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split-stream mass spectrometry (LASS) to simultaneously measure 37Sr/86Sr ratios, major-element
concentrations, and trace-element concentrations in the same plagioclase crystal volume. We find that
two plagioclase crystals have extreme 87Sr/86Sr heterogeneity in excess of 5000 ppm (where ppm of

Keywords: 875r/86Sr variability = 10 - [37Sr/88Srmax — 87Sr/2®Srmin]/87S1/%Sr,yg). In two of the plagioclase crystals,
isotope geochemistry we identify the highest 87Sr/%6Sr ratios (0.7224) ever measured in any fresh, mantle-derived ocean island
mantle geochemistry basalt (OIB) or OIB-hosted mineral phase.

mantle heterogeneity We find that in 87Sr/®6Sr-versus-Sr concentration space, the six plagioclase crystals overlap in a “common
t:;ISCP-MS component” region with higher 87Sr/%6Sr than has been previously identified in whole-rock Samoan

lavas or mineral separates. We use the occurrence of olivine mineral inclusions (Fo =74.5 £ 0.8, 2 SD)
in the high-87Sr/36Sr zone of one plagioclase crystal to infer the bulk composition (Mg# = 46.8 + 0.8,
2 SD) of the extreme EM2 magma from which the olivine and high-87Sr/86Sr plagioclase crystallized. We
argue that a relatively evolved EM2 endmember magma mixed with at least one lower-87Sr/36Sr melt to
generate the observed intra-crystal plagioclase isotopic heterogeneity.
By inferring that subducted terrigenous sediment gives rise to EM2 signatures in Samoan lavas, we
estimate that the quantity of sediment necessary to generate the most-elevated 87Sr/86Sr ratios observed
in the Samoan plagioclase is ~ 7% of the mantle source. We also estimate that sediment subduction
into the mantle over geologic time has generated a sediment domain that constitutes 0.02% of the mass
of the mantle, a much lower proportion than required in the EM2 mantle source. Even if subducted
sediment is concentrated in large low-shear-velocity provinces (LLSVPs) at the base of the mantle (which
constitute up to 7.7% of the mantle’s mass), then only 0.25% of the LLSVPs are composed of sediment.
This requires that the distribution of subducted sediment in the mantle is heterogeneous, and the high
relative abundance of sediment in the Samoan EM2 mantle is an anomalous relic of ancient subduction
that has survived convective attenuation.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction Sr, Nd, and Pb isotopic compositions: i) depleted MORB mantle,
, . o i) “high " = 238U/294Pb, iii) enriched mantle 1, and iv) enriched

The observation that ocean island basalts (OIB) show variations mantle 2 (DMM, HIMU, EM1 and EM2, respectively; Zindler and

in radiogenic isotopic compositions suggests that the mantle is het- Hart, 1986). Although isotopic differences exist in OIB, the origins,

erogeneous (e.g, Gast et al, 1964; Hart et al, 1973; Zindler and eometries, and ages of the isotopic “domains” in Earth’s mantle
Hart, 1986; Hofmann, 1997; Stracke, 2012; White, 2015). Globally, =~ ScC €S, ges ol the P
remain active areas of inquiry.

OIB can be grouped into distinct end-members defined by their
group v Studies of mantle-derived lavas most often employ whole-rock
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Fig. 1. Map of western Samoa showing the islands of Savai'i (left) and Upolu (right). The inset shows the location of the Samoan chain in the western Pacific. The location
of ALIA dredge 115 is indicated (the dredge location is from Jackson et al., 2007). The map was made with GeoMapApp using the GMRT 3.5 DEM. The contour interval is

200 m, and the contour corresponding to an elevation of 0 m is shown in bold.

ual minerals (or melt inclusions) in a lava. Although whole-rock
analyses can be useful in identifying large-scale isotopic hetero-
geneities in Earth’s mantle (e.g., Hofmann, 1997; Stracke, 2012;
White, 2015), information about possible isotopic heterogeneity
within a single lava is lost (e.g., Davidson et al., 2007).

Previous work has identified 87Sr/®6Sr disequilibrium between
olivine-hosted melt inclusions and their host oceanic lavas, an
observation that suggests that multiple isotopically distinct melt
sources may contribute to a single lava (or that the assimilation
of crust modifies the isotopic composition of lavas after olivine
crystallization) (e.g., Harlou et al., 2009; Jackson and Hart, 2006;
Reinhard et al., 2016; 2018; Sobolev et al., 2011). Lead isotopic
variability has also been observed in olivine-hosted melt inclu-
sions in OIB (Saal et al, 1998; Yurimoto et al., 2004; Sobolev et
al,, 2011), although the extent of this variability has been debated
(Paul et al., 2011). Furthermore, the Sr, Nd, and Pb isotopic com-
positions of clinopyroxene hosted in OIB lavas have been demon-
strated to be in isotopic disequilibrium with their host whole rocks
(Hanyu and Nakamura, 2000; Jackson et al., 2009; Hanyu et al,,
2011; Miyazaki et al., 2018). These studies collectively suggest that
intra-lava isotopic heterogeneity exists in some OIB. However, the
mechanisms for generating this heterogeneity remain unresolved.

Plagioclase is well suited to evaluating the nature and origin of
875r/36Sr heterogeneity in OIB lavas because i) Sr is compatible in
plagioclase, so plagioclase has elevated Sr concentrations relative
to the bulk rock; ii) plagioclase has low Rb concentrations, thereby
minimizing the impact of the isobaric interference of 8’Rb on mass
87 when employing in situ analytical methods; iii) plagioclase can
contain domains (or zones) with distinct 37Sr/36Sr compositions
(Christensen et al., 1995; Davidson and Tepley, 1997; Ramos et al.,
2005; Font et al., 2008; Lange et al., 2013); and iv) 87Sr/®6Sr com-
positions can be linked to the major- and trace-element composi-
tional domains in the plagioclase. Such domains record a “crystal
stratigraphy” that can provide relative temporal information (from

plagioclase core to rim) about the processes that contributed to
the isotopic composition of a single plagioclase crystal.

To our knowledge, intra-crystal 87Sr/86Sr zonation has not been
reported in plagioclase in OIB. Therefore, this study uses LASS
(laser-ablation split-stream mass spectrometry; Kylander-Clark et
al,, 2013) to measure the 87Sr/36Sr and major- and trace-element
compositions of six plagioclase crystals hosted in two extreme EM2
lavas from the Samoan hotspot with the most elevated 87Sr/86sr
signatures ever reported in global OIB (with whole-rock 87Sr/86sr
of 0.718592 and 0.720469; Jackson et al., 2007).

2. Sample description and methods
2.1. Sample description and EPMA analysis

We targeted two lavas from the Samoan hotspot—ALIA-115-18
and ALIA-115-21—that have previously been characterized for
whole-rock isotopic, major-element, and trace-element geochem-
istry. ALIA-115-18 and ALIA-115-21—a trachybasalt and trachyan-
desite, respectively—were dredged aboard the R/V Kilo Moana
in April 2005 from the deep (3220 m below sea level) south-
west flank of Savai'i Island, western Samoa (Fig. 1) (Jackson et
al., 2007; Koppers et al., 2008). A suite of five rocks from ALIA
dredge 115 range in age from 4.98 to 5.06 Ma (Koppers et al.,
2008). ALIA-115-18 (whole-rock 87Sr/86Sr is 0.718592) and ALIA-
115-21 (whole-rock 87Sr/%6Sr is 0.720469; Jackson et al, 2007)
have the most geochemically enriched 87Sr/86Sr signatures mea-
sured in whole-rock OIB to date (Fig. 2). Previous work on samples
ALIA-115-18 and ALIA-115-21 also revealed significant 87Sr/86Sr
disequilibrium (up to 3115 ppm and 1611 ppm, respectively) be-
tween clinopyroxene and the host whole rocks (Jackson et al.,
2009), making these two samples ideal targets for investigating
875r/36Sr heterogeneity in OIB-hosted plagioclase. ALIA-115-18 and
ALIA-115-21 host large, mm-scale plagioclase crystals (see elec-
tron probe microanalysis [EPMA] images in Supplementary Fig. 1)
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Fig. 2. Global ocean island basalt and mid-ocean ridge basalt isotopic array (“mantle
array”) in '#3Nd/"#4Nd-87Sr/%6Sr space. Data are from the compilation of Stracke
et al. (2003), with additional Samoan isotopic data from Workman et al. (2004) and
Jackson et al. (2007). ALIA dredge 115 lavas are shown in red, with ALIA-115-18 and
ALIA-115-21 whole rocks annotated. We investigate the compositions of plagioclase
crystals from these two whole rock lavas in this study. (For interpretation of the
colors in this and subsequent figures, the reader is referred to the web version of
this article.)

that were targeted here. See the Supplementary Methods for a de-
scription of sample preparation, EPMA mapping of the plagioclase
crystals, and EPMA analysis of olivine inclusions in plagioclase
ALIA-115-18-1 (Table 1).

2.2. Laser ablation split-stream mass spectrometry

We employed LASS to simultaneously measure major- and
trace-element concentrations and 87Sr/86Sr compositions of Samoan
plagioclase. This analytical approach couples a Teledyne CETAC
Photon Machines Analyte 193 nm ArF excimer laser and HelEx
sample cell to two mass spectrometers: a Nu Instruments Plasma
HR multi-collector inductively coupled plasma mass spectrometer
(MC-ICP-MS) for 87Sr/%6Sr measurements, and an Agilent 7700X
quadrupole inductively coupled plasma mass spectrometer (Q-ICP-
MS) for trace-element concentration measurements. The ablated
sample is mixed in a mixing bulb; the sample flow path is then
split such that approximately half of the sample is directed to each
mass spectrometer. The LASS facility at the University of Califor-
nia at Santa Barbara is described in detail by Kylander-Clark et al.
(2013).

LASS enables investigation of the relationships between
875r/86Sr and plagioclase major- and trace-element geochemistry
from the same laser spot, and thereby facilitates the interpretation
of isotopic data. Additionally, LASS allows filtering or discarding
of 87Sr/86Sr analyses that contain inclusions or other phases. As
a result, LASS allows targeting of phase-specific 87Sr/%6Sr data
by identifying and discarding isotopic data associated with non-
plagioclase trace-element signatures (Fig. 3). For each ALIA-115
plagioclase crystal, data from multiple spot analyses on each crys-
tal were used to generate model 87Sr/%6Sr and Sr concentration
surfaces using Matlab® (Fig. 4 and Supplementary Fig. 2).

2.2.1. LASS 8751/85Sr measurements

The 87Sr/86Sr composition of plagioclase can be measured using
LA-MC-ICP-MS with sufficient precision to resolve isotopic variabil-
ity, though complicating factors include instrumental mass frac-
tionation and isobaric interferences (Davidson et al., 2007). In prac-
tice, mass fractionation can be corrected by monitoring deviations
from a canonical 86Sr/88Sr stable isotope ratio (0.1194) and cor-

Table 1

Compositions of four olivines included in plagioclase ALIA-115-18-1.
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Olivine 4

Four olivines included in a zone in the ALIA-115-18-1 plagioclase crystal were analyzed by EPMA as described in the text. Each olivine was analyzed at between 1 to 5 separate spot locations. The 2 SD reproducibility of each oxide

and of the calculated Fo# of olivines that were analyzed multiple times are reported.
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recting the measured 8/Sr/®6Sr ratio using the exponential mass
fractionation law. However, isobaric interferences on mass 86 from
86Kr (present as a contaminant in the Ar carrier gas) can result
in inaccurate measured 36Sr/%8Sr and 8Sr/86Sr ratios. Therefore,
in this study the Kr correction approach described by Konter and
Storm (2014) was implemented to correct for Kr interferences.
For a detailed description of this correction algorithm and of the
MC-ICP-MS analytical procedures employed in this study, refer to
Konter and Storm (2014) and the Supplementary Methods.

After correction for isobaric interferences (Kr and Rb; see Sup-
0.5 plementary Methods) and mass fractionation, we used an in-house
plagioclase primary reference material to correct the measured
875r/36Sr ratios of samples and secondary reference materials. This
primary reference material, T21 (a homogenized plagioclase glass),
was prepared by separating 450 mg of inclusion-free plagioclase
chips from plagioclase-rich Samoan basalt sample T21 (see Work-
man et al., 2004). The plagioclase chips were powdered to < 40 pm
and fused twice in a 1500°C furnace at Arizona State University,
resulting in a homogeneous plagioclase glass (see Supplementary

2.0
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12 corrected to an NBS987 87Sr/86Sr value of 0.710240—is 0.704712
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0.715 - study yield accurate 87Sr/36Sr ratios (see below).

' Secondary reference materials for 87Sr/36Sr used in this study
include a naturally homogeneous plagioclase crystal from the
American Museum of Natural History, AMNH 107160 plagioclase
(87Sr/85Sr = 0.7043864-0.000008 [2 SE] via TIMS, Table 2; see Sup-
plementary Table 1 for major-element analyses and Supplementary
Table 2 for trace-element analyses), the USGS MACS-3 carbon-
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Fig. 3. Demonstration of the utility of LASS for generating plagioclase-specific Sr
isotopic data. In this analysis (spot 51 from crystal ALIA-115-18-2 in Supplementary

Table 4), an inclusion of unknown affinity is encountered during the latter portion
of the analysis. The inclusion is characterized by elevated Fe, REE (Nd is shown as an
example), and Rb concentrations. The 87Sr/36Sr ratio is impacted by this inclusion,
but simultaneous collection of major- and trace-element data via LASS allows us to
reject the inclusion-influenced data. The figure shows counts per second (cps) for

ate reference material (37Sr/36Sr = 0.707546 + 0.000004 [2 SE] via
TIMS; Jochum et al., 2011), and a modern sclerosponge (37Sr/36Sr
of modern seawater = 0.709164 +0.000002 [2 SE] via TIMS; Moka-
dem et al., 2015). All 87Sr/86Sr values of the primary and secondary

reference materials have been normalized to an NBS987 87Sr/86sr
value of 0.710240.

LASS analyses were conducted during three analytical sessions
on 3/2/2017, 5/8/2017, and 8/15/2017. A summary of all LASS and

each element rather than concentration (in ppm) because the “3Ca concentration
used as an internal standard is not the same in the plagioclase and the inclusion.
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Fig. 4. Quantitative Ca concentration map (left), 87Sr/36Sr model surface (middle), and Sr concentration model surface (right) for plagioclase ALIA-115-18-1. The Ca EPMA map
was produced using Probe for EPMA and CalcImage (Probe Software, Inc.), and the 87Sr/86Sr and Sr concentration surfaces were generated using Matlab® (see Supplementary
Methods). In each image, the location of the laser spots is indicated by circles with sizes corresponding to the laser spot size (see Supplementary Fig. 1 for the Ca map with
laser spot numbers added). The four olivine inclusions measured by EPMA spot analyses are indicated with red numbers in the EPMA image (see Table 1 for the olivine
compositions). The olivines occur just outside of the rounded and resorbed core within a zone referred to in the text as the “olivine-bearing zone”, which corresponds to
high 875r/86Sr (and thus the plagioclase in this olivine-bearing zone samples the extreme EM2 “common component” shown in Fig. 6). The boundary between the core and
the rest of the crystal (the “core-mantle boundary”) is visible as an irregular yellow line (owing to elevated Ca concentration) in the left panel. Lines indicating the crystal’s
edge and the “core-mantle boundary” are drawn on the model surfaces in the middle and right panels. Analogous figures for the other five Samoan plagioclase crystals from
this study are shown in Supplementary Fig. 2, and EPMA elemental maps for other major elements (Si, Al, Na, etc.) are shown in Supplementary Fig. 1.
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Table 2

New TIMS analyses of reference materials in this study.
Sample name Sample type Estimated Sr? TIMS 875r/865rP 2 SE LA-MC-ICP-MS 875r/365r< 2 SD

(ng)

Analyses conducted October 2015
NBS987 Solution - 0.710247 0.000015 - -
BHVO-1 Powder - 0.703503 0.000004 - -
T21 homogenized plagioclase Mineral fragment - 0.704712 0.000009 - -
Analyses conducted October 2017
NBS987 Solution - 0.710233 0.000014 - -
BHVO-2 Powder - 0.703470 0.000012 - -
T21 homogenized plagioclase Micromilled powder 18 0.704699 0.000018 - -
AMNH 107160 plagioclase Mineral fragment - 0.704386 0.000008 0.70436 0.00026
AMNH 107160 plagioclase Micromilled powder 15 0.704408 0.000020 0.70436 0.00026
Pit-16 plagioclase Micromilled powder 49 0.704505 0.000012 0.70442 0.00018

4 Sr quantities for micromilled powders are estimated from the milled volume and the measured Sr concentration of each plagioclase (see Supplementary Table 2), and

assume 100% recovery and a plagioclase density of 2.7 g/cm?.

b Aside from NBS987, all reported 87Sr/86Sr values are normalized to NBS987 87Sr/36Sr = 0.710240.
¢ LA-MC-ICP-MS values are averages of multiple analyses over the course of this study, which are summarized in Table 3 and reported in Supplementary Table 3.

Table 3

875r/36Sr values measured from geological reference materials by LA-MC-ICP-MS in this study compared to TIMS reference values.

Reference material Mean measured LA-MC-ICP-MS LA-MC-ICP- Number TIMS TIMS Difference between
875r/86sr by 2 SD MS 2 SD of reference reference LA-MC-ICP-MS
LA-MC-ICP-MS? (ppm) analyses  87sr/86srP uncertainty® and TIMS
reference values
(ppm)
AMNH 107160 plagioclase 0.70436 0.00026 363 73 0.704386 0.000008 (2SE) —-33
Pit-16 plagioclase 0.70442 0.00018 257 19 0.704505 0.000012 (2SE) —115
USGS MACS-3 carbonate 0.70754 0.00019 270 40 0.707546 0.000004 (2SD, n=15) —6
Modern sclerosponge 0.70916 0.00018 260 40 0.709164 0.000002 (2SD, n=17) 1

4 Refer to Supplementary Table 3 for the individual analyses used to calculate the mean measured Sr isotopic composition and uncertainties reported here.
b The reference values for AMNH 107160 plagioclase and Pit-16 plagioclase were obtained by TIMS and are reported in Table 2. The USGS MACS-3 carbonate reference value
is reported in Jochum et al. (2011). The reference value for the modern sclerosponge is the modern seawater value of Mokadem et al. (2015). All reference and measured

values have been normalized to NBS987 87Sr/86Sr = 0.710240.

¢ Reference value analytical uncertainties for AMNH 107160 and Pit-16 plagioclase are 2 SE. Uncertainties for MACS-3 and modern sclerosponge—for which reference values

are means of multiple ratios—are 2 SD.

TIMS 87Sr/36Sr analyses of secondary materials—as well as analyses
of an OIB-hosted plagioclase with homogeneous 87Sr/36Sr from Pit-
cairn sample Pit-16 (Garapic et al., 2015; see Supplementary Meth-
ods)—is available in Table 3, and 87Sr/%6Sr (and major- and trace-
element) data from each laser spot are available in Supplementary
Table 3. Following correction to the preferred T21 value, the mean
875r/86Sr values of the three secondary 87Sr/%6Sr reference ma-
terials (AMNH 107160 plagioclase, USGS MACS-3 carbonate, and
modern sclerosponge) obtained by LASS—AMNH 107160, MACS-3,
and the sclerosponge—agree with the TIMS reference values to
better than 33 ppm. Additionally, the reproducibility of measured
875r/86Sr was 4260 ppm (2 RSD, n = 40) for the modern scle-
rosponge over three analytical sessions, =270 ppm (2 RSD, n = 40)
for MACS-3 over three analytical sessions, and 353 ppm (2 RSD,
n=73) for AMNH 107160 plagioclase over two analytical sessions.
The mean 87Sr/®0Sr value measured by LASS for Pit-16 plagioclase
agrees with the value measured for the micromilled powder mea-
sured via TIMS within 115 ppm (see Table 3, Supplementary Fig.
3, and Supplementary Methods). Reference materials and samples
were analyzed identically aside from the laser spot size and repeti-
tion rate, which we varied according to the Sr concentration of the
analyte. The T21 primary reference material (1306 ppm Sr; Sup-
plementary Table 2) and the AMNH 107160 secondary reference
material (968 ppm) have lower Sr concentrations than the ALIA-
115-18 (2054 & 461 ppm, 2 SD; Supplementary Table 4) and the
ALIA-115-21 (2218 £ 656 ppm, 2 SD) plagioclase crystals. During
the analytical sessions, we analyzed the T21 and AMNH 107160
plagioclase reference materials every fourth sample analysis, and
the MACS-3 and sclerosponge reference materials every twentieth
sample analysis.

2.2.2. LASS major- and trace-element measurements

We measured the major- and trace-element compositions of
plagioclase by LASS. A detailed description of LASS trace-element
measurement procedures and the accuracy and reproducibility of
LASS major- and trace-element measurements of reference mate-
rials is in the Supplementary Methods. Major- and trace-element
concentrations obtained by LASS used “3Ca as an internal standard.
For T21 plagioclase, AMNH 107160 plagioclase, Pit-16 plagioclase,
and all Samoan plagioclase crystals analyzed by LASS in this study,
43Ca is from EPMA Ca concentration measurements (Supplemen-
tary Tables 2-4).

3. Data and observations

We targeted six individual plagioclase crystals from Samoan
lava samples ALIA-115-18 and ALIA-115-21. A summary of all
875r/86Sr, trace-element, and major-element geochemical data ob-
tained from these plagioclase crystals is in Supplementary Table 4.
All 875r/86Sr measurements are summarized in Fig. 5, and plagio-
clase 87Sr/86Sr results are compared to whole-rock and clinopy-
roxene 37Sr/%6Sr values previously obtained from samples ALIA-
115-18 and ALIA-115-21 (Jackson et al., 2007; 2009). We identify
plagioclase domains with 87Sr/86Sr compositions that extend to
values both lower and higher than those identified in host whole
rocks and in clinopyroxene from the same lavas (Fig. 5). We find
significant intra-crystal isotopic heterogeneity in most of the pla-
gioclase crystals that in some cases greatly exceeds the analytical
reproducibility of LASS 87Sr/36Sr measurements of reference mate-
rials.
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Fig. 5. LASS 875r/86Sr data from the six Samoan plagioclase targeted in this study (see Supplementary Table 4 for the 87Sr/36Sr values and uncertainties used to make the
figure). Error bars are internal 2 SE. Whole-rock (Jackson et al., 2007) and cpx (Jackson et al.,, 2009) values from each lava (shown as squares) are plotted adjacent to the

respective plagioclase data.
3.1. Description of individual crystals and geochemical characteristics

3.1.1. ALIA-115-18 plagioclase

The three plagioclase crystals from Samoan lava ALIA-115-18
targeted here are approximately 2 mm x 0.5 mm in size and are
characterized by the presence of fine oscillatory zoning that is vis-
ible in the quantitative EPMA maps of each grain (Supplementary
Fig. 1). The morphology and geochemical data collected for indi-
vidual plagioclase crystals from ALIA-115-18 are described below.

ALIA-115-18-1: This plagioclase has a rounded, resorbed core with
olivine and clinopyroxene inclusions along the outer edge of the
core (see Supplementary Fig. 1 for EPMA maps of this crystal).
The average anorthite content (An = molar Ca/[Ca + Na] - 100) of
this crystal at locations corresponding to each of the laser spots is
59+2 (2 SD, using EPMA data compiled in Supplementary Table 4).
We measured the 87Sr/36Sr and trace-element composition of this
plagioclase in 75 spot locations over three analytical sessions. This
plagioclase exhibits coherent 87Sr/36Sr zoning: a low-87Sr/8Sr core
is surrounded by a high-87Sr/36Sr mantle, and a thin (c. 100 pm)
low-87Sr/86Sr rim (Fig. 4). Small (c. 20-30 pm) olivine inclusions
occur in the plagioclase within the high-87Sr/36Sr zone—called the
“olivine-bearing zone” hereafter—near the boundary with the low
875r/86Sr core (Fig. 4). The 87Sr/36Sr values measured in this pla-
gioclase span from 0.71853 +0.00032 (2 SE) to 0.72239 + 0.00027
(2 SE); the measured 87Sr/36Sr range is approximately 5300 ppm.
As with the other plagioclase crystals in this study, Sr concentra-
tion shows an inverse relationship with 87Sr/80Sr (see section 3.2
and Fig. 6). This anticorrelation is also demonstrated in Fig. 4,
wherein the low-87Sr/86Sr core has elevated Sr concentrations, and
the high-875r/36Sr region has lower Sr concentrations.

The mean 87Sr/6Sr value of four analyses made from the
olivine-bearing zone is 0.72194 £ 0.00057 (2 SE), indistinguish-
able from (i.e., within uncertainty of) the highest value (0.72239 +
0.00027 [2 SE]; Supplementary Table 4) reported in this study. We
targeted four olivine inclusions with EPMA spot analyses (see Ta-
ble 1) in order to calculate the equilibrium melt Mg# associated
with the olivines. The analyzed olivines have a mean forsterite con-
tent (= molar Mg/[Mg + Fe®>*] - 100) of 74.5+0.8 (2 SD, n = 14

measurements from 4 different olivine inclusions). Assuming an
olivine-melt Kp of 0.3 (where Kp = [Fe?" /Mg]otivine/[Fe?t /Mg]lmelt;
Roeder and Emslie, 1970), this olivine was in equilibrium with
a melt with Mg# = 46.8 & 0.4 (2 SD) (where Mg# is molar
Mg/[Mg + Fe?*] - 100). An uncertainty of 10% in the Kp value
yields a range in calculated equilibrium Mg# of 44 to 49, which
is depicted by the error bars shown in Fig. 7.

ALIA-115-18-2: Plagioclase ALIA-115-18-2 contains multiple iso-
lated regions of concentric anorthite zoning surrounded by a rim
(Supplementary Fig. 1). The mean An content of this crystal is
59 + 3 (2 SD) at the location of the laser spots (see data in Sup-
plementary Table 4). We measured the 8Sr/6Sr composition of
this plagioclase in 52 spot locations over two analytical sessions
on 5/7/2017 and 8/15/2017. EPMA elemental maps of this sample
were generated after the first (but before the second) laser ablation
analytical session; therefore, we used the mean Ca concentration
from the locations of the laser spots from the second analytical
session as an internal standard to calculate trace-element concen-
trations from the first laser-ablation analytical session. Because the
Ca concentration for this crystal varies by only 11% (2 RSD; the
Ca content at the locations of the laser spots is 8.12 & 0.45 wt%,
2 SD, n = 40), this approximation introduces minimal additional
uncertainty to the measured trace-element concentrations. The
range (5700 ppm) in 87Sr/86Sr values measured in this plagio-
clase (0.71792 £ 0.00028 [2 SE] to 0.72205 + 0.00024 [2 SE]) is
greater than that measured in any of the other plagioclase crystals
in this study. This crystal has a core characterized by low 87Sr/86sr,
a mantle with moderate 87Sr/36Sr, and a rim with high 87Sr/86sr
(Supplementary Fig. 2).

ALIA-115-18-3: Plagioclase crystal ALIA-115-18-3 has an irregular
core surrounded by a region characterized by oscillatory major-
element zoning (Supplementary Fig. 1). The An content of this
crystal is 58 =3 (2 SD, n = 31) determined at the location of
each of the laser spots (Supplementary Table 4), which is similar
to the preceding two ALIA-115-18 plagioclase crystals. We mea-
sured the 87Sr/86Sr and trace-element composition of this crys-
tal in 30 locations over two analytical sessions. The measured
875r/36Sr values in this sample span 0.71789 4 0.00024 (2 SE)



196 M.A. Edwards et al. / Earth and Planetary Science Letters 511 (2019) 190-201

to 0.72111 4 0.00031 (2 SE); the measured range of 87Sr/®6Sr is
approximately 4400 ppm. This crystal has the lowest measured
875r/86Sr in this study (0.71789), but no measured 87Sr/86Sr values
as high as those observed in the other two ALIA-115-18 plagio-
clase crystals (Fig. 5). In contrast to the two previously described
crystals from ALIA-115-18, this crystal contains a core character-
ized by high 87Sr/86Sr that is surrounded by a mantle with lower
875r/86sr.
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3.1.2. ALIA-115-21 plagioclase

We measured the 87Sr/86Sr, major-element, and trace-element
composition of three plagioclase crystals from Samoan lava ALIA-
115-21, and found that the crystals exhibit more variability in An
content (both higher and lower An values) than the ALIA-115-18
crystals (see lower panel of Fig. 6). Additionally, although the
ALIA-115-21 crystals extend to 37Sr/®6Sr values as high as those
observed in plagioclase from ALIA-115-18, the ALIA-115-21 pla-
gioclase do not extend to the low 87Sr/86Sr values observed in
the ALIA-115-18 crystals. Compared to ALIA-115-18 plagioclase,
a greater proportion of ALIA-115-21 LASS analyses revealed the
presence of non-plagioclase inclusions or cracks; nonetheless, LASS
enabled us to reject or trim such analyses (e.g., Fig. 3).

ALIA-115-21-1: This plagioclase is 1.5 mm x 0.3 mm in size. This
crystal has a large, Ca-rich core (An as high as 54) surrounded by
a Na-rich rim (An as low as 45). The mean An content from the
laser spots is 50 & 7 (2 SD; see Supplementary Table 4), which
is quite variable and lower than the other plagioclase crystals
examined in this study (Fig. 6). The 87Sr/®Sr ratios in this pla-
gioclase, determined in 15 locations over two analytical sessions,
extend from 0.72078 £ 0.00028 (2 SE) to 0.72232 4+0.00021 (2 SE)
(range > 2100 ppm).

ALIA-115-21-2: Plagioclase ALIA-115-21-2 is a glomerocryst of
three individual plagioclase crystals; additional, smaller crystals
are present, but were not analyzed. Two of the three large crystals
have notably Ca-rich cores (see Ca EPMA map in Supplementary
Fig. 1). This glomerocryst has the highest anorthite content of
any plagioclase targeted here (64), with an average An content of
58 + 6 (2 SD, n = 23) from the locations of the laser spots (Fig. 6;
Supplementary Table 4). Of all of the Samoan plagioclase evalu-
ated here, ALIA-115-21-2 has the least isotopic variability (Fig. 5).
The mean 87Sr/36Sr of this plagioclase is 0.72216 & 0.00026 (2 SD,
n =23 spots), and 87Sr/36Sr ranges from 0.72180 + 0.00023 (2 SE)
to 0.72235 + 0.00028 (2 SE), determined in 23 locations over two
analytical sessions. At 762 ppm, the range of measured 87Sr/86Sr
values is approximately twice the 2 SD reproducibility achieved for
the AMNH 107160 plagioclase reference material.

ALIA-115-21-3: Plagioclase ALIA-115-21-3 is a glomerocryst con-
sisting of a larger crystal intergrown with at least two smaller
crystals. The glomerocryst is approximately 2 mm x 0.5 mm in
size. Each sub-crystal exhibits major-element zoning (see Supple-
mentary Fig. 1), but the anorthite content calculated at the loca-
tion of each laser spot in this plagioclase shows limited variability

Fig. 6. Samoan plagioclase data from this study plotted in 37Sr/36Sr-Sr space (top
panel), 87Sr/%6Sr-La concentration space (middle panel), and 87Sr/36Sr-anorthite
space (lower panel). The four analyses from the olivine-bearing zone in plagioclase
ALIA-115-18-1 are shown with yellow outlines. We selected the “olivine-bearing
zone” plagioclase analyses by choosing laser spots from the zone nearest the olivine
inclusions. We avoided laser spots that overlap with or contact the resorption sur-
face itself because these analyses capture both the high-87Sr/86Sr zone of the crystal
and the low-87Sr/86Sr core (and thus only four laser spot analyses are used to define
the 87Sr/86Sr of the olivine zone). The four analyses from the olivine-bearing zone
are circled in the top panel with a dashed yellow line, and the region encompassed
by the yellow oval corresponds with the common region of overlap between the
plagioclase crystals from ALIA-115-18 and the crystals form ALIA-115-21. 87Sr/36sr,
Sr, and La error bars on the datapoints are internal 2 SE. Error bars for the long-term
reproducibility of 87Sr/86Sr (+363 ppm, 2 SD, for plagioclase reference material
AMNH 107160, n = 73 analyses; Supplementary Table 3), Sr (+9.5%, 2 SD, for pla-
gioclase reference material T21, n = 95 analyses; Supplementary Table 3) and La
(£11.7%, 2 SD, for plagioclase reference material T21, n = 95 analyses; Supplemen-
tary Table 3) are shown in the lower right portion of the top two panels. Anorthite
(An = molar Ca/[Ca + Na] - 100) compositions are averages calculated from quanti-
tative EPMA maps of each plagioclase crystal (see Supplementary Fig. 1 for EPMA
maps). The anorthite error bars are calculated by propagating one standard devi-
ation of the Na and Ca measurements at the location of each laser spot. All data
shown in the figure are reported in Supplementary Table 4.
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Fig. 7. Left panel: 87Sr/%6Sr plotted against Mg# of ALIA dredge 115 whole-rock lavas. A red triangle (with yellow outline) representing the olivine-bearing zone from
plagioclase ALIA-115-18-1 is also plotted: the 87Sr/86Sr value for the olivine-bearing zone from ALIA-115-18-1 is the mean measured 87Sr/%6Sr value (0.72194 = 0.00057,
2 SD) of four laser spots (numbers 29, 48, 57, and 73; see Supplementary Table 4) near the olivine-bearing zone in this crystal that target the high-87Sr/36Sr zone with the
olivine inclusions; the Mg# (46.8 + 0.4, 2 SD) shown for the olivine-bearing zone is a melt calculated to be in equilibrium with the average forsterite content (74.5 + 0.8,
2 SD) measured by EPMA in four olivine inclusions (see Table 1 for olivine compositions and Fig. 4 for an image of ALIA-115-18-1 with the olivine locations annotated). The
Mg# calculation assumes an olivine-melt Fe-Mg Kp of 0.30 £ 0.03 (Roeder and Emslie, 1970). The Mg# error bars represent 10% uncertainty in the partition coefficient. The
Mg# shown for whole-rock lavas assumes that 90% of total Fe is Fe2*. ALIA dredge 115 whole-rock data are from Jackson et al. (2007). Right panel: a conceptual model to
explain the trend in the left panel. In this model, two isotopically distinct primary mantle melts are generated (step 1). Each of the endmember melts evolves to a lower
Mg#:; however, the melt with more radiogenic 87Sr/36Sr achieves a lower Mg# than the melt with lower 87Sr/36Sr (step 2; see Discussion). Finally, the two different melts

mix to produce the trend seen in the left panel of this figure (step 3).

relative to the other ALIA-115-21 plagioclase (mean An = 54 + 2
[2 SD], n = 20; Supplementary Table 4). Of the three crystals
from ALIA-115-21, this crystal exhibits the greatest variability in
measured 87Sr/86Sr (Fig. 5), with 87Sr/86Sr values ranging from
0.71982 4+ 0.00031 to 0.72192 £ 0.00015 (range = 2910 ppm) ob-
tained over two analytical sessions. There is a high-87Sr/%6Sr zone
near the center of the largest crystal, but the zone is poorly de-
fined owing to relatively few measurements with lower 87Sr/86sr
near the periphery of the crystal (Supplementary Fig. 2).

3.2. Geochemical trends recorded in plagioclase

The LASS data define a clear negative relationship between Sr
concentration and 87Sr/36Sr in the Samoan plagioclase crystals tar-
geted. The data from the crystals separated from ALIA-115-21 de-
fine a shallower slope than the data from the ALIA-115-18 crystals,
but all share the trend of higher 87Sr/86Sr at lower Sr concentra-
tion (Fig. 6). The arrays formed by the plagioclase from the two
lavas overlap in a common region characterized by high 87Sr/36Sr.
This extreme high-87Sr/86Sr EM2 common component is more ra-
diogenic than any Samoan whole rocks or mineral phases analyzed
to date.

The presence of olivine inclusions (c. 20-30 pm) in a domain
of a plagioclase that exhibits extremely radiogenic 87Sr/®6Sr al-
lows us to calculate the Mg# of the melt in equilibrium with
the olivine and, by extension, the EM2 endmember sampled by
the plagioclase, assuming that the plagioclase and included olivine
crystallized from the same portion of homogeneous melt. The com-
position of the EM2 endmember observed in the plagioclase is
relatively evolved: the melt in equilibrium with the olivines in-
cluded in plagioclase ALIA-115-18-1 has an Mg# of 46.8 + 0.4
(2 SD). When this composition is plotted with all Samoan lavas
from the ALIA-115 dredge, the common component EM2 compo-
sition anchors the high-87Sr/36Sr, low Mg# inclusions portion of
the array (Fig. 7). It is an assumption that the olivine grew from
the same melt as the host plagioclase; the olivine may have grown
from a more or less evolved melt prior to entrapment. Nonethe-
less, the calculated Mg# of the olivine inclusion, paired with the

875r/36Sr of the host plagioclase zone hosting the olivine, results
in a melt composition that anchors the high-87Sr/%6Sr portion of
the whole rock trend in 87Sr/%6Sr-versus-Mg# space in Fig. 7. This
supports the hypothesis that the olivine was in equilibrium with
the same liquid that crystallized the surrounding plagioclase ma-
terial.

However, other trace elements analyzed here (e.g., Rb, Ba, Ti, Y,
REEs) do not exhibit the same clear relationships with 87Sr/86Sr;
La is shown as an example in Fig. 6. Similarly, the anorthite com-
position of the plagioclase at each laser spot does not show a
relationship with 87Sr/8Sr (Fig. 6).

4. Discussion

Two of the six Samoan plagioclase crystals examined here con-
tain the most extreme EM2 signatures (87Sr/%6Sr up to 0.7224)
ever observed in OIB, and these new, ultrahigh 87Sr/36Sr signatures
surpass the highest values previously reported in Samoan whole
rocks (up to 0.720469) and in magmatic clinopyroxene (up to
0.721630; Jackson et al., 2007). Furthermore, five of the six plagio-
clase crystals have extreme 87Sr/86Sr heterogeneity (> 1500 ppm)
that complements the intra-lava 87Sr/86Sr heterogeneity measured
in plagioclase from mid-ocean ridge basalts (Lange et al., 2013),
between olivine-hosted melt inclusions and their host OIB whole
rocks (e.g., Harlou et al., 2009; Jackson and Hart, 2006; Reinhard
et al., 2016; 2018; Sobolev et al., 2011), and between magmatic
clinopyroxene and their host OIB whole rocks (e.g., Hanyu and
Nakamura, 2000; Jackson et al., 2009; Hanyu et al., 2011).

The Samoan plagioclase presented here sample an EM2 compo-
nent with a radiogenic Sr isotopic signature (87Sr/86Sr = 0.7224)
more extreme than that observed in any mantle-derived oceanic
lavas. Below we rule out assimilation and post-eruptive radiogenic
ingrowth as processes generating the extreme radiogenic isotopic
compositions, and then explore the implications of these new ex-
treme EM2 compositions observed in Samoan plagioclase. In the
Supplementary Discussion we evaluate the 87Sr/%6Sr composition
of groundmass in ALIA-115-18 and ALIA-115-21 required by mass
balance given the measured 87Sr/86Sr compositions of plagioclase
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and clinopyroxene phenocrysts. The new extreme EM2 composi-
tion recorded in the plagioclase is calculated to be more evolved
than any extreme EM2 lava examined to date from the Samoan
ALIA-115 dredge, and its radiogenic 87Sr/%6Sr composition requires
that a higher fraction of recycled sediment was added to its source
(Jackson et al., 2007).

4.1. Origin of 87 5r/86Sr heterogeneity in Samoan plagioclase

The observation of intra-crystal 87Sr/8Sr disequilibrium in OIB
is one of the salient findings of this study. Therefore, it is impor-
tant to consider the mechanisms that may have been responsible
for generating the 87Sr/86Sr heterogeneity in the plagioclase crys-
tals we studied.

Varying degrees of radiogenic ingrowth of 87Sr due to post-
eruptive 87Rb decay in the plagioclase cannot generate the extreme
875r/86Sr heterogeneity in the plagioclase crystals we measured.
The lowest (0.00052) and highest (0.0068) measured Rb/Sr ratios
from any two ALIA-115 plagioclase spots would lead to 87Sr/86sr
differences in the plagioclase of only 2 ppm over the 5.3 Myr (Kop-
pers et al., 2008) since the plagioclase formed. Radiogenic ingrowth
is thus not the mechanism responsible for generating 87Sr/86Sr
variability in these plagioclase crystals.

Assimilation of altered oceanic crust is not likely to have gen-
erated the extreme high 87Sr/86Sr observed in the Samoan pla-
gioclase (which have 87Sr/80Sr > 0.71788; see Supplementary Ta-
ble 4), as the 87Sr/®6Sr signature of altered oceanic crust only
rarely achieves 87Sr/86Sr values that approach or exceed (e.g., Hauff
et al,, 2003), the value of seawater (87Sr/86Sr = 0.709164; renor-
malized from Mokadem et al, 2015). Similarly, assimilation of
modern sediments is not likely to have generated the extreme
875r/86sr signatures observed here: lead is highly enriched in ma-
rine sediments (Plank and Langmuir, 1998) compared to oceanic
lavas (Willbold and Stracke, 2006), so sediment assimilation would
have a disproportionate influence on the Pb isotopic composition
of a lava. This is notable because the Samoan EM2 lavas from ALIA
dredge 115 form an array in A207Pb/204pbh-A208ph204ph space
that diverges away from the field formed by modern sediments
(Fig. 4 of Jackson et al., 2007), and the extreme EM2 lavas with
the highest 87Sr/86Sr plot farthest from the field defined by mod-
ern sediments in this Pb isotopic space. This observation suggests
that the assimilation of modern sediments cannot have generated
the enriched 87Sr/%6Sr signatures in the whole rocks and, by ex-
tension, their plagioclase cargo.

One possible mechanism for generating intra-crystal 87Sr/®6Sr
heterogeneity may be mixing of two (or more) isotopically distinct
melts. Textural features in the plagioclase support this hypothe-
sis: plagioclase ALIA-115-18-1 (which exhibits the second most
extreme degree of intra-crystal 87Sr/86Sr variability) has a rounded
and resorbed core surrounded by a narrow olivine-bearing zone
(Fig. 4), features consistent with magma mixing. The magmatic
plagioclase targeted in this study exhibit 87Sr/%6Sr zoning to vary-
ing degrees (Supplementary Fig. 2); the simplest explanation for
this observation is that the mixing of isotopically distinct mag-
mas is responsible for the observed isotopic zonation. Furthermore,
plagioclase crystals from each lava examined here define a differ-
ent negatively sloping array in 87Sr/®0Sr-Sr concentration space
(Fig. 6), and a key observation is that the arrays overlap at a
common high-87Sr/86Sr EM2 component. If mixing was responsible
for generating these converging arrays, one or more low-87Sr/86Sr
endmembers (with higher Sr concentrations) may have mixed with
a common high-37Sr/88Sr component to generate the negatively
sloping trend observed in Fig. 6. An important issue to address is
the petrological characteristics of the magmas that mixed to gen-
erate the trends observed in Fig. 6.

4.2. A new extreme EM2 signature in an evolved melt: evidence for
mixing an evolved EM2 magma with less-evolved magmas with lower
875r/865r

Fortuitously, olivine (mean Fo = 74.5 4+ 0.8, 2 SD) included in
plagioclase ALIA-115-18-1—within a zone characterized by high
875r/86Sr—allow us to calculate the Mg# of the EM2 common com-
ponent magma to be Mg# = 46.8 + 0.4 (2 SD). Therefore, we infer
that the extreme EM2 lava from which the olivine and plagioclase
crystallized was relatively evolved. For comparison, a primary melt
in equilibrium with Fogg mantle olivine has a Mg# of 73.

This is an important observation because the calculated com-
position of the EM2 common component lies on an extension of
the trend defined by the ALIA-115 whole rocks in 87Sr/36Sr-Mg#
space (Fig. 7): the new extreme EM2 common component has an
even lower calculated Mg# and higher measured 87Sr/®0Sr sig-
nature (37Sr/%6Sr = 0.72194 4 0.00057 [2 SD, n = 4 spots]) than
recorded in ALIA-115 whole-rock lavas. Because all of the lavas
that form the compositional array in Fig. 7 are from the same sub-
marine dredge site off the coast of Savai'i island and are presum-
ably petrogenetically linked, we explore a mechanism to explain
the observed relationship between 87Sr/86Sr and Mg#.

We propose a conceptual model that mirrors the mechanism
for formation of the 87Sr/36Sr-Sr concentration trend illustrated
in Fig. 6: binary mixing of an evolved high-87Sr/8Sr EM2 melt
and a less evolved low-87Sr/86Sr melt (right panel of Fig. 7). In
the model, two geochemically distinct primary mantle melts must
be generated, one with low 87Sr/36Sr and one with high 87Sr/36sr.
However, none of the lavas from the ALIA-115 dredge are primary
melts (i.e., all lavas from ALIA dredge 115 have a Mg# of < 65),
so they have experienced variable degrees of magmatic evolution
in the crust prior to eruption. In this dredge, the high-87Sr/86sr
lavas are more evolved than the low-87Sr/36Sr lavas, as indi-
cated in Fig. 7 (left panel). Thus, in the model, a more evolved
high-875r/36Sr melt and a less evolved low-37Sr/36Sr melt mix in
varying proportions, producing an array of intermediate composi-
tions. The ALIA dredge 115 lavas and the extreme EM2 common
component sampled by the Samoan plagioclase in this study de-
fine a trend in 87Sr/86Sr-Mg# space that is consistent with this
conceptual model (Fig. 7).

This model may also explain why plagioclase 86Sr/86Sr is
negatively correlated with Sr concentration in Fig. 6: the more-
radiogenic mixing endmember is more evolved and is more likely
to have experienced greater degrees of plagioclase fractionation.
Owing to the compatibility of Sr in plagioclase, the removal of pla-
gioclase from the most-evolved EM2 melts results in residual melt
with lower Sr, whereas the less-evolved lavas with lower 87Sr/36Sr
will have higher Sr concentrations. Although plagioclase fraction-
ation exerts a powerful lever on magmatic Sr concentrations, the
concentrations of other trace elements examined in this study will
not be as strongly influenced by fractional crystallization of pla-
gioclase (or olivine and clinopyroxene, the other phases identified
in ALIA-115 lavas; Koppers et al., 2011). As a result, these other
trace elements will not follow the same trends as Sr during mag-
matic evolution, thereby decoupling 36Sr/%6Sr from incompatible
trace-element signatures other than that of Sr. This mechanism
may explain the lack of clear correlations between 87Sr/%6Sr and
other geochemical indicators. Alternatively, the clear relationship
between 87Sr/%6Sr and Sr concentrations—but not other trace-
element concentrations (e.g., La in Fig. 6)—may be explained by
different cation diffusion rates in plagioclase (e.g., Cherniak, 2003).
This is because diffusion may relax original geochemical profiles
in the plagioclase to varying degrees during residence in a magma
chamber (see Supplementary Discussion), a process that may pre-
serve relationships between 87Sr/%6Sr and Sr concentration (due to
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similar diffusion rates of Sr and Sr-isotopic signatures in plagio-
clase) while decoupling 87Sr/86Sr from other trace elements.

One remaining uncertainty concerns whether the EM2 end-
member melt is universally evolved. Although the extreme EM2
mixing endmember sampled by the plagioclase is more evolved
than other lavas from the Samoan dredge ALIA-115 locality (Fig. 7),
it is not clear whether all EM2 lavas with extreme high 87Sr/86sr
ratios should be evolved. Fig. 7 (right panel) posits that a mafic
parental melt for the extreme EM2 melt sampled by the ALIA-
115-18 and ALIA-115-21 plagioclase existed, but this is uncertain.
Mafic extreme EM2 lavas, if they exist, would enhance our under-
standing of this mantle endmember because they would enable
investigation of primary melt phase equilibria and estimates of the
temperature and pressure conditions of EM2 mantle melting.

4.3. Generation of an extreme EM2 composition via terrigenous
sediment recycling

The high-87Sr/86Sr signature identified in the most extreme
EM2 Samoan ALIA-115 lavas has been interpreted to reflect the
ancient recycling of upper continental crust-derived sediment sub-
ducted into the mantle (Jackson et al., 2007; White and Hofmann,
1982; Workman et al., 2008). Combining trace-element and iso-
topic constraints, Jackson et al. (2007) estimated that the terrige-
nous sediment protolith contributing to the Samoan EM2 mantle
has an 87Sr/86Sr composition of 0.7421 (assuming an upper con-
tinental crust Sr concentration of 320 ppm; Rudnick and Gao,
2003). They found that the addition of ~ 5% of a terrigenous
sediment protolith to a depleted peridotite source such as that
calculated for the most geochemically depleted lavas in Samoa
(875r/86Sr = 0.704650 and Sr concentration = 28.3 ppm; Jackson
et al., 2007), could generate the geochemically enriched trace-
element and 87Sr/86Sr signatures in the second most extreme
EM2 lava from Samoa, ALIA-115-18 (Jackson et al., 2007). Using
the same model parameters employed by these authors, we cal-
culate that approximately 7% sediment (i.e., an additional 2%) is
required to generate the highest-measured plagioclase 87Sr/86Sr
value (0.72239 + 0.00027; 2 SE) reported in this study.

The bulk of marine sediment is derived from the continents:
an estimated 76 wt% of marine sediment has a terrigenous ori-
gin (Plank and Langmuir, 1998). Thus, subduction of marine sedi-
ment contributes a continental signature to the mantle. Over geo-
logic time, significant volumes of sediment have been introduced
into the terrestrial mantle; recent sediment subduction flux esti-
mates range from 1.0 km3a~! (von Huene and Scholl, 1991) to
1.65 km3a~! (Clift et al., 2009). We estimate the net mass of sedi-
ment that has been added to Earth’s mantle over geologic time as
follows. We assume a sediment density of 2500 kgm~—3, use the
lower sediment subduction flux estimate of von Huene and Scholl
(1991), and assume that 90% of all subducting sediment is relam-
inated to the base of the continents (Hacker et al., 2011). Using
a time of 3 Ga (Shirey and Richardson, 2011), we calculate that
7.5-10%0 kg of sediment has been added to the convecting man-
tle. This quantity of sediment is ~ 0.02% of the mantle by mass
(however, if continents were smaller in the past, the total volume
of material eroded would have been smaller). Although this quan-
tity of subducted sediment is minor in terms of its mass fraction,
it has an outsized geochemical importance: if we assume that the
non-sediment portion of the mantle has the primitive composi-
tion proposed by McDonough and Sun (1995) and the sediment
has a composition like GLOSS (Plank and Langmuir, 1998), then
1.4-1.9% of the most incompatible elements (Rb, Th, U, and K) are
hosted in the subducted sediment domain, and 0.3-0.4% of the
moderately incompatible elements (e.g., Sr and Nd) are hosted in
this domain. This estimate gives a lower limit on the geochemical
impact of sediment subduction on the incompatible-element bud-

get of the mantle because the mantle has been partially depleted
by the extraction of continental crust and the average composi-
tion of the mantle today must therefore be more depleted than
the primitive mantle. Assuming a simple model wherein the bulk
mantle is 33% DMM and 67% primitive mantle by mass (Workman
and Hart, 2005), 1.9-2.7% of the most incompatible elements and
0.5-1.2% of the moderately incompatible elements are hosted in
the subducted sediment domain. The degree to which the recycled
sediment domain is enriched in incompatible elements depends on
the bulk mantle composition that is assumed; however, these es-
timates illustrate that sediment may play an important role in the
geochemical budgets of highly incompatible elements in the man-
tle.

Although 0.02% of the mass of the mantle may consist of re-
cycled sediment, this sediment component is heterogeneously dis-
tributed: approximately 7% of the mantle source of the extreme
EM2 domain sampled by the plagioclase in this study consists of
recycled sediment based on geochemical constraints. The survival
of such sediment-rich domains in the mantle suggests that sub-
ducted sediment is not always efficiently mixed in the dynamically
convecting mantle, and therefore, geochemical signatures imparted
by subducted sediment are not efficiently attenuated. Instead, re-
gions of the mantle can contain relatively high mass fractions of
recycled sediment.

There is evidence that subducted sediment is concentrated
in certain regions of Earth’s mantle. Castillo (1988) found that
hotspots exhibiting EM (enriched mantle) signatures are positioned
above one of the two near-antipodal large low-shear-velocity
provinces (LLSVPs) at the base of the mantle. This finding is sup-
ported by a more recent study that investigated the link between
the positioning of hotspots relative to LLSVPs and the geochemical
enrichment observed in OIB at oceanic hotspots globally (Jackson
et al.,, 2018). If EM domains trace their origins to subducted sedi-
ment, the LLSVPs may represent regions that host unusually high
concentrations of subducted sediment. LLSVPs may compose up
to 7.7% of the mantle by mass (the “majority estimate” of Cottaar
and Lekic, 2016), and if most of the subducted sediment is hosted
in the LLSVPs, approximately 0.25% of the LLSVPs is composed of
subducted sediment. This percentage is higher if the fraction of
the mass fraction of the LLSVPs has been overestimated, or if the
fraction of sediment that escapes relamination is higher. Nonethe-
less, the high mass fraction of sediment estimated in the Samoan
extreme EM2 source (~ 7%) is anomalous; it reflects an unusual
surviving relic of subducted sediment in the dynamically convect-
ing mantle.

5. Conclusions

We report new 87Sr/%6Sr measurements of plagioclase in ex-
treme Samoan EM2 lavas. We employ laser-ablation split-stream
mass spectrometry (LASS), which permits simultaneous analysis of
trace-element concentrations and 87Sr/86Sr from the same crys-
tal volume. We measure over 5000 ppm of intra-crystal 87Sr/86Sr
heterogeneity in two of the six plagioclase samples examined
here, which is significantly greater than the long-term analyti-
cal reproducibility achieved for a plagioclase reference material
(4350 ppm). Critically, we observe highly radiogenic 87Sr/®6Sr ra-
tios (up to 0.7224) in plagioclase from two different Samoan EM2
lavas, the highest 87Sr/86Sr ratios ever measured in oceanic lavas.

The simultaneous measurement of Sr isotopic and trace-element
compositions of the plagioclase reveals a relationship between
875r/86Sr and Sr concentrations in the six plagioclase crystals an-
alyzed here. Data from the plagioclase crystals overlap at a com-
mon enriched EM2 component in 87 Sr/86Sr-Sr concentration space.
We interpret 87Sr/86Sr heterogeneity in the plagioclase—and the
relationship between 87Sr/%6Sr and Sr concentrations—to reflect
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mixing between an evolved extremely enriched EM2 “common
component” with at least one component that is less evolved and
has less radiogenic 87Sr/36Sr. We calculate the Mg# of this extreme
EM2 common component from the compositions of olivine grains
(forsterite content 74.5 + 0.8, 2 SD) hosted in a high-37Sr/®0Sr pla-
gioclase zone that samples the EM2 common component; a melt in
equilibrium with the olivines has a Mg# of 46.8 + 0.4 (2 SD). This
new calculated EM2 endmember composition plots on an exten-
sion of the negatively sloping array formed by relevant Samoan
whole-rock lavas in 87Sr/36Sr-Mg# space, supporting the con-
tention that extreme EM2 melts in Samoa are relatively evolved.

The discovery of a new extreme EM2 endmember composi-
tion provides a new estimate of the amount of recycled terrige-
nous sediment sampled by an EM2 melt. The elevated 87Sr/86sr
recorded in Samoan plagioclase zones requires a high fraction of
recycled sediment (~ 7%) in the Samoan mantle source. This frac-
tion is significantly higher than our estimate for the fraction of
Earth’s mantle that is likely to be composed of recycled sediment
(0.02%). The observation of a new extreme EM2 signature in pla-
gioclase from the Samoan hotspot thus provides new insights on
sediment recycling, an important process for generating hetero-
geneity in Earth’s dynamic mantle.
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