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Abstract

We report the major-element, trace-element,88df%Srcompositions of six plagioclase
crystals from two Samoan lavas with extreme EM2 isotopic compositions (ALIA-115-18 with
whole-rock®’Srf%Sr of 0.718592, and ALIA-115-21 with whole-ro#i6rf8Sr of 0.720469). We
employedlaser-ablation split-stream mass spectrometry (LASS) to simultaneously measure
87SrPeSr ratios, major-element, and trace-element concentrations in the same plagioclase crystal
volume. We find that two plagioclase crystals have extf&B#°Sr heterogeneity in excess of
5000 ppm (where ppm 8fSrF8Sr variability = 16 - F'SrPStmax- 8’SrFStmin] / 8’SrFStayg). In
two of the plagioclase crystals, we identify the higlié&tFoSr ratios (0.7224ever measured in
any fresh, mantle-derived ocean island basalt (OIB) or OIB-hosted mineral phase.

We find that irf’Srf®Sr-versus-Sr concentration space, the six plagioclase crystals
overlapin a “common component” region with highef’SrfSr than has been previously
identified in whole-rock Samoan lavas or mineral separates. We use the occurrence of olivine
mineral inclusionsKo = 74.5 + 0.8, 2 SD) in the higHSrF°Sr 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®’SrFSr plagioclase crystallized. We argue that a relatively evolved EM2



endmember magma mixed with at least one IGU8rE°Sr 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&énfased
ratios observed in the Samoan plagioclaser 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 Up78 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.

Highlights

e Highest®’Srf%Sr reported in fresh OIB or OIB-hosted phase (0.72239) to date.

e Significant (> 5000 ppmf’Srf°Sr intra-grain heterogeneity measured in plagioclase.

e Geochemical data suggest a common EM2 endmember is sampled by Samoan
plagioclase.

e Extreme EM2 melt in equilibrium with olivine inclusions in plagioclase is relatively
evolved.

¢ The mantle source of extreme EM2 melt requires approximately 7% recycled terrigenous

sediment.



1. Introduction

The observation that ocean island basalts (OIB) show variations in radiogenic isotopic
compositions suggests that the mantle is heterogeneous (e.g., Gast et al., 1964; Hart et al., 1973,
Zindler and Hart, 1986; Hofmann, 1997; Stracke, 2012; White, 2015). Globally, OIB can be
grouped into distinct end-members defined by their Sr, Nd, and Pb isotopic compositions: i)
depleted MORB mantle, ibhigh p” = 238U/2%Pb, iii) enriched mantle 1, and iv) enriched mantle
2 (DMM, HIMU, EM1 and EM2, respectively; Zindler and Hart, 1986). Although it is clear that
isotopic differences exist in OIB, the origins, geometries, anddgks isotopic “domaing in
Earthi's mantle remain active areas of inquiry.

Studies of mantle-derived lavas most often employ whole-rock isotopic measurements,
which homogenize any isotopic heterogeneity that may exist among different phases or within
individual minerals (or melt inclusions) in a lava. Although whole-rock analyses can be useful in
identifying large-scale isotopic heterogeneitieEanth’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 identifiédSr£°Sr 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 inclusions in OIB (Saal et al.; Y8@8oto et al., 2004

Sobolev et al., 2011although the extent of this variability has been debated (Paul et al., 2011).



Furthermore, the Sr, Nd, Hf, and Pb isotopic compositions of clinopyroxene hosted in OIB lavas
have been demonstrated 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 exisgsme OIB. However, the
mechanisms for generating this heterogeneity remain unresolved.

Plagioclase is well suited to evaluating the nature and origits0f®Sr 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 interferencé®b on mass 87 when employing in situ
analytical methodsii) plagioclase can contain domains (or zones) with distif&it?°Sr
compositions (Christensen et al., 1995; Davidson and Tepley, 1997; Ramos et aF-020@%
al., 2008; Lange et al., 2013); and ¥$rF°Sr compositions can be linked to the major- and
trace-element compositional domains in the plagioclase. Such dorw@irdsa “crystal
stratigraphy” that can provide relative temporal information (from plagioclase core to rim) about
the processes that contribdto the isotopic composition of a single plagioclase crystal.

To our knowledge, intra-cryst&iSrfSrzonation 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 tH8rF°Sr and major- and trace-element compositions of six
plagioclase crystals hosted in two extreme EM2 lavas from the Samoan hotspot with the most
elevated?’SrFeSr signatures ever reported in global OIB (with whole-r&&FéSr of 0.718592

and 0.720469; Jackson et al., 2007).

2. Sample description and methods



2.1. Sample description and EPMA analysis

We targe¢dtwo lavas from the Samoan hotspeaLIA-115-18 and ALIA-115-21-that
have previously been characterized for whole-rock isotopic, major-element, and trace-element
geochemistry. ALIA-115-18 and ALIA-115-2%a trachybasalt and trachyandesite,
respectively—were dredged aboard tRéV Kilo Moanain April 2005 from the deep (3220 m
below sea levelouthwest flank of Savai’i Island, western Samoa (Figure 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-r8tkrFSr is 0.718592) andL IA -
115-21 (whole-rocR’SrF®Sr is 0.720469; Jackson et al., 2007) have the most geochemically
enriched®’SrPeSr signatures measured in whole-rock OIB to date (Figure 2). Previous work on
samples ALIA-115-18 and ALIA-115-21 also revealed signifié&tfeSr disequilibrium (up to
3115 ppm and 1611 ppm, respectively) between clinopyroxene and the host whole rocks
(Jackson et al., 2009), making these two samples ideal targets for investigaifiigr
heterogeneity in OIB-hosted plagioclase. ALIA-115-18 and ALIA-115-21 host large, mm-scale
plagioclase crystals (see electron probe microanalysis [EPMA] images in Supplementary Figure
1) that wee targeted here. See the Supplementary Methods for a description 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 emplogd LASS (laser-ablation split-streamass spectrometriKylander-Clark et
al., 2013)to simultaneously measure major- and trace-elegmtentrations antiSrfSr

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 plassia ma
spectrometer (MC-ICP-MS) f6¥Srf°Sr 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 California at Santa Barberdescribed in detail by Kylander-Clark
et al. (2013).

LASS enables investigation of the relationships betWé&nf®Sr and plagioclase major-
and trace-element geochemistry from the same laser spot, artoytfamiétates the
interpretation of isotopic data. Additionally, LASS allows filtering or discardirff®eSr
analyses that contain inclusions or other phases. As a result, LASS allows targeting of phase-
specific®’SrfSr data by identifying and discarding isotopic data associated with non-plagioclase
trace-element signatures (Figure Byr each ALIA-115 plagioclase crystal, data from multiple
spot analyses on each crystal were used to generate a%isofébrand Sr concentration

surfaces using Matl&(Figure 4 and Supplementary Figure 2).

2.2.1.LASS®’SrfeSr measurements

The®'SrfeSrcomposition of plagioclase can be measured usingIGMCP-MS with
sufficient precision to resolve isotopic variability, though complicating factors include
instrumental mass fractionation and isobaric interferences (Davidson et al., 2007). In practice,
mass fractionation can be corrected by monitoring deviations from a carf88i86r stable

isotope ratio (0.1194), and correcting the meas#i®d°Sr ratio using the exponential mass



fractionation law. However, isobaric interferences on mass 86%ftin{present as a

contaminant in the Ar carrier gas) can result in inaccurate mea$8réésr and®’SrF°Sr 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 th&1C-ICP-MS analytical procedures employiedhis study, refer to Konter

and Storm (2014) and the Supplementary Methods.

After correction for isobaric interferences (Kr and Rb; see Supplementary Methods) and
mass fractionation, we used an in-house plagioclase primary reference material to correct the
measured’Srf8Sr 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 Workman
et al., 2004). The plagioclase chips were powdered to < 40 um and fused twice in a 1500 °C
furnace at Arizona State University, resulting in a homogeneous plagioclase glass (see
Supplementary Table 1 for the major-element composition and Supplementary Table 2 for the
trace-element composition of T21). TH&r£8Sr value of T24-determined via TIMS at the
University of Leeds and corrected to an NBS&&t£6Sr value of 0.710240-is 0.704712 +
0.000009 (2 SE) (see Table 2), similar to the whole-#&8kfSr value of T21 (0.704751;

Workman et al., 2004). The offset between the preferred TIMS and measuredSWESr
values for T21is calculated, and this offset (or “correction factor”) is applied to all secondary
reference materials and plagioclase samples using a linear interpolation. Following application of
the correction factor, the secondary reference materials measured during the course of this study

yield accuraté’SrFoSr ratios (see below).



Secondary reference materials f@rf°Srused in this study include a naturally
homogeneous plagioclase crystal from the American Museum of Natural History, AMNH
107160 plagioclaséSrf°Sr = 0.704386 + 0.000008 [2 SE] via TIMS, Table 2; see
Supplementary Table 1 for major-element analyses and Supplementary Table 2 for trace-element
analyses), the USGS MACS-3 carbonate reference mafé8afiSr = 0.707546 + 0.000004 [2
SE] via TIMS; Jochum et al., 2011), and a modern sclerosp8f&/&4Sr of modern seawater =
0.709164 + 0.000002 [2 SE] via TIMS; Mokadem et al., 2018)%’8r£°Sr values of the
primary and secondary reference materials have been normalized to an NESS%T 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 TIMSrféSranalyses of secondary materialas
well as analyses of an OIB-hosted plagioclase with homogef&nf8Sr from Pitcairn sample
Pit-16 (Garapi¢ et al., 2015; see Supplementary Methodsi)s available in Table 3, arfdSrfeSr
(and major- and trace-element) data from each laser spot are available in Supplementary Table 3.
Following correction to the preferred T21 value, the nfé&n®®Sr values of the three secondary
87SrfeSrreference materials obtained by LASS agree with the TIMS reference valuesito bette
than 33 ppm. Additionally, the reproducibility of measut&f°Srwas + 260 ppm (2 RSD, n =
40) for the modern sclerosponge 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 ni&uf®Sr value measured by LASS for Pit-16
plagioclase agrees with the value measured for the micromilled powder measured via TIMS
within 115 ppm (see Table 3, Supplementary Figure 3, and Supplementary Methods). Reference

materials and samples were analyzed identically aside from the laser spot size and repetition rate,



which we varied according to the Sr concentration of the analyte. The T21 primary reference
material (1306 ppm Sr; Supplementary Table 2) and the AMNH 107160 secondary reference
material (968 ppm) hee lower Sr concentrations than the ALIA-115-18 (2054 + 461 pp8D;2
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
reproducibilityof LASS major- and trace-element measurements of reference materials is in the
Supplementary Methods. Major- and trace-element concentrations obtained by LAS®ased
as an internal standard. For T21 plagioclase, AMNH 107160 plagioclase, Pit-16 plagioclase, and
all Samoan plagioclase crystals analyzed by LASS in this stiely is from EPMA Ca

concentration measurements (Supplementary Tabigs 2

3. Data and observations

We targeted six individual plagioclase crystals from Samoan lava samples ALIA-115-18
and ALIA-115-21. A summary of afl'Srf°Sr, trace-element, and major-element geochemical
data obtaied on these plagioclase crystals is in Supplementary Table #SHf®Sr
measurements are summarized in Figure 5, and plagiGéBr#&Sr results are compared to

whole-rock and clinopyroxerféSrf°Sr values previously obtained from samples ALIA-115-18



and ALIA-115-21 (Jackson et al., 2007, 2009). We identify plagioclase domain®¥ nfiSr
compositions that extend to values both lower and higher than those identified in host whole
rocks and in clinopyroxene from the same lavas (Figure 5). We find significant intra-crystal
isotopic heterogeneity in most of the plagioclase crystals that in some cases greatly exceeds the

analytical reproducibility of A SS 8’Srf%Sr measurements of reference materials.

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 visible in the quantitative EPMA maps of each grain (Supplementary Figure 1).
The morphology and geochemical data collected for individual 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 Figure 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 52 5P, using EPMA data compiled in
Supplementary Table 4). We measuredtBef°Srand trace-element composition of this
plagioclase in 75 spot locations over three analytical sessions. This plagioclase exhibits coherent
87SrfeSr zoning: a lowr’SrF8Sr core is surrounded by a hi§fsrfSr mantle, and a thin (c. 100

pum) low®’Srf8Sr rim (Figure 4). Small (c. 280 um) olivine inclusions occur in the plagioclase

10



within the high®’SrPeSr zone—called the “olivine-bearing zone” hereafter—near the boundary
with the low®’SrfeSr core (Figure 4). THESrF®Sr values measured in this plagioclase span
from 0.71853 + 0.0003@ SE) to 0.72239 + 0.00027 (2SE); the meastif®d®®Srrange is
approximately 5300 ppm. As with the other plagioclase crystals in this study, Sr shows an
inverse relationship with’'Srf°Sr (see section 3.2 aigure 6). This anticorrelation is also
demonstrated in Figure 4, wherein the [&8¢F°Sr core has elevated Sr concentrations, and the
high-8’Si®®Sr region has loer Sr concentrations.

The meard’Si/®éSr value of four analyses made from the olivine-bearing zone is 0.72194
+ 0.00057 (2 SE), indistinguishable 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 Table 1) in order to calculate the equilibrium melt Mg#
associated with the olivines. The analyzed olivines have a mean forsterite content (= molar
Mg/[Mg+ Fe*] - 100) of 74.5 + 0.2 SD, n = 14 measurements from 4 different olivine
inclusions). Assuming an olivine-melbkof 0.3 (where I§ = [FE*/Mg]oivine/[FE/MQ] met
Roeder and Emslie, 1970), this oliviwes in equilibrium with a melt with Mg# = 4680.4 (2
SD) (where Mg# is molar Mg/[Mg+F§ - 100). An uncertainty of 10% in theg<value yields a
range in calculated equilibrium Mg# of 44 to 49, which is depicted by the error bars shown in

Figure 7.

ALIA-115-18-2: Plagioclase ALIA-115-18-2 contains multiple isolated regions of concentric
anorthite zoning surrounded by a rim (Supplementary Figure 1). The mean An content of this
crystal is 59 + 3 (2 SD) at the location of the laser spots (see data in Supplementary Table 4). We

measured th&SrF°Sr composition of this plagioclase in 52 spot locations over two analytical

11



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 concentrations from the first laser-ablation analytical
session. Because the Ca concentration for this crystal varies by only 11% (2 RSD; the Ga conten
at the locations of the laser spots is 8.12 + 0.45 wt %, 2 SD, n = 40), this approximation
introduces minimal additional uncertairitythe measured trace-element concentrations. The

range (5700 ppm) i#/Srf8Sr values measured in this plagioclase (0.71792 + 0.00028 [2 SE] to
0.72205 + 0.0002{2 SE])) is greater than that measured in any of the other plagioclase crystals

in this study. This crystal has a core characterized by 18uf°Sr, a mantle with moderate

87Srf8Sr, and a rim with high’Srf°Sr (Supplementary Figure.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 Figure 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 measured th&rfSrand trace-element composition of this crystal in 30 locations
over two analytical sessions. The meas@f8dfSr values in this sample span 0.71789 +

0.00024 (2 SE) to 0.72111 + 0.00031 (2 SE); the measured rafGe/5Br is approximately

4400 ppm. This crystal has the lowest meas@®af®Sr in this study (0.71789), but no
measured’Srf8Sr values as high as those observed in the other two ALIA-115-18 plagioclase

crystals (Figure 5). In contrast to the two previously described crystals from ALIA-115-18, this

12



crystal contains a core characterized by Ri@nfeSr that is surrounded by a mantle with lower

87SrpSsrr,

3.1.2. ALIA-115-21 plagioclase

We measured tHESrFeSr, major-elementnd trace-element composition ofetar
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 Figure 6). Additionally, although the ALIA-115-21 crystals exteAtBt&Sr
values as high as those observed in plagioclase from ALIA-115-18, the ALIA-115-21
plagioclase do not extend to the 18®rFf°Sr values observed in the ALIA-115-18 crystals.
Compared to ALIA-115-18 plagioclase, a greater proportion of ALIA-115-21 LASS analyses
reveaedthe presence of non-plagioclase inclusions or cracks; nonetheless, LASS enabled us to

reject or trim such analyses (e.g., Figure 3).

ALIA-115-21-1: This plagioclase is 1.5 mm x 0.3 nmrsize. This crystal has a largegrich

core (An as high as 54) surrounded byaarich rim (An as low as 45).ffe 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 (Figureed’SrfeSr ratios in

this plagioclase, determined in 15 locations over two analytical sessions, extend from 0.72078 +

0.00028 (2 SE) to 0.72232 + 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

13



crystals have notabigarich cores (see Ca EPMA map in Supplementary Figure 1). This
glomerocryst has the highest anorthite content of any plagioclase targeté@hength an

average An content of 58 £ 6 (2 SD, n = 23) from the locations of the laser spots (Figure 6;
Supplementary Table) 40f all of the Samoan plagioclase evaluated here, ALIA-115-21-2 has
the least isotopic variability (Figure 5). The mé&&r£°Sr of this plagioclase is 0.72216 +

0.00026 (2 SD, n = 23 spots), a&{8rF°Sr 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’Srf%Sr 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 a glomerocryst consisting 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 Supplementary Figure 1), but the
anorthite contentaculated at the location of each laser spot in this plagioclase shows limited
variability relative to the other ALIA-115-21 plagioclase (mean An = 5422D], n = 20
Supplementary Table 4). Of the three crystals from ALIA-115-21, this crystal exhibits the
greatest variability in measur€@rFfeSr (Figure 5), witf’SrF°Sr values ranging from 0.71982

+ 0.00031 to 0.72192 + 0.00015 (range = 2910 ppm) obtained over two analytical sessions.
There is a high’SrFéSr zone near the center of the largest crystal, but the zone is poorly defined
owing to relatively few measurements with [0Wé&rfeSr near the periphery of the crystal

(Supplementary Figure 2).

3.2. Geochemical trends recorded in plagioclase.

14



The LASS data define a clear negative relationship between 8fSifiéSr in the
Samoan plagioclase crystals targeted. The data from the crystals separated from ALIA-115-21
define a shallower slope than the data from the ALIA-115-18 crystals, but all share the trend of
higher®’SrFeSr at lower Sr concentration (Figure 6). The arrays formed by the plagioclase from
the two lavas overlap in a common region characterized by?f8ghi®Sr. This extreme high-
87SrfeSr EM2 common component is more radiogenic than any Samoan whole rocks or mineral
phases analyzed to date.

The presence of olivine inclusions (c-20 um) in a domain of a plagioclase that
exhibits extremely radiogenf¢SrF®Sr allows 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 composition of the EM2 endmember observed in the plagioclase is relatively evolved
the melt in equilibrium with the olivines included 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 compon&M2 composition anchors the hi§fsrfoSr, low Mg# portion
of the array (Figure 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.
Nonetheless, the calculated Mg# of the olivine inclusion, paired witH$n€Sr of the host
plagioclase zone hosting the olivine, results in a melt composition that anchors tR&Sh§&e
portion of the whole rock trend fiSrféSr-versus-Mg#space in Figure 7. This supports the
hypothesis that the olivine was in equilibrium with the same liquid that crystallized the

surrounding plagioclase material.
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However, other trace elements analyzed here (e.g., Rb, Ba, Ti, Y, REES) do not exhibit
the same clear relationships wWitlsr£°Sr; La is shown as an example in Figure 6. Similarly, the
anorthite composition of the plagioclase at each laser spot does not show a relationship with

87SrfeSr (Figure 6).

4. Discussion

Two of the six Samoan plagioclase crystals examined here contain the most extreme
EM2 signatures®(Srf°Srup to 0.7224) ever observed in OIB, and these new, ultrdfgh°Sr
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 plagioclase crystals have extrén$eF°Sr heterogeneity (> 1500 ppm) that
complements the intra-la¥&SrF°Sr 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 component with a radiogenic Sr
isotopic signature®(SrfeSr= 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 extreme EM compositions observed in Samoan plagioclase. In the
Supplement we evaluate tF&rfeSr composition o§roundmass in ALIA-115-18 and ALIA-

115-21 required by mass balance given the mea$(8e€fSr compositions of plagioclase and
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cpx phenocrystsThe new extreme EM2 composition 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 radiogerfitSrf®Sr composition requires that a higher fraction of recycled

saliment was added to its source (Jackson et al., 2007).

4.1. Origin off’SrP®Sr heterogeneity in Samoan plagioclase.

The observation of intra-crystiSr£°Sr disequilibrium in OIB is one of the salient
findings of this study. Therefore, it is important to consider the mechanisms that may érave be
responsible for generating tR&rF°Sr heterogeneity in the plagioclase crystals we studied.

Varying degrees of radiogenic ingrowth®@r due to post-eruptiv&Rb decay in the
plagioclase cannot generate the extréfBe°Sr 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%&r£°Sr differences in the plagioclase of only 2 ppm
over the 5.3 MIr (Koppers et al., 2008) since the plagioclase formed. Radiogenic ingrowth is
thus not the mechanism responsible for gener&f®ig*®Sr variability in these plagioclase
crystals.

Assimilation of altered oceanic crust is not likely to have generated the extreme high
87SrPeSr observed in the Samoan plagioclase (which A%ré&%Sr> 0.71788; see
Supplementary Table 4), as tH&rfSr signature of altered oceanic crust only rarely achieves
87Srf5Sr values that approach or exceed (e.g., Hauff et al., 2003), the value of seE@EES(
=0.709164; renormalized from Mokadem et al., 2015). Similarly, assimilation of modern
sedimentss not likely to have generated the extreff@rféSr signatures observed here: lead is

highly enriched in marine sediments (Plank and Langmuir, 1998) compared to oceanic lavas
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(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 arraiyi A2°’PbP%*Pb-A?"%PhPOPb space that diverges away from the
field formed by modern sediments (Figure 4 of Jackson et al., 2007), and the extreme EM2 lavas
with the highest’Sr£5Sr plot farthest from the field defined by sedimentthis Pb isotopic
space. This observation suggests that the assimilation of modern sediments cannot have
generated the enrich&rF°Sr signatures in the whole rocks and, by extension, their plagioclase
cargo.

One possible mechanism for generating intra-cr{&&af®Sr heterogeneity may be
mixing of two (or more) isotopically distinct melts. Textural features in the plagioclase support
this hypothesis: plagioclase ALIA-115-18-1 (which exhibits the second most extreme degree of
intra-crystalf’Srf%Sr variability) has a rounded and resorbed core surrounded by a narrow
olivine-bearing zone (Figure 4), features consistent with magma mixing. The magmatic
plagioclase targeted in this study exh88rfSr zoning to varying degrees (Supplementary
Figure 2); the simplest explanation for this observation is that the mixing of isotopically distinct
magmas is responsible for the observed isotopic zonation. Furthermore, plagioclase crystals from
each lava examined here define a different negatively sloping arft&rfiSr-Sr space (Figure
6), and a key observation is that the arrays overlap at a commo# ®igfSr EM2 component.
If mixing was responsible for generating these converging arrays, one or mot&é4sr
endmembers (with higher Sr concentrations) may have mixed with a commdH3nigisr
component to generate the negatively sloping trend observed in Figure 6. An important issue to
address is the petrological characteristics of the magmas that mixed to generate the trends

observed in Figure 6.

18



4.2. Anew extreme EM2 signature in an evolved melt: evidence for mixing an evolved EM2
magma with less-evolved magmas with lo’Sr/£5Sr.

Fortuitously, olivine (mean Fe74.5 + 0.8, 2 SPincluded in plagioclase ALIA-115-18-
1—within a zone characterized by higfsrféSr—allow us to calculate the Mg# of the EM2
common component 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 wiftogo mantle olivine has a Mg# of 73.

This is an important observation because the calculated composition of the EM2 common
component lies on an extension of the trend defined by the ALIA-115 whole rdt&s/fSr-

Mg# space (Figure 7): the new extreme EM2 common component has an even lower calculated
Mg# and higher measuré@rfeSr signature {'SrfSr=0.72194 + 0.00057 [2 SD, n = 4 spots])
than recorded in ALIA-115 whole-rock lavas. Because all of the lavas that form the
compositionahrray in Figure 7 are from the same submarine dredge site off the coast of Savai’i

island and presumably are petrogenetically linkesl explore a mechanism to explain the

observed relationship betwe#isrfeSr and Mg#.

We propose a conceptual model that mirrors the mechanism for formation of the
87SrfeSk-Sr trend illustrated in Figure 6: binary mixing of an evolved Bi@r£8Sr EM2 mel
and a less evolved lo#SrfeSr melt (right panel of Figure 7). In the model, two geochemically
distinct primary mantle melts must be generated, one witf18uf®Sr and one with high
87SrfeSr. However, none of the lavas from the ALIA-115 dredge are primary melts (i.e., all lavas
from ALIA dredge 115 have a Mg# &f65), so they have experienced variable degrees of

magmatic evolution in the crust prior to eruption. In this dredge, the®H8yheSr lavas are
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more evolved than the lo#/Srf®Sr lavas, as indicated in Figure 7 (left panel). Thus, in the
model, a more evolved highSrfeSr melt and a less evolved I0%WSrFeSr melt mix in varying
proportions, producing an array of intermediate compositions. The ALIA dredge 115 lavas and
the extreme EM2 common component sampled by the Samoan plagioclase in this study define a
trend in®’SrfeSr-Mg# space that is consistent with this conceptual model (Figure 7

This model may also explain why plagiocl&&erf°Sris negativéy correlaedwith Srin
Figure 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 plagioclase from the most-evolved EM2 melts results in residual melt
with lower Sr, whereas the less-evolved lavas with lo®&rf°Sr will have higher Sr
concentrations. Although plagioclase fractionation 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 plagioclase (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 magmatic evolution, thereby decoupling
863r£8Sr from incompatible trace-element signatures other than tisat ©his mechanism may
explain the lack of clear correlations betwé&&i/%6Sr and other geochemical indicators.
Alternatively, the clear relationship betwe®€8rF°Sr and Sr concentrationsbut not other trace-
element concentrations (e.g., La in Figure-&ay 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 preserve relationships fi&mfé@nand
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Sr (due to similar diffusion rates of Sr and Sr-isotopic signatures in plagioclase) while
decoupling®’SrFeSr from other trace elements.

One remaining uncertainty concerns whether the EM2 endmember 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 (Figure 7), it is not clear
whether all EM2 lavas with extreme higfsrf°Sr ratios should be evolved. Figure 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 understanding 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&’SrFeSr 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
subducted into the mantle (Jackson et al., 2007; White and Hofmann, 1982; Workman et al.,
2008). Combining trace-element and isotopic constraints, Jackson et al. (2007) estimated that the
terrigenous sediment protolith contributing to the Samoan EM2 mantle R&3r&isr
composition of 0.7421 (assuming an upper continental 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 Samd¥$rfeSr = 0.704650 and Sr concentration = 28.3 ppm; Jackson et al.,

2007), could generate the geochemically enriched trace-elemetiBafitbr signatures in the
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second most extreme EM2 lava from Samoa, ALIA-115-18 (Jackson et al., 2007). Using the
same model parameters employed by these authors, we calculate that approxately 7
sediment (i.e., an additionad® is required to generate the highest-measured plagioclase
87SrfeSr value (0.7223%2 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 origin (Plank and Langmuir, 1998). Thus, subduction of
marine sediment contributes a continental signature to the mantle. Over geologic time,
significant volumes of sediment have been introduced into the terrestrial mantle; recent sediment
subduction flux estimates range from 1.0%kan (von Huene and Scholl, 1991) to 1.65%an
(Clift et al., 2009). We estimate the net mass of sedimenhik been added to Earth’s mantle
over geologic time as follows. We assume a sediment density of 2508, kgsenthe lower
sediment subduction flux estimate of von Huene and Scholl (1991), and assume that 90% of all
subducting sediment is relaminated to the base of the continents (Hacker et al., 2011). Using a
time of 3 Ga (Shirey and Richardson, 2011), we calculate that 7?8 kglof sediment has been
added to the convecting mantle. This quantity of sedimser@.02% of the mantle by mass
(however, if continents were smaller in the past, the total volume of material eroded would have
been smallgr Although this quantity of subducted sedimisinor 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 composition proposetbponough and Sun (1995) and the
sediment has a composition like GLOG%ank and Langmuir, 1998), then 114%6 of the most
incompatible elements (Rb, Th, U, anyild€e hosted in the subducted seditdmain, 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
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incompatible-element budget of the mantle because the mantle has been partially depleted by the
extraction of continental crust and the average composition 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, 20052.7% of the most
incompatible elements and 81562% 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
estimates illustrate that sediment may play an important role in the geochemical budgets of
highly incompatible elements.

Although 0.02% of the mass of the mantle may consist of recycled sedinent, th
sediment component is heterogeneously distributed: 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 subducted sediment is not always efficiently mixed in the dynamically convecting
mantle, and therefore, geochemical signatures imparted by subducted sediment are not efficiently
attenuated. Instead, regions 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
mantle: Castillo (1988) found that hotspots exhibiting EM (enriched mantle) signatures are
positioned above one of the two neatipodal large low-shear-velocity provinces (LLS3)jRt
the base of the mantle. This finding is supported 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
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origins to subducted sediment, 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. Nonetheless, 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

convecting mantle.

Conclusions

We report new?’SrfeSr measurements of plagioclase in extreme Samoan EM2 lavas. We
employ laser-ablation split-stream mass spectrometry (LASS), which permits simultaneous
analysis of trace-element concentrations #8df°Sr from the same crystal volume. We
measure over 5000 ppm of intra-cry$tarf°Sr heterogeneity in two of the six plagioclase
samples examined here, which is significantly greater than the long-term analytical
reproducibility achieved for a plagioclase reference material (£ 350 ppm). Critically, we@bserv
highly radiogenié’SrFeSr ratios (up to 0.7224) in plagioclase from two different Samoan EM2
lavas, the highe$tSrFSr ratios ever measured in oceanic lavas.

The simultaneous measurement of Sr isotopic and trace-element compositions of the
plagioclase reveals a relationship betw&&nfSr and Sr concentrations in the six plagioclase
crystals analyzed here: data from the plagioclase csystatlap at a common enriched EM2

component if’SrfeSr-Sr space. We interprétSrFeSr heterogeneity in the plagioclasand the
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relationship betweef(SrfSr and Sr concentrationgo reflect mixing between an evolved
extremely enriched EM2 "common comporiawith at least one component that is less evolved
and has less radiogerfitSr£®Sr. We calculate the Mg# of this extreme EM2 common

component from the compositions of olivines (forsterite content 74.5 + 0.8, 2 SD) hosted in a
high-*’SrPeSr plagioclase 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 extension of the negatively sloping array formed by relevant Samoan
whole-rock lavas if’SrP°Sr-Mg# space, supporting the contention that extreme EM2 melts in
Samoa are relatively evolved.

The discovery of a new extreme EM2 endmember composition provides a new estimate
of the amount of recycled terrigenous sediment sampled by an EM2 melt. The €lésuittsr
recorded in Samoan plagioclase zones requires a high fraction of recycled sedi¥gni the
Samoan mantle source. This fraction 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 plagioclase from the Samoan hotspot thus provides new insights
on sediment recycling, an important process for generating heterogeneity in Earth’s dynamic

mantle.
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Figure Captions

Figure 1.Map of western Samoa showing the islandSavhi’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 bolded.

Figure 2. Global ocean island basalt and oaiekn ridge basalt isotopic array (“mantle array”)

in ¥Nd/ANd-8’Srf8Sr 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.

Figure 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. ThHESrFeSr 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 each element rather than concentration (in ppm)

because th&Caused as an internal standard is not the same in the plagioclase and the inclusion.
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Figure 4.Quantitative Ca concentration map (I€f$r°Sr 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 Calclmage (Probe Software, Inc.), aig8rffSr and Sr
concentration surfaces were generated using Mafkede 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 Figure 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 highiSr£8Sr (and thus the plagioclase in this olivine-bearing zone

samples the extreme EM2 “common component” shown in Figure 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 concentratjan 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 Figure 2, and EPMA elemental maps for other major elements (Si, Al, Na, etc.)

are shown in Supplementary Figure 1.

Figure 5. LASS7SrPéSr data from the six Samoan plagioclase targeted in this study (see
Supplementary Table 4 for tRé&SrF°Sr values and uncertainties used to make the figure). Error
bars are internal 2SE. 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.
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Figure 6. Samoan plagioclase data from this study plott&&if°Sr-Sr space (top panel),
87SrfeSr-La space (middle panel), aft®rFSr-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
surface itself because these analyses capture both th&8i§PSr zone of the crystal and the
low-87Srf8Sr core (and thus only four laser spot analyses are used to defff@rftt&r 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-115-21.87SrF8Sr, Sr, and La error bars on the datapoints are inter®&l Error bars

for the long-term reproducibility 3¥Srf°Sr (+ 363 ppm, 2 SD, for plagioclase reference

material AMNH 107160, & 73 analysesSupplementary Tabl®), Sr (£9.5%, 2 SD, for

plagioclase reference material T21, n = 95 analyses; Supplementary Table 3) and La (x11.7%, 2
SD, for plagioclase reference material T21, n = 95 analyses; Supplementary 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 quantitative EPMA maps of each plagioclase crystal
(see Supplementary Figure 1 for EPMA maps). The anorthite error bars are calculated by
propagating one standard deviation 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.

Figure 7. Left panef’SrfeSr 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-
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18-1 is also plotted: tH&SrF®Sr value for the olivine-bearing zone from ALIA-115-18-1 is the
mean measuredSrf°Sr 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&’Srf°Sr 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 Figure 4 for an image of ALIA-115-18-1 with the olivine locations annotated).
The Mg# calculation assumes an olivine-meltMg 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 F&isAelA 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
87SrfeSr achieves a lower Mg# than the melt with loR&8rF°Sr (step 2; see Discussion).

Finally, the two different melts mix to produce the trend seen in the left panel of this figure (step

3).
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Supplementary Methods
Sample preparation

Sample preparation was performed at the University of California at Santa Barbara
(UCSB). Hand samples were cut to expose fresh surfaces, plagioclase crystals were visually
identified, and rock chips containing the plagioclase crystals were isolated using a small tile saw
and a 150 um diameter diamond-wire saw. The isolated chips were mounted in one-inch epoxy
rounds, ground flat with progressively finer silicon carbide abrasive paper, and polished with
diamond polishing compounds until a 0.25 pum finish was achieved. After polishing, the mounts
were coated with approximately 20 nm of carbon (following EPMA analysis and prior to LASS

analysis, this carbon coating was removed).

EPMA mapping and spot analysis

Maps of X-ray intensity for each plagioclase crystal were generated by electron probe
microanalysis (EPMA) using a Cameca SX-100 instrument at UCSB. The instrument was
operated at 15 kV accelerating voltage and 200 nA beam current focused todidmeter
spot. X-ray intensity was measured on a grid with dr#ispacing and a dwell time of 200 ms
per grid point. All X-ray intensities were mapped using wavelength-dispersive spectrometers.
EPMA quantitative elemental maps of Al, Ca, Na, Si, K, Fe, Mg, P, Sr, and Ti were calculated
from raw X-ray intensity maps using Probe for EPMA and Calcimage (Probe Software, Inc.)
(see maps in Supplementary Figure 1). Quantification of the maps was performed using a full
matrix correction for each pixel, and using a mean atomic number background method (Donovan
and Tingle, 1996). The quantitative EPMA maps were used to guide laser spot placement, and

the plagioclase compositions corresponding to the location of each laser spot were calculated by
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extracting the relevant pixels from the quantitative maps using Calclmage *@déien
Software, LLC) and MATLAE (The MathWorks, Inc.) (see Supplementary Table 4).

The major-element compositions of t{/&rf°Srreference materials, T21 homogenized
plagioclase and AMNH 107160, were also determined by EPMA. Both materials have
homogeneous major-element (Supplementary Table 1) compositions. For both T21 and AMNH
107160, we used the Ca concentrations measured by EPMA (reported in Supplementary Table 1)
as the internal standard when calculating trace-element concentrations.

In one plagioclase crystal, AMA-115-18-1, the compositions of olivine inclusions hosted
within the plagioclase were determined using EPMA spot analyses. EPMA operating parameters
during spot analysis consisted of a 40-degree takeoff angle, a 20 keV beam energy, a 40 nA
beam current, and a 5 um diameter beam. The EPMA analytical standards were synthetic MnO
for Mn, FeSiO (synthetic fayalite) for Fe, MsiO4 (synthetic) for Ni, MgSiOs (synthetic
magnesan olivine) for Mg and Si, Chesterman Diopside for Ca, MAD-10 Orthoclase for Al, and
Chromite (UC # 523-9) for CNickel, Mn, Ca, Al, and Cr X-ray intensities were measured
simultaneously using 5 wavelength-dispersive spectrometers, and contemporaneous Mg, Fe, and
Si X-ray intensities were measured using an energy-dispersive spectrometer. Results for each
olivine are the average of 1 to 5 spots depending on the size of the olivine inclusion available for
EPMA (Table 1); some olivines were cracked, limiting the surface area available for analysis.
Oxygen was calculated by cation stoichiometry and was included in the matrix correction. The
mass absorption coefficients used for matrix correction are from the FFAST dataset, and the Phi-

rho-Z correction followed the method of Pouchou and Pichoir (1991).

LA-MC-ICP-MS
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During ®’Srf®Sranalysis, the Faraday cups in the Nu Plasma HR mass spectrometer were
configured to cover the Sr mass range and the intermediate half-masses to monitor the presence
of doubly charged REE (Supplementary Table 5). Due to the extremely low abundances of the
relevant interfering REE (*%8yb** and®®Er** on mass 84.'%vb** and*’°Er** on mass 85,
172¢p** on mass 86,/4Yb** on mass 87, and®vb**and*’%Lu** on mass 88) in plagioclase
relative to the high Sr abundances (see Supplementary Table 4), we did not perforiii a REE
correction using the half-mass signal intensities. We measured all baselines 0.7 AMU below the
mass of interest (Jackson and Hart, 2006), and used an ESA deflection of the beam during
baseline acquisition to obtain &instrument zero”. “On-peak” baselines were not used because
we correct for Kr interference using the approach of Konter and Storm (2014) described below.
Thus, we do not use the measufét and®3Kr intensities to make the correction for isobaric
interferences from Kr, but we do rep8#r intensities in Supplementary Table 4 to demonstrate
that Kr intensitiesvere low (maximunt3Kr intensity = 463uV for any analysis; Supplementary
Table 2) during the analytical sessions.

The®'SrfSrand trace-element compositions of samples and reference materials were
measured in analytical blocks consisting of two baseline measurements, a series of primary and
secondary reference materials measured at the beginning and end of each block, and alternating
samples and reference materials throughout each block. Analytical blocks ranged from 40 to 83
analyses over the course of the study. With the laser off, baseknesneasured for 60 seconds
at the beginning and end of each block (where a block consists of analyses of multiple
plagioclase and primary/secondary reference materials); during a baseline measurement, the
magnetwvas again moved to its off-mass position and the b&asndeflected using the ESA. A

“working baseline” was interpolated throughout the block, and this baselseapplied to all
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analyses made during that block. After baseline measurement, the mag@eljusted so the
beam is in on-mass position to begin analysis of samples and reference materials. Samples and
reference materialsere then pre-ablated with a single pulse of the laser using the same spot size
as used for analysis. Each pre-ablati@s followed by a 45-second washout, followed by49
seconds of sample analysis per laser spot. The samplensatigeen moved to a subsequent spot
where pre-ablation commenced after 5 seconds. The laser repetition rate and spot size varied
depending on the concentration of Sr in the analyte: spot sizes ranged from 35 to 155 um and
repetition rates ranged from 10 to 60 Hz (laser spot sizes and repetition rates for all analyses are
given in Supplementary Tables 3 and 4).

The Kr correction approach of Konter and Storm (2014) was employed because it
effectively corrects for the isobaric interferences of Kr Rbdthe two most important
interferences when measuritf@rfeSr ratios; Ramos et al., 2004; Vroon et al., 2008) and for
mass fractionation. Using baseline-corrected signal intensities, this method simultaneously
solves for Kr and Sr mass fractionation to calculatemount of Kr “peak stripping” required
to account for the offset between the measured and can®sic&iSr (0.00675476) and
863183y (0.1194) ratios. We use a canonicahther than empirical-2*Kr/8Kr ratio of 3.276 for
this Kr correction. Rlwas monitored on mass 85, and ##b isobaric interference &Srwas
calculated assuming &RbF°RD ratio of 0.38571, i.e., the calculaféRb signal intensityvas
subtracted from th&Sr signal to generate an interference-corrett®dfoSr ratio. Finally, this
interference-correcteédSrf®Sr ratiowas corrected for mass fractionation using the exponential
law and &Srf8Sr ratio of 0.1194.

All 8SrF8Sr data were reduced using lolite 2.5 (Paton et al., 2011). We used the Matlab

function ‘gridfit’ (D Errico, 2006) to depict the spatial distribution &SrféSr and Sr
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concentration in the Samoan plagioclase. See Figure 4 and Supplementary Figure 2 for the

interpolated surfaces generated for each plagioclase crystal.

Micromilling and TIMS analysis of plagioclase to test the accurag{of®Sr values obtained
by LASS

We tested whether measured L28SrF°Sr ratios from a natural, OIB-hosted
plagioclase agree with t8éSrfSSr value measured on the same crystal by TIMS. We
micromilled a large plagioclase crystal from Pitcairn lava Pit-16, a moderately enriched
(87Srf8sr of the whole rock = 0.704687) trachybag@rapic et al., 2015). The Pit-16
plagioclase was determined to be isotopically homogeneous within the LASS analytical
precision reported in this study: based on 19 separate spot analyses of the crystal, the Pit-16
plagioclase crystal yielded a measut&t/£°Sr ratio of 0.70442 + 0.00018 (2 SD; Table 3). This
crystal was micromilled at UCSB following the method of Charlier et al. (2006) with & ESI
Micromill. After Sr purification following standard column-chemistry separation techniques and
TIMS analysis at the University of Leeds, the meas8f®df®Sr value of the powder was
0.704505 + 0.000012 (2 SE; Table 2). The total Sr blank of 14Spgsum of the total
chemistry procedural blank of 52 pg Sr, and the micromilling blank of 97-pgsSnsignificant
relative to the estimated total Sr in the micromilled powder (approximately 49 ng). The TIMS
87SrfeSr value obtained for the Pit-16 micromilled powder overlaps with the mean LASS value
within uncertainty, demonstrating that we are able to accurately reproduce the m&sifed
TIMS value of a natural plagioclase crystal using LASS.

We also micromilled a portion of the T21 homogenized plagioclase glass primary

reference material and a portion of the AMNH 107160 plagioclase secondary reference material
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to ensure that measur®®rf°Sr values obtained for micromilled powders agree with values
obtained from plagioclase chips. We obtained’snf°Sr value of 0.704699 + 0.000018 via

TIMS for the T21 micromilled powder (Table 2), which is indistinguishable from the TIMS
reference value of 0.704712 + 0.000009 (2 SE) obtained by dissolution of a 4.2 mg chip of this
reference material (Table 2). For the AMNH 107160 plagioclase micromilled powder, we
obtained ad’SrfSr value of 0.704408 + 0.000020 (2 SE) (Table 2), which agrees within
uncertainty with the TIMS reference value of 0.704386 + 0.000008 obtained by dissolution of a
2.0 mg chip of this plagioclase (Table 2). Finally, the 58%rF®Sr values obtained for the

ANMH 107160 plagioclase reference material (0.704373 + 0.000249, 2 SD, n = 83) agree with
the®’Srf5Sr values obtained on this plagioclase by TIMS for both a plagioclase chép and
micromilled powder. Thus, within analytical precision, micromilling does not influence the

measured’SrfeSr composition of plagioclase analyzed in this study.

LASS major- and trace-element accuracy and reproducibility

We measured the major- and trace-element composition from each laser spot via LASS.
43Ca was used as the internal standard, and BHVO-2G was used as a primary reference material
(reference trace-element concentrations for BHVO-2G are from Jochum et al., 2005). MPI-
DING basaltic glasses ML3-B and KL-2 (reference concentrations from Jochum et al., 2006)
were treated as secondary reference materials to assess data quality. We measured these geologic
reference materials twice each during each block of analyses: once at the beginning, and once at
the end. The LA-Q-ICP-MS concentrations for ML3-B and KL-2 are compared with the
preferred concentrations in Supplementary Table 2. Additionally, the homogeneous T21

plagioclase was used as a phase-specific secondary reference material for trace element analyses
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(but note that T21 was used as a primary reference material for Sr isotopic arsalgsszsove).
Trace-element concentrations were obtained for two fragments of T21 plagioclase by wet
chemistry and Q-ICP-MS at Aarhus University, Denmark, and the results, together with major-
element analyses of the T21 plagioclase by EPMA, are compared with the major- and trace-
element concentrations obtained by LASS in Supplementary Table 2. We also present initial
trace-element concentrations obtained by LASS for the AMNH 107160 plagioclase in
Supplementary Table 2, although no reference values are available at this time. The measured
concentrations from each LASS analysis of these reference materials are available in
Supplementary Table 3. All traedement data were reduced in Iolite 2.5 using the “internal

standard” trace-element data reduction scheme (Paton et al., 2011).

Long-term average concentrations for all elements analyzed by LASS in the basaltic glass
reference materials KL2-G and ML3B-G (n = 26 analyses for both reference materials) agree
with published reference values within 8% (Supplementary Table 2). Reproducibility for most
elements analyzed by LASor KL2-G and ML3BG was better than 9% (2 RSD) except for Lu,
with 2 RSD = 10.1% for KL2-G and 2 RSD = 11.3% for ML3B-G. Long-term average
concentrations for most elements measured by LASS in the T21 homogenized plagioclase
reference materigh = 95 analyses) agree with the preliminary reference values obtained via
solution ICP-MS and EPMA within 10%. Exceptions include K and Rb, for which LASS results
show only modest agreement with EPMA (for K) and solution ICP-MS (for Rb) preliminary
reference values (the difference is 16% and 34%, respectively) in the T21 plagioclase. The
reproducibility for most elements analyzed by L&AS T21 was better in12 % (2 RSD)
except for Sm and Gd (18%, 2 RSD), Er (24%), Yb (35%), Lu (50%) and Rb (31%). Although

the reproducibility of Rbis not as good as the other elements examined here, we report measured
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Rb concentrations to demonstrate that isodRb interferences ofSr can be effectively

corrected when measuriB@rfeSr ratios. We emphasize that the Rb concentration measured by
Q-ICP-MS, used for obtaining trace-element concentrations by LA&Snot used to correct

for the interference 6¥Rb when measuringSrfeSr ratios (instead, the isobaric correction for

8Rb on mass 87 was made using the mass 85 intensity obtained during MISI@Ralysis).

We also report heavy REESs that exhibit low concentrations and relatively poor analytical
reproducibility for the T21 plagioclase (see Supplementary Table 2) solely to demonstrate that
REE"™ isobaric interferences in the Sr mass range are negligible for both reference materials and
Samoan plagioclase samples.

Because the ALIA-115-18 and ALIA-115-21 plagioclase crystals we analyzed are not
homogeneous with respect to their major-element compositions, the mean Ca concentration of
the plagioclase at the location of each laser-suigtermined by extraction from quantitative
EPMA Ca concentration mapsvas used as the internal elemental standard. However, EPMA
concentrations for ALIA-115-18-2 are unavailable at the location of the laser spots from the
analytical session on 5/8/2017 because this plagioclase was analyzed by LASS before an EPMA
map of the crystal was prepared. For this crystal we used the mean measured Ca concentration
from the locations of the laser spots from a later analytical session (8.12wt@& % = 40) as
the internal standard for trace-element analyses from 5/8/2017 (see Supplementary Table 4).

Concentrations of a suite of elements (Si, Na, K, Fe, Mg, Al, and Sr) were determined for
the Samoan plagioclase from ALIA-115-18 and ALIA-115-21 by two methods: EPMA (which
uses compositions extracted from EPMA maps at the location of each laser spot) and LASS
(which guantifies the elemental concentrations in the volume of crystal that was analyzed via

laser ablation). The two methods measure concentrations from two different portions of the
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crystal: the EPMA method gives compositions at the crystal surface targeted by the laser,
whereas the LASS method provides an average composition from the crystal volume ablated by
the laser. Therefore, the observation that the EPMA and LASS measurements exhibit relatively
good agreement in the Samoan plagioclase (see Supplementary)Talgests that downhole
geochemical zonation in the Samoan plagioclase crystals does not significantly influence the

geochemical data presented here.

Supplementary Discussion

Mass-balance requirements for groundn¥aSsrfesr.

The measurefSrf°Sr compositions of plagioclase and clinopyroxeneclinopyroxene
from ALIA-115-18 and ALIA-115-21 are generally more radiogenic tharf4Be®°Sr of the
respective whole rocks with few exceptions (Figure 5). We use the example of ALIA-115-18 to
calculate thé’Srf8Sr of the groundmass based on mass-balance requirements by using the
average measured plagioclase Sr#HBdfSr (mean = 2058¢g g1 and 0.72048 respectively
this study), clinopyroxeneclinopyroxene Sr &frf°Sr (mean = 51.5g g1 and 0.720531
respectively; Jackson et al., 2009) and whole-rock Sr concentratidiSafesr value (5111g g-

L and 0.718592 respectiveljackson et al., 2007). We use the modal mineralogy of ALIA-115-

18 (Koppers et al., 2011): 5% plagioclase phenocrysts, 3% clinopyroxene phenocrysts, and 92%
groundmass. Given these assumptions, the calc#8&¥Sr of the groundmass in ALIA-115-

18 is 0.718107 (compared to a measured whole-rock value of 0.718592). Thus, the required

difference between the whole-rock and groundr%&#°Sr is relatively small (675 ppm for
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ALIA-115-18) despite the significantly high&tSrf°Sr observed in clinopyroxene and some

plagioclase zones compared to whole-rock values.

Cation diffusion in plagioclase

Here, we discuss the role that diffusion may play in decoupi®f®Sr from other
geochemical signatures in the Samoan plagioclase we studied. There is a strong relationship
between valence state and cation diffusion rates in plagioclase, whereby univalent cations diffuse
most rapidly, divalent cations diffuse at intermediate rates, and trivalent cations diffuse most
slowly (Cherniak, 2003). Therefore, in plagioclase, Sr diffuses more rapidly than the trivalent
REE but more slowly than the alkali elements. Strontium also diffuses significantly more rapidly
than the timescales on which CaAl-NaSi interdiffusion in plagioclase occurs (Costa et al., 2003;
Grove et al., 1984). There is also a relationship between ionic radius and diffusion whereby
larger cations diffuse more slowly (e.g., Ba diffuses more slowly than Sr; Cherniak, 2002). Thus,
if Sr zones in the plagioclase we studied have “blurred” by diffusion over magma chamber
timescales®’SrfeSr would not be expected to correlate with trace elements that diffuse at
significantly different rates than Sr.

Although the rates of chemical and tracer (i.e., isotopic) diffusion of Sr in silicate melts
differ by over an order of magnitude (Baker, 1989), similar rates of Sr chemical and tracer
diffusion have been determined for plagioclase (Cherniak and Watson, 1994). Therefore, the Sr
concentration anéfSrfeSr profiles in the plagioclase should track each other, but may be more
or less diffusively relaxed than the profiles of trace elements or anorthite content. Below, we

explore whether diffusion could plausibly decouf®rféSr from other geochemical signatures
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in the Samoan plagioclase in this study using previously published cation diffusion parameters
and geologically reasonable estimates for temperature.

Following Cherniak (2003), we estimate the time required to lose cation zoning in
plagioclase. In this approach, zones are modeled as sheets of thickness | with a different
concentration of a given element than the surrounding medium. The diffusion coefficient is given
by D, and time is t. Cherniak (2003) defined a dimensionless parametef) #iit/lallows one
to calculate the time at which concentrations in a region of a zone are changed by a certain
amount. When the dimensionless parametef Btdqual to 3.3 - FQthe concentration at the
center of the zone is modified by 10%. At this point, Cherniak considers a zone to be lost (2003).
Although this criterion for loss of zonation is somewhat arbitrary, it provides a way to estimate
the timescales required to lose plagioclase zoning for specific elements, and hence the timescales
over which their geochemical signatures become decoupled by diffusion.

Given a temperature of 1000 °C, we estimate the timescales over which 100 um zones
are lost in plagioclase for various cations to evaluate whether diffusion can detSuffisr
from other trace-element concentrations. We use diffusion coefficients from plagioclase
experiments that most closely approximate the compositions of the Samoan plagioclase in this
study (i.e., labradorite), but the paucity of experimental data prevents us from choosing diffusion
parameters from studies with identical plagioclase compositions and experimental procedures.
We are also unable to calculate timescales of zoning loss for elements with unexplored diffusion
behavior in plagioclase (although inferences from valence state and radius can be drawn).

Univalent cations diffuse most rapidly in plagioclase: 100 um K zoning is estimated to be
lost in < 1 year in Agp.s plagioclase at 1000 °C, using the diffusion parameters of Giletti and

Shanahan (1997). Although Giletti and Shanahan (1997) did not evaluate Rb diffusion in

44



labradorite, they determine that the diffusivities for Rb and K are similar in albite, with Rb
diffusing more slowly. Divalent cations diffuse more slowly than univalent cations: for example,
at 1000 °C, 100 um Sr zones would be lost in ~10 yearsgnplamgioclase (Cherniak and

Watson, 1994), and Ba zones would be lost in approximately 800 years;ipldgioclase at

1000 °C (Cherniak, 2002). Finally, 100 um trivalent REE zones would be lost in ~10,000 years
at 1000 °C in Agr plagioclase (Cherniak, 2003). CaAl-NaSi interdiffusion proceeds even more
slowly: CaAl-NaSi zones in Adas1plagioclase would be lost in ~15 Ma at 1000 °C (Grove et

al., 1984).

Over shorter timescales (at a given temperature), zoning patterns in plagioclase are
“blurred” rather than lost. The aforementioned dimensionless parameter’igscribes this
“blurring” when it equals 1.8 - 10® (Cherniak, 2003). At this point, the composition of the zone
10% from its surface (i.e., at a depth of I/10) has changed by 10%. Using the same zone size (100
pum) and temperature (1000 °C) as above, we calculate that univalent cation zones would be
blurred in 17 days, Sr zones would be blurred in 0.6 years, Ba zones would be blurred in 50
years, REE zones would be blurred in 700 years, and CaAl-NaSi zones would be blurred in
~800,000 years.

Although we do not attempt to reconstruct plagioclase residence times here (see Zellmer
et al., 1999), these example calculations demonstrate that at geologically reasonable timescales
and temperatures, diffusion may blur zones in plagioclase at sufficiently different rates to
decouplé®’SrfeSr from other geochemical signatures (e.g., Rb, K, REE, anorthite). This
observation may explain wiYSrF°Sr does not correlate with these trace-element or major-

element indices. In contra§tSrfeSr and Sr concentration signatures diffusively relax at similar
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rates, a phenomenon that is perhaps responsible for preserving the trends &mésnand

Sr in the Samoan plagioclase we studied.
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Supplementary figure captions

Supplementary Figure Quantitative EPMA concentration maps of Al, Ca, Fe, K, Mg, Na, P,

Si, Sr, and Ti for the six Samoan plagioclase crystals targeted in this study. All maps were
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generated via quantitative EPMA mapping using CalcimBgebge Software, Inc.; see

Supplementary MethojisThe circles in each map correspond to laser spot locations and sizes,
and the numbers correspond to the analysis number. We show the spot numbers of analyses that
have been discarded for completeness. The geochemical data from each spot (including the
average concentrations calculated from the EPMA maps, trace-element concentrations measured

by LASS, and’Srf°Sr measured by LASS) are available in Supplementary Table 4.

Supplementary Figure Ruantitative Ca concentration maps (I€fsrf°Sr model surfaces

(middle), and Sr concentration model surfaces (right) for the six Samoan plagioclase crystals
targeted in this study. The Ca EPMA maps were quantified using Calclmade (Software,

Inc). The®’Srf%r and Sr concentration surfaces were generated using the ‘gridfit’ function in

Matlal® (see Supplementary Methods). The data used to construct the model surfaces are
reported in Supplementary Table 4. The EPMA maps and model surfaces are scaled identically
to enable comparisons between each panel. Similarly, the scales ¥81E8Sr, and Sr are held
constant for each crystal in order to facilitate comparisons between crystals. Therefore, a larger
range in colors in a given Sr model surface corresponds to a greater range in n¥éastfed

or Sr concentration. The locations and diameters of the circles on each map correspond to
locations and sizes ofdliaser spots. Each spot’s number shown in the Ca map corresponds to

the analysis number in Supplementary Table 4.

Supplementary Figure 3. Measured (by LA&S)FSr of reference materials AMNH 107160,
MACS-3, modern sclerosponge, and isotopically homogeneous plagioclase crystal Pit-16 (from
Pitcairn IslandGarapic et al., 2015) over the course of this study. See Supplementary Table 3

for the reference material data used to make this figure. Analyses for each material are plotted in
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temporal order and are grouped by analytical session. The¥SAPSr measured by LASS of

each material is shown with a solid line, and the mean + 2 SD is shown with a dashed line. Error
bars for individual LASS analyses are internal 2 SE. The reference values for each material are
shown with red squares. All reference values shown are corrected to NBSe%%r =

0.710240. TIMS reference values for AMNH 107160 and Pit-16 are from this study and were
measured on a mineral chip and a micromilled powder, respectively (see Table 2). Because the
reference values for these materials consist of one measurement by TIMS, the reported
uncertainties are 2 SE. The reference value for MACS-3 comes from Jochum et al. (2011), and
the modern sclerosponge valde/hich we assume is identical to the Sr isotopic composition of
modern seawateris from Mokadem et al. (2015). These reference values consist of multiple
measurements, and the uncertainties are 2 SD. The measured LASS and reference TIMS

87SrfeSr values for reference materials show excellent agreement.
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Table 1. Compositions of four olivines mehded in phmoclase ATTA-115-18-1.
Numberofspe 510, 26 MgO 2¢ TFeO 2o NiO Ioc MnO I ALO; 2o Cry0; lo Ca0 26 Total Fo# o
anahses  (wi.%%) {wt. %) {wr. %) (. %) (nt. %) {wt. %) (Wi @) {nt. %) (. %)

Olivine 1 5 37.76 0.41 3738 040 12938 012 011 001 ©0.31 0.01 0.02 0.01 001 0.02 0.28 0.02 98.86 7436 0.17
Olivine 2 3 39.21 1.10 33.79 1.05 2195 001 011 0.00 931 0.01 003 0.02 0.00 0.01 031 0.02 H=EE 7508 0.50
Olivine 3 5 37.68 0.25 37.15 0.29 1307 009 011 001 0.31 0.01 0.03 001 001 0.01 0.28 0.01 98.63 7417 0.11

Olivine 4 1 3761 nla 37.05 mia 1161 nia 010 nwnla 031 mwa 005 nia 000 na 037 ma 9510 7450 na
Four olvnes melnded ma zone inthe AITA-115-18-1 plagochise crystal were analyzed by EPMA as described m the text. Each olvine was analyzed at

between 1 to 5 separate spot bocations. The 2 5D reproducibdify of each cmde and of the calculated Fo of olvmes that wese anahzed nmitiple times are
reported.
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Table 2. New TIMS analyses of reference materials in this study.

Estimated Sr TIMS LA-MC-ICP-MS
Sample name Sampletype (ng)! 875y 855y 2 2 SE 875y 885y 3 2SD
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 Micromilled
plagioclase powder 18 0.704699 0.000018 - -
AMNH 107160 plagioclase Mineral fragment - 0.704386  0.000008 0.70436 0.00026
Micromilled
AMNH 107160 plagiocalse powder 15 0.704408 0.000020 0.70436 0.00026
Micromilled
Pit-16 plagioclase powder 49 0.704505 0.000012 0.70442 0.00018

1Sr guantities for micromilled powders are estimated from the milled volume and the measured Sr doncefngaath plagioclase (see
Supplementary Table 2), and assume 100% recovery and a plagioclase density of®2.7 g/cm

2Aside from NBS987, all reportédSrfeSr values are normalized to NBS983r£°Sr = 0.710240.

3LA-MC-ICP-MS values are averages of multiple analyses over the course of this study, which areesuhimaaible 3 and reported i
Supplementary Table 3.
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Table 3. 8’SrFP8Sr values measured from geological reference materials ByfCACP-MS in this study compared to TIMS reference

values.
Mean LA-
measur ed MC- LA-MC- TIMS Difference between
87Sr %8Sy by ICP- ICP-MS Number reference LA-MC-ICP-MS
LA-MC-ICP- MS 2SD of 87Sr/8%Sr  TIMSreference  and TIMSreference
Reference material MS? 2SD (ppm)  analyses 2 uncertainty? 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 0.000004 (2SD,
carbonate 0.70754 0.00019 270 40 0.707546 n=5) -6
0.000002 (2SD,
Modern sclerosponge 0.70916 0.00018 260 40 0.709164 n=17) 1

IRefer to Supplementary Table 3 for the individual analyses used to calculate the mean measured Sr isotopic composition anc

uncertainties reported here.

The reference values for AMNH 107160 plagioclase and Pit-16 plagioclase were obtained by TIMS and are reported in Table
USGS MACS-3 carbonate reference value is reported in Jochum et al. (2011). The reference value for the modern sclerospon
modern seawater value of Mokadem et al. (2015). All reference and measured values have been normalized to NBS987

87SrPeSr=0.710240.

3Reference value analytical uncertainties for AMNH 107160 and Pit-16 plagioclase are 2 SE. Uncertainties for MACS-3 and m
sclerosponge-for which reference values are means of multiple ratiae 2 SD.
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