroxene [opx] and 74.8%
olivine), with mineral modes from [32] and mineral/melt
partition coefficients from [33]. We assume the mineral
modes of a similar bulk composition for melting in the
garnet stability field (3.8% garnet, 2.7% cpx, 17.7% opx
and 75.8% olivine) using the spinel to garnet conversion
from [34]. The two melting models follow similar
trajectories, but melting in the spinel stability field is
required to generate the exceptionally high Sr and low
Ti/Zr observed in the ultra-enriched Malumalu melt
inclusions. Interestingly, if the EM2 source [4] has a
more cpx-rich lithology than the harzburgite in our
melting model, it will not produce melts with the Sr
concentrations observed in the most enriched melt in-
clusion at reasonable degrees (>1%) of melting (Fig. 7).

Other geochemical indicators, including Y/Zr ratios,
more clearly resolve the relative roles of melting in the
gamet and spinel stability fields. Due to the relative
compatibility of Y in residual gamet, low Y/Zr ratios are
consistent with melting in the presence of garnet. A role for
melting in the garnet stability field is suggested in a plot of
Y/Zr against Nb/Zr in Fig. 6. This is particularly true for the
Ofu melt inclusions, which trend to the lowest Y/Zr ratios
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observed in the melt inclusions suite and straddle the garnet
melting trend at 5% melt. This is similar to the Ti/Zr versus
Sr plot, where the garnet melting curve trends through the
Ofu melt inclusion field at ~4% melt. Malumalu and
Vailuluu melt inclusions (and Samoan whole rocks) are
offset to higher Y/Zr ratios, perhaps suggesting a larger role
for melting in the spinel stability field, an observation that is
consistent with the same subset of melt inclusions in the Ti/
Zr versus Sr melt model.

No single melting model of the EM2 source perfectly
describes the melt inclusion fields for all three volcanoes,
but we find that a combination of melting and mixing
satisfactorily reproduces the melt inclusion geochemical
variability. The relative roles of melting and mixing of
different components can be partially deconvolved in a
plot of ¥’Sr/*°Sr versus 1/Sr (Fig. 8), where two-
component mixing trajectories are linear and variable
degrees of melting result in horizontal trajectories. The
Ofu melt inclusions lie on a horizontal trend, which can
be described by various degrees of melting of a single
source that exhibits a 37 Sr/*Sr ratio of ~0.7045, and the
Malumalu and Vailulu’u melt inclusions form a diagonal
array that suggests a role for two-component mixing.

4. Discussion
4.1. A homogeneous source for PHEM basalts

Compelling evidence that the Samoan melt inclusions
sample a heterogeneous source comes from Sr-isotope
analysis of the melt inclusions from Vailulu’u and
Malumalu basalts. However, the uniformly unradiogenic
character of the Ofu melt inclusions precludes a significant
contribution from an enriched, radiogenic (EM2) compo-
nent. This suggests that Samoan melts with high *He/*He
sample a homogeneous source and do not mix with melts of
an enriched component. By comparison, the melt inclu-
sions from Malumalu and Vailulu’u span a large range of Sr
concentrations and isotopic compositions, indicating that
both variable degrees of melting and mixing have occurred.
An aggregated fractional melt trajectory for the gamet
stability field is plotted (Fig. 8) for the EM2 source [4], and
the Malumalu and Vailulu’u melt inclusions form a broad
array that trends diagonally away from the horizontal Ofu
melting trajectory toward low degree (~ 1%) melts of the
EM2 source; the Vailulu’u and Malumalu melt inclusions
can be produced by aggregated melts of an Ofu source that
then mix with aggregated fractional garnet melts of the
EM?2 source.

Unlike the EM2 source, the trace element source
composition of the high *He/*He, lower *’Sr/**Sr Ofu
source component is less clear. Called PHEM [23], this
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component melts to form basalts and melt inclusions
from Ofu. However, it is possible to bracket the source
composition of this component and estimate the degree
of melting captured in the Ofu melt inclusions. Although
the Ofu basalts are more isotopically depleted than the
EM2 basalts, an isotopically and trace element depleted
DMM lherzolite source (7 ppm Sr) [35] fails to produce
the high Sr concentrations observed in the Ofu melt
inclusions (Fig. 7). This would suggest that the Ofu
source is either more refractory or more trace element
enriched, or both, than the lherzolitic [35] DMM source.
The first option can be explored by invoking a more
refractory, harzburgitic DMM source. However, only
unreasonably low (F<1%) degrees of melting can
produce the most enriched Sr concentration observed an

Ofu melt inclusion. The second scenario can be tested
by invoking the trace element enriched EM2 source, and
assigning it a lherzolitic lithology that is similar to
DMM. At reasonable degrees of melting (F=1.5%),
such a source can generate melts with sufficiently high
Sr contents to match the range observed in Ofu. Finally,
a harzburgitic EM2 source, which is both more
refractory and trace element enriched than DMM, can
generate the most enriched melt inclusions from
Malumalu and Ofu between 1% and 2% melting. The
harzburgitic EM2 source can serve as a probable upper
limit for the trace element enrichment of the PHEM
source because we consider it unlikely for the less
isotopically enriched PHEM component to exhibit
greater trace element enrichment than EM2. However,
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a PHEM source with a lithology (and/or Sr concentra-
tions) intermediate between DMM and EM2 cannot be
ruled out. If PHEM has the same Sr content and
lithology as the EM2 source, the Vailulu’u and
Malumalu melt inclusion arrays can be explained as
mixtures of 6.5+1.5% melts of PHEM and ~ 1% melts
of EM2. However, the degree of melting of the PHEM
source that contributes to the Malumalu—Vailulu’u mi-
xing array should be taken as a maximum.

Unlike the Ofu melt inclusions, which sample a pure
PHEM source, no melt inclusions sample a pure EM2
melt (as calclulated by [4], using ultra-enriched Sr-
isotope compositions from Samoan xenoliths [36]).
Mixing lines in Fig. 8 between a 1% EM2 melt and
6.5+1.5% PHEM melts indicate that the subset of
Vailulu’u and Malumalu melt inclusions with both St/
86Srand Sr concentration data are dominated by a PHEM
component, and exhibit less than a ~30% contribution
from the EM2 component. However, one Malumalu melt
inclusion exhibits a much larger contribution from an
EM2 component, as indicated by its high (~ 1865 ppm)
Sr content and low (~17) Ti/Zr ratio (Fig. 6). The
PHEM-EM2 melt mixing lines in Fig. 8 suggest that this
melt inclusion contains more than a 70% contribution
from the EM2 melt component. The mixing model
suggests that a 70% contribution from an EM2 melt
would produce an extrapolated ’Sr/*°Sr ratio of
~0.712, which is a significantly higher ratio than has
been observed in a Samoan basalt, but close to the 87Sr/

%9Sr of cpx in metasomatized xenoliths from Savai’i in
western Samoa. Unfortunately, this ultra-enriched melt
inclusion was too small for isotopic analysis.

4.2. Isotopic variability in Samoan melt inclusions:
MORB or FOZO?

Correlations between trace elements and Sr isotopes
suggest that trace element variability in Samoan basalts
and melt inclusions may reflect heterogeneity in the
Samoan mantle. Rb/Sr, K,0, (Ba/Nb)y and Nb/Zr ratios
correlate with Sr isotopes in Samoan lavas and melt
inclusions, suggesting that these trace elements are hete-
rogeneous in the Samoan mantle source. However, a
combination of melting processes and variable source
lithology may drive the observed correlations, limiting
the role for source heterogeneity. For example, the
relatively constant K,O concentrations and negative
(PUM-normalized) anomalies in Samoan lavas may be a
result of residual phlogopite, which may cause K,O to
behave more compatibly in the Samoan source during
melting. However, K,O correlates with 87S1/50Sr in the
whole rocks and melt inclusions (Fig. 5), suggesting a
role for K,O heterogeneity in the Samoan source, and
that K,O concentrations in Samoan basalts and melt
inclusions may be controlled only partially by melting
processes.

Assuming that Rb/Sr variability in Samoan melts
reflects source variability, the array formed by the St/
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86Sr and Rb/Sr data can be modeled as binary mixing
between a PHEM and an EM2 component, a model
originally proposed by Farley et al. [23]. Such a model is
consistent with the trace element melting/mixing model
proposed above, which suggests that the Ofu melt in-
clusions sample only a high *He/*He PHEM mantle
reservoir and the Vailulu’u and Malumalu melt inclu-
sions result from mixing melts from both the PHEM and
EM2 mantle reservoirs.

Previous work on the Pb-isotopic variability in melt
inclusions [17] suggested that the unradiogenic end-
member in EM2 basalts from Tahaa may be depleted
(MORB or FOZ0?), and thus lie at even lower *’Sr/*Sr
values than observed in the high *He/*He PHEM lavas
from Ofu (Fig. 3). In fact, an extrapolation of the Samoa
melt inclusion and whole-rock basalt array in Fig. 3 does
indeed trend toward one of two depleted components
that are significantly less radiogenic than PHEM: MORB
[22] or a common high *He/*He mantle component,
called FOZO [24] (Fig. 3). The FOZO component is
represented by basalts with the highest *He/*He from
Hawaii [37], Iceland [38] and Baffin Island [39]. Both
MORB and FOZO lie on a similar extension of the

Samoa melt inclusion ®’Sr/*®Sr—Rb/Sr array, so it is
difficult to distinguish which, if either, of these two
components is sampled by the Samoan melt inclusions.
If the depleted component is MORB, it may be entrained
in melt inclusions by shallow anatexis due to preferential
cooling and olivine crystallization near magma chamber
and conduit walls [7,8,21]. However, the presence of
FOZO (or any other high *He/*He component) in the
Samoan melt inclusions would require that the isotopic
variability in melt inclusions reflect true source hetero-
geneity, assuming that a high *He/*He component does
not exist in the oceanic crust or lithosphere.

4.3. The case against MORB

It may be possible to look at other lines of geoche-
mical evidence to discern whether MORB or FOZO play
a role in augmenting the isotopic diversity in Samoan
melt inclusions. Models suggesting that melt inclusion
isotopic variability is caused only by contamination
from unradiogenic oceanic crust and lithosphere at
shallow levels do not explain how several Samoan melt
inclusions have higher *’St/*¢Sr ratios than their host
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bulk rock compositions (see Fig. 1). For example,
Samoan whole-rock basalt sample 71-11 hosts several
melt inclusions that have ®’Sr/*°Sr ratios (up to
0.70692) that are significantly more enriched than its
host rock (0.70550). The presence of ®’Sr/**Sr ratios in
melt inclusions that are higher than the bulk rock
require that at least some of the isotopic variability
present in melt inclusions is derived from the mantle
source, because the enriched component in melt
inclusion 71-11a is too enriched to be found in the
oceanic crust and lithosphere. Therefore, if assimilation
of oceanic crust and lithosphere contributes heteroge-
neity to the Samoan melt inclusions, it cannot be the
only means by which isotopic heterogeneity is
produced in Samoan melt inclusions, and some
contribution from the melt source must be involved
as well.

On a different tack, the case for the less radiogenic
melt inclusions sampling the depleted oceanic crust and
lithosphere by assimilation is limited severely by the
observation that, within analytical uncertainty, not a
single melt inclusion has an ®’Sr/*®Sr ratio that is lower
than the least radiogenic (*’Sr/*°Sr=0.7044) whole-
rock basalt measured in the Samoan islands (Fig. 1). The
Samoan melt inclusions trace out a range of Sr-isotope
variability that is confined to the region of Sr-isotope
space defined by the Samoan whole-rock data (Fig. 3).
On an island-by-island basis, the interpretation is more
complicated, as melt inclusions from two Vailulu’u
whole-rocks sample a component more depleted than
found in whole rocks measured from the seamount.
However, the least radiogenic component found in Vai-
lulu’u melt inclusions is also found in lavas from nearby
Samoan islands (e.g., Ta’u and Ofu), exhibits elevated
*He/*He ratios, and is thus known to exist in the Samoan
plume. Many of the downstream Samoan seamounts
also are dominated by ¥’Sr/**Sr between 0.7044 and
0.7049 [3]. It seems unnecessary, therefore, to invoke
contamination from the oceanic crust and lithosphere to
explain the presence of the less radiogenic component
when it already exists inside the plume! Although the
argument can be made that an insufficient number of
melt inclusions have been analyzed to detect a
component more depleted than what is found in whole
rocks, the number of melt inclusions analyzed for Sr
isotopes (n=41) is already significant, and is equal to
~30% of the number of published *’Sr/*®Sr whole-rock
analyses from the Samoan hotspot.

The high *He/*He, unradiogenic Sr component
in Samoan basalts (PHEM) is unique in that it ex-
hibits *’Sr/*®Sr ratios more enriched than in the high
SHe/*He Hawaii, Iceland or Baffin Island basalts,

suggesting that the high *He/*He reservoir in the
mantle is at least mildly heterogeneous in *’Sr/*°Sr
ratios. The same line of reasoning that precludes the
presence of entrained melts from oceanic lithosphere
in the Samoan melt inclusions also minimizes the
possibility that a traditional, depleted FOZO-like
component (¥’St/%°Sr=0.7030 [24]) serves as the
unradiogenic Sr component: If melt inclusion diversity
were a result of entrainment of a component (MORB
or FOZO) more depleted than found in Samoan
basalts, then the melt inclusions would extend to 87Sr/
86Sr ratios lower than found in whole rocks (0.7044).
However, the high *He/*He Samoan sample OFU-04-
06 defines the lowest ’Sr/*°Sr portion of the Samoan
whole-rock mixing array (see Fig. 3) and the melt
inclusions are identical to the whole rock, suggesting
that the least radiogenic Sr composition sampled by
the Ofu basalts is the same component found in the
melt inclusions. Therefore, we maintain that the
unradiogenic Sr component in Samoan melt inclusions
is more enriched than MORB or FOZO, and is likely
the same PHEM component sampled by the high *He/
“He Samoan basalts, suggesting that a two-component
EM2-PHEM mixing model may be the most
appropriate for melt inclusions originating in the
enriched Samoan mantle. Scatter around such a
mixing model (Fig. 8) may be due to minor
contributions from other components [4] that may
exist in the Samoan mantle.

4.4. Implications for source heterogeneity (or lack
thereof)

The results for Sr-isotope measurements in Samoan
melt inclusions support an argument for an origin of the
isotopic variability in the melt source, not contamination
by oceanic crust and lithosphere. We assume that the
isotopic variability (or lack thereof) in Samoan melt
inclusions is not a product of variable degrees of homo-
genization in magma conduits and chambers before
olivine entrapment, but rather that the isotopic variabil-
ity in melt inclusions reflects the heterogeneity of the
melt source: When the melt source is heterogeneous,
melt inclusions capture the range of heterogeneity while
the isotopic composition of the bulk rock lava represents
an average of the heterogeneity sampled in the melt. By
extension, we infer that the high *He/*He whole-rock
sample OFU-04-06 tends to sample a more homoge-
neous source, as the melt inclusions are nearly isoto-
pically homogeneous and identical to the bulk rock.
Perhaps, then, only melting of a pure PHEM source
allows the high *He/*He composition to persist in the
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Ofu whole-rock lavas. Vailulu’u and Malumalu melt
inclusions are more isotopically heterogeneous, and thus
are inferred to sample a heterogeneous source that cap-
tures much of the mixing spectrum between the EM2
and PHEM components. The contribution of an EM2
component may explain the diminished *He/*He com-
position in the lavas from these two volcanoes. Al-
though ®’Sr/*®Sr analyses of the melt inclusions from
high *He/*He basalts from other localities are not yet
available, perhaps the high *He/*He mantle that these
basalts sample is homogeneous and devoid of enriched
domains. This hypothesis is consistent with the mel-
ting—mixing model above (see Fig. 8), which suggests
that the isotopically homogeneous melt inclusions from
the high *He/*He basalt from Ofu exhibit no evidence of
mixing with an EM2 component.

It is notable that while near-pure PHEM melts are
observed in Samoan melt inclusions, pure EM2 melts
(®’Sr/*°Sr=0.7128 [4,36]) were not unequivocally
detected in this study (i.e., by measurement of Sr isotopes).
Several melt inclusions with ultra-enriched trace element
patterns were observed, but most of the melt inclusions are
composed of <30% EM2 component. Perhaps this
indicates that, compared to the PHEM component, the
EM2 component in the Samoan plume is rare. Alterna-
tively, the EM2 component may not be rare in the Samoan
plume, but is more refractory and produces less melt than
the PHEM component. In this way, perhaps, EM2 melts
are less frequently sampled by melt inclusions. Future
work on melt inclusions will help resolve the relative
contributions of the enriched and high *He/*He sources to
OIB lavas.

5. Summary

The following conclusions can be drawn from this
study:

1.) The Sr-isotopic diversity in melt inclusions from
Samoan basalts does not extend significantly
above or below the range defined by whole
rocks from the Samoan hotspot.

2) A few melt inclusions exhibit *’St/*°Sr ratios
significantly higher than their host whole rock.
This is taken as evidence that assimilation of
MORB lithosphere cannot be the only mechanism
that contributes isotopic diversity to the melt
inclusions.

3.) The *”Sr/*Sr ratio of the high *He/*He basalt is
essentially indistinguishable from the Sr-isotope
ratios (0.7044) measured in its melt inclusions,
and the ®’Sr/**Sr ratios in melt inclusions from

other Samoan basalts do not exhibit ratios lower
than 0.7044. This observation is consistent with
the hypothesis that a high *He/*He component,
not MORB, is the unradiogenic Sr endmember in
Samoan melt inclusions.

4.) Melt inclusions from a high *He/*He Samoan
basalt (with less radiogenic ®’Sr/*°Sr) are isoto-
pically more homogeneous than the melt inclu-
sions from basalts with higher ®’Sr/*¢Sr (more
contribution from an EM2 component). This may
indicate that the Samoan high *He/*He basalts
sample a source that is more isotopically homo-
geneous than the source that produces basalts with
an EM2 component.
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