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Abstract Ocean island basalts (OIB) show variable '2W deficits that have been attributed to either

early differentiation of the mantle or core-mantle interaction. However, '82W variations may also reflect
nucleosynthetic isotope heterogeneity inherited from Earth's building material, which would be evident

from correlated "W and '83W anomalies. Some datasets for OIB indeed show hints for such correlated
variations, meaning that a nucleosynthetic origin of W isotope anomalies in OIB cannot be excluded. We
report high-precision W isotope data for OIB from Samoa and Hawaii, which confirm previously reported '82W
deficits for these samples, but also demonstrate that none of these samples have resolvable '3W anomalies.
These data therefore rule out a nucleosynthetic origin of the '¥2W deficits in OIB, which most likely reflect the
entrainment of either core material or an overabundance of late-accreted materials within OIB mantle sources.
If these processes occurred over Earth's history, they may have also been responsible for shifting the '3?W
composition of the bulk mantle to its modern-day value. We also report Mo isotope data for some Hawaiian
OIB, which reveal no resolved nucleosynthetic Mo isotopic anomalies. This is consistent with inheritance

of '82W deficits in OIB from the addition of either core or late-accreted material, but only if these materials
have a non-carbonaceous (NC) meteorite-like heritage. As such, these data rule out significant contributions of
carbonaceous chondrite (CC)-like materials to either Earth's core or late accretion.

Plain Language Summary Some ocean island basalts (OIB) may contain a record of processes and
characteristics of the deepest parts of Earth's mantle, including at the boundary between the iron-rich core and
mantle. Like some prior studies, we measured tungsten isotopes within OIB from Hawaii and Samoa, and report
that tungsten isotopes in these OIB differ in their characteristics compared to what is observed in modern rocks
that are most representative of the upper part of Earth's mantle. One explanation for these tungsten isotope
anomalies is that they are a signature of chemical interaction between the core and lower mantle, suggesting
that the core 'leaks' into the lower mantle. Another possibility proposed here is that these tungsten isotope
anomalies reflect ancient crust that contained dense, meteorite-like materials, which sank to the bottom of the
mantle during Earth's early history. Using isotopes of another element, molybdenum, we show that the source(s)
of these tungsten isotope anomalies do not contain a significant number of materials that originated from the
outer Solar System before being added to Earth during its formation.

1. Introduction

Recent studies have reported deficits in '82W, the decay product of short-lived '2Hf (¢,,, = 8.9 Ma), in ocean
island basalts (OIB). Some OIB with '32W deficits are associated with mantle plumes that extend to the base of
the mantle, the D" layer (e.g., Mundl et al., 2017). Entrained material from the base of the mantle may be trans-
ported via mantle plumes to the shallow mantle, where partial melting produces OIB. In principle, observed '32W
deficits of OIB may thus be inherited from (a) mantle material that underwent crystal-liquid fractionation during
the life-time of '82Hf, that is, within the first 60 Ma of Solar System formation (e.g., Mundl et al., 2017), (b) inter-
action with the core at any time during Earth's history, with the core having an estimated p'8?W value (defined as
the part per million deviation of a sample's '82W/!3W from a W standard) of ca. —220 (e.g., Mundl-Petermeier
et al., 2020; Rizo et al., 2019), or (c) a preserved overabundance of late-accreted materials, with an estimated
u!'82W value also around —200, within mantle material (e.g., Puchtel et al., 2020).
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All of these interpretations assume that the observed p'8?W deficits in OIB are purely radiogenic in origin,
that is, they reflect interaction with a reservoir whose low p'8?W reflects Hf-W fractionation and subse-
quent '2Hf-decay. However, p'3?W values for OIB in prior datasets are correlated with p'83W (Figure 1), which
is characteristic of nucleosynthetic W isotope variations that arise through the heterogeneous distribution of
presolar matter in the solar accretion disk. Such p'82W-u!33W correlations have been observed, for instance,
among components of primitive meteorites (Budde et al., 2016; Burkhardt et al., 2012; Kruijer et al., 2014)
and bulk meteorites (Kruijer et al., 2017; Qin et al., 2008; Worsham et al., 2019). Of note, linear regres-
sion of the p'82W-u'33W data for OIB returns a slope that is consistent with that expected for nucleosynthetic
isotope variations, and so, taken at face value, the '8?W—!83W co-variation observed among the OIB could
also have a nucleosynthetic origin. Distinguishing between a radiogenic and nucleosynthetic origin of '32W
deficits in OIB is important for several reasons. First, a nucleosynthetic origin would essentially rule out a
core origin for their '82W deficits because due to the strongly negative p'3?W of Earth's core, mixing between
ambient mantle and core material would have produced a p'3?W-p!83W co-variation with much steeper slope.
Second, prior studies have shown that Earth incorporated material that remains unsampled among meteorites
and compared to meteorites is characterized by an excess in nuclides produced in the slow neutron capture
process (s-process) of stellar nucleosynthesis (Budde et al., 2019; Burkhardt et al., 2011, 2016, 2021). Of note,
the coupled '32W-183W deficits observed among OIB would be consistent with an s-process excess (Figure 1),
in which case the OIB sources might have preserved a signature of some of Earth's building blocks that are
unsampled among meteorites.

Although the OIB revealed correlated p'8?W-p'8W variations, only the p'8?W variations are analytically resolved.
The p'33W values are close to or within the analytical resolution of the data, and thus it is unclear whether there
are real p'83W variations among the OIB, and accordingly, prior studies did not attach any significance to these
small variations. However, as nucleosynthetic variations for p'8?W are ~1.5 larger than for p'83W, a nucleosyn-
thetic origin of the ~15 ppm '82W deficits in OIB would produce p'#*W anomalies of only ~10 ppm, which is
close to the analytical precision of current W isotope data; that is, the observed '®?W deficits in OIB could have a
nucleosynthetic origin, even if nucleosynthetic p'#*W anomalies cannot be resolved. This issue is further exacer-
bated by an analytical artifact that selectively depletes '#*W, relative to all other W isotopes. This “analytical '3*°W
effect” has been observed in several high-precision W isotope studies from multiple institutions using various
purification procedures, and is more prominent in studies utilizing multicollector-inductively coupled plasma
mass spectrometry (MC-ICP-MS; e.g., Cook & Schonbichler, 2016; Kruijer et al., 2012; Willbold et al., 2011)
rather than thermal ionization mass spectrometry (TIMS; e.g., Mundl et al., 2017; Mundl-Petermeier et al., 2020;
Rizo et al., 2019). Nevertheless, although '82W deficits in OIB have so far only been reported using TIMS, the
magnitude of any expected nucleosynthetic '33W variations among OIB is so small and close to the analytical
precision of the data that verifying the presence or absence of nucleosynthetic W isotope variations in these
samples is not possible with currently available data.

To determine the nature of the '2W-183W correlation in datasets from prior OIB studies, and to assess the possi-
bility of nucleosynthetic W isotope variations, we utilized a recently developed method for correcting the analyt-
ical '8W effect (Budde et al., 2022) and obtained high-precision MC-ICP-MS W isotope data for several OIB
samples from Hawaii and Samoa, including samples for which previous studies reported correlated '2W-183W
deficits. For some of the Hawaiian samples of this study, we also determined Mo isotopic compositions, which, in
meteorites, generally show larger, more easily measured nucleosynthetic variations than W. Thus, the Mo isotopic
compositions of OIB were used to help assess the origin of observed W isotope variations in the OIB.

2. Samples and Methods
2.1. Samples and Sample Preparation

To establish the empirical parameters for the correction of analytical '®*W deficits, several well-characterized
geological reference materials (GRMs) were analyzed. These include JA-2 (andesite), JB-2 (basalt), JG-1 (gran-
odiorite), and JR-1 (rhyolite). In addition, several aliquots of mid-ocean ridge basalt (MORB) sample PS66-261
from the Central Lena Trough (see Nauret et al. (2011) for sample description and geochemical characterization),
doped with variable amounts (approximately +15 ng to +9,940 ng) of an Alfa Aesar W solution standard (batch
no. 22312) prior to separation and purification of W, were also analyzed. All GRMs and MORB sample PS66-
261 were already available as powders at the University of Miinster.
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0 ———7———7 Samoan OIB ALIA-115-18 (from Savai'i Island), AVON3-70-9 (from Vailu-
Eﬂ;‘i’f‘ff‘g;fg‘g(%) Iu'u seamount), AVON3-73-1 (from Vailulu'u seamount), and T33 (from
105— I’\r/:tsevrsgp; - -535.711.8 Ta'n Island) were obtained as powders from the University of California
F20 otal 2019) Santa Barbara via the University of Maryland. Two other Samoan samples,
[ [ Slope = 1.870.91 (25) J OFU-04-14 and OFU-05-18 (both from Ofu Island), were provided directly
g Us ﬁtsevr\(;gpiz-g;ﬁﬂ.?» 7 by the University of California Santa Barbara as rock fragments. Sample
NE descriptions, W concentrations, '®2W isotopic compositions (measured by
o ] 07 i 3 TIMS), '87Re-'870s systematics, highly siderophile element (HSE) data, and
E He isotopic compositions for the Samoan samples examined here have been
[ g4 ]
: = W ] previously reported by Mundl et al. (2017) and references therein. Hawaiian
-20F - g sample BHVO-2 was available as a powder at the University of Miinster,
b eet::d\\ © Mundietal. 2017) and prior data for BHVO-2 were reported in Kruijer and Kleine (2018).
_305‘ s o O Reoetalo19) 4 Hawaiian samples KK 16-1, KK 25-4, and Kilauea 1712b were acquired
-20 -15 -10 _5133 0 5 10 15 from the Smithsonian Institution as rock fragments. Sample descriptions
B Wien)

Figure 1. p'82W (6/4) versus p'83W (6/4) values for ocean island basalts
(OIB) measured by TIMS and reported in prior studies (Mundl et al., 2017;
Rizo et al., 2019). Note that only datasets for which p'$*W (6/4) values were
reported in prior studies are included. Linear regressions were performed using
IsoplotR (Vermeesch, 2018). In a combined regression for data from Mundl

et al. (2017) and Rizo et al. (2019), the “CU-UMD” trend is also plotted for
comparison. The expected correlation between p'$?W (6/4) and p'®W (6/4)
values for s-process nucleosynthetic variation is shown as a red dashed line

and He isotopic compositions are reported in Honda et al. (1991) and Kurz
et al. (1983). No W isotope data have been reported so far for these Hawai-
ian samples. The rock fragments were crushed into powders using an agate
mortar and pestle at the University of Miinster. To avoid contamination,
contact with metal tools was avoided, and the agate mortar and pestle were
cleaned with quartz sand and Milli-Q water between samples. None of the
OIB studied here have been previously analyzed for their mass-independent
Mo isotopic composition.

(Burkhardt & Schonbichler, 2015). The s-process line is offset from the origin
to pass through the intercept of the OIB data.

2.2. Analytical Methods

See Supporting Information S1 for detailed descriptions of the analytical

method used to separate and purify W. Total procedural blanks for W were
<160 pg, and therefore negligible, given that >75 ng W were processed for each sample. Tungsten isotopic
compositions were measured using the Thermo Scientific Neptune Plus MC-ICP-MS at the Institut fiir Planetolo-
gie. For W, the instrumental configuration of Kruijer et al. (2015) was used. Data are reported as p*W values (part
per million deviations from an Alfa Aesar W standard, batch no. 22312; Kleine et al., 2002), and are normalized
to either '86W/13*W = 0.92767 (denoted “6/4”) or 36W/!83W = 1.9859 (denoted “6/3”). Tungsten concentrations
were determined by isotope dilution and measured using the above-mentioned MC-ICP-MS instrument (Text S1
in Supporting Information S1).

The analytical methods of Budde et al. (2019) were used to measure Mo. Molybdenum blanks were <5 ng and
therefore negligible, as >150 ng Mo were processed for each sample analyzed. For this study, samples were
measured using two different cone configurations on the above-mentioned MC-ICP-MS instrument, (a) standard
sampler cone paired with an H skimmer cone, and (b) standard sampler cone paired with an X skimmer cone.
The standard-X setup improved the sensitivity by a factor of two, and this setup was employed to increase the
possible number of measurements. Both setups have been used previously, and both produce data that are in
good agreement with one another (Brennecka et al., 2020; Worsham & Kleine, 2021). Molybdenum data are
reported as e*Mo values (part per ten thousand deviations from an Alfa Aesar Mo standard), and are normalized
to %¥Mo/**Mo = 1.453173 (Lu & Masuda, 1994).

3. Results
3.1. Tungsten Isotopic Systematics

Tungsten isotopic data for GRMs, as well as MORB PS66-261 doped with an Alfa Aesar W standard, are reported
in Table 1. Measured p'82W (6/4) values are ~0, but u'**W (6/4) values range from +1.8 to —11.8 (Figure 2). In
addition, all p*W values that use '3*W for internal normalization, including p'8?W (6/3) and p'%W (6/3), also
deviate from 0, with ranges of +16.4 to —3.7, and +7.8 to —1.2, respectively (Figure 2). These coupled W isotope
variations are consistent with the analytical '33W effect observed in several prior high-precision W isotope stud-
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Table 1
Tungsten Isotopic Compositions of Geological Reference Materials and Doped Mid-Ocean Ridge Basalt PS66-261
Normalized to '¢W/!%W = 0.92767 Normalized to '$W/!$3W = 1.9859
winililal (ng) N plgszcas, = p183WMcas. = plgszcas, = HISAWMcas. L=
Geological reference materials
JG-1 526 8 -0.6 5.0 -85 6.5 11.6 4.7 5.7 43
JR-1 1,024 13 -1.6 3.0 -7.9 2.8 8.3 23 5.3 1.8
JA-2 535 6 -22 2.1 -11.5 3.6 12.5 3.8 7.6 2.4
JB-2 154 16 0.4 2.5 -11.8 2.3 16.4 24 7.8 1.5
MORB PS66-261 (doped)
10,000 ng 10,349 6 -0.3 3.6 -1.6 4.0 2.4 5.1 1.0 2.6
5,000 ng 5,165 6 -0.9 5.2 1.8 4.4 -3.7 44 -1.2 2.9
2,000 ng 2,073 6 -23 3.9 -2.6 3.2 1.1 22 1.7 2.3
400 ng 414 6 0.9 5.0 -5.6 5.5 8.5 6.9 3.7 3.6
200 ng 215 6 0.7 4.7 -7.9 5.6 11.5 5.7 5.3 3.8
Note. Data are normalized to either $6W/!8W = 0.92767 or '86W/!$3W = 1.9859. p!8xW, is the measured isotopic deviation
of a sample, in parts per million, from an Alfa Aesar solution standard, batch no. 22312, which has an indistinguishable W
isotopic composition from the NIST3163 standard (Kruijer et al., 2012). The uncertainties are 95% confidence limits of the
mean, and were calculated using the equation (s.d. X 70.95, N—1)/ \/ N.
ies using MC-ICP-MS (e.g., Cook & Schonbichler, 2016; Kruijer et al., 2012; Willbold et al., 2011). However,
consistent with the results of Budde et al. (2022), the magnitude of the observed %W effect is correlated with the
amount of W processed for each standard (Figure 3). This correlation forms the basis for correcting this effect in
the new OIB data.
10""'T""Y""T""T""T""A 10""T""T""T"' L
o Doped MORB a ] [ Slope =0.02+0.13 b ]
1 t Intercept=-0.8 +1.2
® GRMs [ MSWD =0.6
5r- 7 5r 7
| 3
| = %Jﬁ L
= 0
e \ 18 i
1= [ T
] 5k J
r Slope = 0.05 +0.10 r
[ Intercept =-1.5 £ 1.1 ]
[ MSWD = 0.6 [ ]
S Y U Y I I S U USRS B B
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Figure 2. Tungsten isotopic compositions of geological reference materials JB-2, JG-1, JA-2, and JR-1 (blue), as well as
mid-ocean ridge basalt sample PS66-261 (yellow) doped with variable amounts of an Alfa Aesar W solution standard. Linear
regression of the data was performed using IsoplotR (Vermeesch, 2018).
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Figure 3. p*W values that involve '83W versus In(W), which is the natural log of the abundance of W (ng/g) processed
through the same chemical separation and purification method used for samples. Yellow dots are for mid-ocean ridge basalt
sample PS66-261 doped with an Alfa Aesar W solution standard. Blue dots are from geological reference materials JB-2,
JG-1,JA-2, and JR-1. Linear regressions of the data were performed using IsoplotR (Vermeesch, 2018).

Tungsten isotopic data for Samoan and Hawaiian OIB are reported in Table 2. Measured p!82W (6/4) values for
Hawaiian and Samoan samples range from +1.1 to —17.2 (Figure 4), in agreement with the range of values for
Hawaiian and Samoan OIB reported in prior studies (Mundl et al., 2017; Mundl-Petermeier et al., 2020). For
particular samples measured both here and in Mundl et al. (2017), p'82W (6/4) values overlap within uncertainties
(Figure 5); however, two of the five samples plot off a 1:1 line. Like the GRMs measured in this study, p!3*W
(6/4) deficits are also observed for OIB, and range from —7.0 to —19.2 (Figure 4). These p!83W (6/4) values are
generally lower than previously reported OIB data measured by TIMS (e.g., Mundl et al., 2017; Rizo et al., 2019),

Table 2
Tungsten Isotopic Compositions of Ocean Island Basalts
Normalized to 'W/!%W = 0.92767 Normalized to '¢W/!$3W = 1.9859
Wi 08) N p!®Wyo o+ pS Wy o = p® W, & p'® Wy £ p® Wy, = p®We, = p¥We,, =+
Samoa
OFU-04-14 107 5 -11.6 4.6 -19.2 8.1 -6.2 8.9 135 7.7 12.8 5.4 -4.5 8.6 42 59
repl. 4 -11.8 9.0 —-149 43 -1.9 5.6 7.7 13.7 9.9 29 -103 14.2 1.3 3.8
OFU-05-18 207 6 -12.1 3.0 -18.1 4.6 -7.1 6.0 11.8 5.9 12.1 3.0 -3.0 72 4.7 3.9
repl. 6 -13.5 5.1 -10.1 8.8 0.9 9.6 -0.4 6.9 6.5 55 -152 8.0 -0.9 6.0
repl. 6 —13.5 5.1 —12.7 1.8 -1.7 42 3.5 3.8 8.3 1.4 -113 5.6 0.9 2.9
ALIA 115-18 253 5 1.1 2.7 -114 3.7 -1.0 5.4 16.6 5.4 7.6 2.4 2.8 6.8 0.6 3.5
AVON3-70-9 262 6 =32 4.1 -12.8 29 =25 4.9 14.1 3.0 8.5 2.0 0.5 5.1 1.6 32
AVON3-73-1 347 6 -0.5 5.4 -93 3.9 0.2 5.6 11.9 2.1 6.2 2.6 -0.4 4.7 -0.2 3.7
T33 152 6 -1.9 4.7 -7.0 2.9 4.9 4.7 72 1.8 4.6 2.0 -9.1 44 -33 32
Hawaii
BHVO-2 126 4 -7.1 9.1 -11.3 6.8 1.2 7.7 6.8 11.3 7.5 45 -104 120 —0.8 5.1
repl. 5 5.6 4.1 -11.9 3.1 0.6 4.8 7.9 8.1 8.6 1.9 -93 9.0 0.3 3.1
KK16-1 79 5 -17.2 6.1 -11.8 5.7 2.0 6.7 -13 4.9 7.8 38 208 6.2 -1.4 4.5
KK 25-4 90 5 —13.1 6.7 -126 7.0 0.9 7.9 4.1 8.0 8.4 47 —148 8.9 —-0.6 5.3
Kilauea 1712b 78 6 -52 1.4 —16.1 1.6 -2.2 3.9 16.2 2.1 10.7 1.1 -34 43 1.5 2.6

Note. Data are normalized to either 'SW/!%W = 0.92767 or '$6W/!83W = 1.9859. p!&W,,_is the measured isotopic deviation of a sample, in parts per million,
from an Alfa Aesar solution standard, batch no. 22312, which has an indistinguishable W isotopic composition from the NIST3163 standard (Kruijer et al., 2012).
pi8W, is corrected for an analytical effect that selectively depletes '®*W. This correction is based on an empirical relationship between the amount of W processed,
and the magnitude of the effect defined by samples and geological reference materials reported in Table 1. Uncertainties associated with corrections for this analytical
effect were propagated and reported along with p'$*W  values. The uncertainties are 95% confidence limits of the mean, and were calculated using the equation
(s.d. X 10.95, N=1)/4/N.
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Figure 4. Tungsten isotopic compositions of Hawaiian (black) and Samoan (red) ocean island basalts measured in this study.
The W g/ corr. Values are corrected for an analytical effect that only affects isotope ratios that involve '**W. Data do not
appear to plot along the expected correlation for s-process nucleosynthetic variations (d), indicating that variations in '2W
are purely radiogenic in origin. The s-process line is from Burkhardt and Schonbéchler (2015). Slopes and intercepts for

the “analytical '3W deficit” lines were determined from geological reference materials and a doped mid-ocean ridge basalt

sample. The radiogenic line in a plot of p'8W g, versus p'W . . has a slope of 1.

consistent with prior observations that the analytical '83W effect is larger in MC-ICP-MS than in TIMS studies.
Similar to W data for GRMs, %W (6/4) deficits in OIB also manifest as apparent excesses in p'$W (6/3) and
p!34W (6/3) values, with ranges of +16.6 to —1.3 and + 12.8 to 4.6, respectively (Figure 4). An important differ-
ence from prior studies is that in spite of the p'8W variations, no correlated p'$?W-p!83W variations are observed
for the OIB data of this study (Figure 4d).

3.2. Molybdenum Isotopic Systematics

The Mo isotopic compositions of Hawaiian OIB are reported as eéXMo and A**Mo values in Table 3. A sample's
A%Mo is defined as its ppm deviation from an s-process mixing line passing through the origin (A*Mo = (¢*°M
0—0.596 x £°*Mo) x 100), and this value has been used to estimate the relative contributions of non-carbonaceous
(NC) and carbonaceous (CC) materials to the BSE's Mo isotopic composition (Budde et al., 2019). The e*Mo and
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4.1. Correction of Analytically Induced '®3W Deficits (i.e., “the 183W
Effect”)

A persistent issue for high-precision W isotope measurements is the analyt-
ical 83W effect, which selectively depletes W during separation and
purification of W (e.g., Archer et al., 2019; Budde et al., 2022; Cook &
Schonbichler, 2016; Kruijer et al., 2012; Takamasa et al., 2020; Willbold
et al., 2011). Prior studies proposed that analytical '3W deficits are the
result of a nuclear field shift effect (Cook & Schonbichler, 2016), but Budde
et al. (2022) showed that this is unlikely to be the cause. Instead, Budde
et al. (2022) proposed that '3*W deficits may be the result of a magnetic
isotope effect. Although the exact cause of the '33W effect is still a matter of debate and beyond the scope
of this study, the observation that its magnitude is predominantly a function of the amount of W processed
through the chemical separation procedure (Budde et al., 2022) allows for the accurate correction of analytically
induced '83W deficits when observed. As the parameters of such regressions are specific to a certain analytical
protocol (and possibly even operator), here we use a regression of terrestrial GRMs (JG-1, JR-1, JA-2, and JB-2)
and mid-ocean ridge basalt (MORB sample PS66-261) doped with variable amounts of the Alfa Aesar W solution
standard based on our own data. For more details about analytical '3*W deficits and their causes, we refer the
reader to Budde et al. (2022).

The slope of linear regression of the natural log of the W abundance, In(W), versus p'3*W (6/4) for the terrestrial
GRMs and the doped MORB samples is 2.92 + 0.45 with an intercept of —26.6 + 3.0 (Figure 3). For p!$?W
(6/3), this regression yields a slope of —4.88 + 0.47 and intercept of 40.8 + 3.2 (Figure 3). Using these regression
parameters and the known amounts of W processed for each OIB, the analytical '*W effect was subtracted from
the measured values of OIB. After this correction, 12 out of 14 OIB u'**W values are within uncertainty of the
terrestrial standards (u'®W = 0), and p'3?W (6/3)-u'3?W (6/4) values plot along a 1:1 line (Figure 4). One meas-
urement of OFU-05-18 plots slightly off this line and has a slightly negative p'33W; however, subsequent replicate
measurements of OFU-05-18 did not reproduce this apparent anomaly, and thus this offset likely represents an
inaccurate correction of the '*W deficit for this particular sample during the initial stages of data acquisition.
Note that since the analytical artifact only depletes '83W, and leaves the other W isotopes effectively unchanged,
no corrections are necessary for p!82W (6/4). This is consistent with the observation that the terrestrial GRMs
and doped MORB are all characterized by measured p'32W (6/4) ~ 0 (Table 1, Figure 2). Consequently, the 1:1

Table 3
Molybdenum Isotopic Compositions of Ocean Island Basalts

N ¢”Mo =+ €*Mo =+ €"Mo =+ ¢"™Mo =+ ¢Mo =+ A®Mo =+

Hawaii
KK 16-1 23 004 009 001 005 005 003 0.03 0.03 -0.01 0.03 4.4 4.2
KK 25-4 15 012 0.11 005 007 0.09 0.06 0.05 005 -0.02 0.07 6.0 7.3

Kilauea 1712b 24 0.08 0.11 001 0.06 0.10 0.04 005 0.03 -006 0.07 9.4 5.4

Note. Data are reported as eXMo values and are normalized to *Mo/?*Mo = 1.453173 (Lu & Masuda, 1994). The uncertainties
are the 95% confidence interval of the mean and were calculated using the equation (s.d. X #0.95, N—1)/ \/ N.
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4.2. Comparison to Previous Studies

...................... i The new W isotope data of this study confirm earlier results that OIB from
Hawaii and Samoa are characterized by variable p'8?W deficits. For particu-
lar samples measured both in Mundl et al. (2017) and in this study, p'$?W
(6/4) values are within uncertainty of each other (Figure 5), although two of
the five samples also analyzed by Mundl et al. (2017) plot off a 1:1 line. The
results of this study also confirm that '¥?W deficits in some Hawaiian and

Samoan are correlated with *He/*He (Figure 6), as reported in prior studies

-30.0

Figure 6. 11'W . values versus *He/*He for Hawaiian and Samoan samples

20 25 30 35 40 (e.g., Mundl et al., 2017). Linear regression of the data from Samoa and
3He/*He (R/IR,)

Hawaii reported here yields a single trend in He/*He versus p'8W (6/4) with
a somewhat improved fit (MSWD = 1.0) compared to the previously reported

from this study and Mundl et al. (2017). Linear regression and error envelopes  data set (MSWD = 4.3; Mundl et al., 2017).
were calculated using ISOPLOT (Ludwig, 2001), instead of IsoplotR

(Vermeesch, 2018), as the latter does not calculate nor display error envelopes.

In contrast to prior studies (Mundl et al., 2017; Rizo et al., 2019), however, we

Linear regressions of the data calculated using ISOPLOT and IsoplotR have do not observe correlated p'®*W(6/4)-u'**W(6/4) variations among the OIB,
slopes and intercepts that are in good agreement. The error envelope for regardless of whether they are corrected for the '33W effect or not (compare
samples from this study is bounded by black dotted lines and shaded red. The  Figure 1 and Figures 4c and 4d). It is important to note that any covariation

error envelope for the data from Mundl et al. (2017) is unshaded and bounded of p 182\ (6/4) and plgj;W (6/4) cannot be due to the analytical I83W effect

by orange dotted lines.

described above, which leaves p'82W (6/4) unaffected. As such, the most

likely explanation is that the p'82W (6/4)-u'83W (6/4) covariations present in
prior datasets for OIB result from residual isotopic correlations during the TIMS measurements. Such correla-
tions have been previously identified in high-precision isotope ratio datasets of several elements (e.g., Ru, W, Nd)
measured by TIMS. These have been attributed to uncorrected variations in the evolving O isotopic composition
of oxides during measurements (Bermingham et al., 2016), small changes in the sensitivity of faraday cup detec-
tors due to continual degradation over months-long periods (Archer et al., 2017), or changing mass fractionation
behavior due to evaporation of multiple domains on a filament (Andreasen & Sharma, 2009).

Despite the variable '82W deficits, all samples reported in this study are characterized by p'3*W =~ 0 after correc-
tion for the '83W effect and no systematic variation of p'3?W with p'83W variation is observed (Figure 4d). Thus,
in contrast to the data shown in Figure 1, we can rule out a nucleosynthetic origin for the '32W isotope anomalies
in OIB, which could not firmly be excluded in prior studies due to the observed correlated p'8?W-p'83W covaria-
tions (Mundl et al., 2017; Rizo et al., 2019). We also confirm that these anomalies are radiogenic.

4.3. Origin of '2W Deficits in Ocean Island Basalts

A radiogenic origin of the '82W deficits in OIB implies that their mantle source either had a low Hf/W ratio
(relative to the BSE) established during the lifetime of '82Hf (i.e., within the first ~60 Ma of Solar System
history), or alternatively, the mantle source acquired '®?W deficits due to interaction with another source charac-
terized by p'8?W < 0. Prior studies have proposed that low Hf/W mantle reservoirs could have been formed by
early differentiation events within the mantle (Mundl et al., 2017), but a lack of '4>Nd anomalies in OIB (Horan
et al., 2018), which would be expected for a reservoir that underwent early silicate liquid-crystal fractionation,
makes this scenario unlikely. Hence, interaction with a source characterized by strong '?W deficits (i.e., p'3?W
of ca. =200 or lower) is a more likely cause for '®2W anomalies present in OIB. Candidate sources include
the core (Mundl-Petermeier et al., 2020; Rizo et al., 2019), which has an estimated p'#?W of ca. —220 (Kleine
et al., 2004), and late-accreted material, which was added during the final ~0.5% of Earth's accretion and had
an on average chondritic p'8W of —190 (Kleine et al., 2004). How late-accreted materials have been distributed
throughout the mantle over Earth's history is debated, but there is evidence that certain mantle sources lacked a
“normal” (i.e., modern BSE-like) number of late-accreted materials (e.g., Archer et al., 2019; Dale et al., 2017,
Puchtel et al., 2018; Willbold et al., 2011), while others were instead enriched in late-accreted materials (e.g.,
Puchtel et al., 2020). Consistent with this, Tolstikhin and Hofmann (2005) and Tolstikhin et al. (2006) proposed
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that the base of the mantle may contain subducted Hadean crust that was loaded with a terrestrial regolith contain-
ing late-accreted materials with an on average chondritic composition. The terrestrial regolith containing metallic
iron would have increased the density of the early formed crust, with a basalt/regolith ratio of 4:1, causing it
to sink to the base of the mantle following subduction and stabilize to form the D” layer. Thus, an alternative
possibility to core-mantle interaction is that the '2W deficits in OIB reflect an overabundance of late-accreted
materials in their mantle sources.

One lingering issue for explaining %W anomalies by core-mantle interaction or an overabundance of late-accreted
material is the lack of evidence for HSE enrichment in the mantle sources of OIB. For instance, the addition of
only ~0.2 wt.% of outer core metal to ambient mantle would produce a hybrid mantle with a p'3>W value of —18,
but would also more than double its HSE content (Mundl et al., 2017). Simple mass balance reveals that addition
of ~0.9 wt.% of late-accreted materials to a reservoir with ambient mantle W characteristics would also produce
a p'32W value of —18 and HSE enrichment similar to the effect of direct addition of ~0.2 wt. % of outer core
material. To explain the HSE characteristics of OIB, some prior authors have argued that core-mantle interaction
may have imposed core-derived W isotope signatures without significant HSE transfer by either exsolution of
Si-Mg-Fe oxides from the core (Rizo et al., 2019), or W isotopic equilibration between a (partially) molten lower
mantle layer and the core (Mundl-Petermeier et al., 2020; Rizo et al., 2019). However, first establishing whether
or not OIB mantle sources are sufficiently enriched in HSE to be consistent with direct addition of core material
or an overabundance of late accreted material is problematic, as the HSE contents of OIB mantle sources char-
acterized by '82W deficits are still poorly constrained. For example, because of the compatible behavior of HSE
under partial melting conditions of OIB formation, only parental melt HSE abundances, rather than mantle source
HSE abundances, have been accurately determined for Hawaiian OIB (e.g., Ireland et al., 2009). These parental
melt HSE abundances cannot be directly related to mantle source HSE abundances because of the compatible
to mildly incompatible behavior of HSE during partial melting and fractional crystallization of OIB (Ireland
et al., 2009), and are insufficient to determine whether or not OIB mantle sources are enriched in HSE. Further,
making comparisons between HSE abundances of OIB with other mantle-derived rocks is problematic because
mantle-derived rocks with similar MgO contents have HSE abundances that vary by several orders of magnitude.
As such, it is unlikely that a ~2x increase in HSE abundances would be observable. Thus, direct addition of core
material to the base of the mantle or an overabundance of late-accreted material remain equally viable expla-
nations for '32W deficits in some OIB, and based on available data, it is difficult to distinguish between these
disparate interpretations.

An overabundance of late-accreted materials within the lower mantle could help explain the evolution of '$?W
from the Archean mantle to the modern mantle. Archean mantle-derived rocks typically have p'$?W values of
+10-15 (Archer et al., 2019 and references therein), and estimates of the HSE abundances within their mantle
sources are typically only ~30-80% of the modern upper mantle budget of HSE (e.g., Archer et al., 2019; Dale
et al., 2017; Puchtel et al., 2018). These observations can be explained by a partial lack of late-accreted mate-
rials within Archean mantle sources (e.g., Archer et al., 2019; Dale et al., 2017; Puchtel et al., 2018; Willbold
etal., 2011, 2015). Rizo et al. (2019) proposed that the entrainment of lower mantle materials with '3?W deficits
could be responsible for the observed shift in the '®?W isotopic composition of the BSE since the Archean, but
these authors preferred core-mantle interaction as the mechanism responsible for '$2W deficits. Alternatively,
if the lowermost mantle has been an important reservoir of late-accreted materials, then continual entrainment
of those materials within mantle plumes could also explain the evolution of '8?W of the BSE since the Archean.

4.4. Evidence From Combined Mo and W Isotopes of OIB

Mass-independent molybdenum isotope anomalies provide an additional tool to understand the origin of '32W
deficits in OIB. This is because, unlike the ¥W anomalies in OIB, Mo isotope variations are nucleosynthetic
in origin and, as such, reflect the genetic heritage of the material from which Earth was built. The estimated
Mo isotopic composition of the BSE is distinct from all known meteorites, which fall into either the NC or
CC meteorite groups (e.g., Budde et al., 2019). In particular, the BSE Mo isotopic composition is intermediate
between the NC and CC groups, indicating that the BSE's Mo derives from both the NC and CC reservoirs. The
process that produced the BSE's mixed NC-CC Mo isotopic composition must have happened relatively late in
Earth's accretion, as the Mo in the BSE reflects only the last 10%-20% of accretion (Dauphas, 2017). Thus, if
nucleosynthetic anomalies are present in the mantle sources of some OIB due to the preservation of some of
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Figure 7. ¢'8W (part in 10,000 deviation of '82W/!8W from a terrestrial standard) versus Mo isotopic compositions

(A%Mo = (¢”Mo — 0.596 X £**Mo) x 100) for Hawaiian ocean island basalts as well as mixing models between the

BSE and candidate late accretion endmembers. Percentages of endmembers are shown at the end of each trend. (a)
Endmember compositions include NC-like core and enstatite chondrites. (b) Endmember compositions include CM and CI
carbonaceous chondrites. Parameters for BSE are from Arevalo and McDonough (2008), Budde et al. (2019), and Greber

et al. (2015). Parameters for an NC-like core are from Budde et al. (2019), Li (2020), and Touboul et al. (2012). Molybdenum
concentrations and Mo isotopic compositions for meteorite endmembers are from Burkhardt et al. (2011), Burkhardt

et al. (2019), Spitzer et al. (2020), and references therein. Tungsten concentrations and isotopic compositions of meteorite
endmembers from Braukmiiller et al. (2018), Kleine et al. (2004), and Lee and Halliday (2000). See Text S2 in Supporting
Information S1 for parameters and details of the mixing models, including concentrations used for model calculations.

Earth's later-stage building blocks, a significant difference in the Mo isotopic compositions of OIB and the BSE
might exist. However, as shown in Figure 7, Hawaiian OIB have Mo isotopic compositions that instead overlap
with an estimate of the BSE.

This lack of resolvable Mo anomalies provides constraints on the genetic heritage of the low-u'82W component
in OIB sources and in particular on whether this component has an NC- or CC-like heritage. For instance,
for most elements investigated so far, the isotopic composition of Earth is most similar to enstatite chondrites,
which belong to the NC group (e.g., Dauphas, 2017), indicating that although Earth's building material was
likely isotopically heterogeneous, the average isotopic composition of this material is enstatite chondrite-like
(Burkhardt et al., 2021). Thus, since almost all the Mo accreted by Earth resides in its core, it is reasonable to
assume an enstatite chondrite-like Mo isotopic composition for the core. An enstatite chondrite-like isotopic
composition has also been inferred for late-accreted material (Bermingham et al., 2018; Fischer-Godde &
Kleine, 2017; Worsham & Kleine, 2021). However, some studies also argue for a CI- or CM chondrite-like herit-
age of late-accreted material (Wang & Becker, 2013) and it has been suggested that this material was isotopically
heterogeneous and unevenly distributed throughout the Earth's mantle (Fischer-Godde et al., 2020).

To assess whether the combined W and Mo isotope data for OIB are consistent with either inferred compositions
of the core or late-accreted material, we use a simple mixing model between ambient mantle and either the core or
late-accreted materials (Figure 7). The data are consistent with an NC-like isotopic composition of the low-u!'32W
component in the OIB sources, regardless of whether this component is Earth's core or late-accreted material. By
contrast, the data are inconsistent with a purely CC-like heritage of the low-u'82W component. Thus, if the 13?W
deficits of OIB reflect an overabundance of late-accreted materials in their source, then this material must have an
NC-like heritage, consistent with the most recent evidence for an NC heritage of late-accreted material (Worsham
& Kleine, 2021). As such, the lack of nucleosynthetic Mo isotope variations is consistent with both core-mantle
interaction and an overabundance of late-accreted materials at the base of the mantle as the origin of '2W deficits
in OIB, but only if these materials have an NC heritage.

5. Conclusions

This study confirms the presence of '82W deficits in some OIB from Samoa and Hawaii reported in prior studies,
and shows that there are no resolvable nucleosynthetic W or Mo isotope anomalies in these samples. As such,
these data demonstrate that the '32W deficits in OIB are purely radiogenic in origin, and that the hint of corre-
lated '"?W-183W variations among OIB observed in some prior datasets does not reflect nucleosynthetic isotope
heterogeneity. Viable explanations for the radiogenic '8W deficits include core-mantle interaction, either by
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direct addition of core material or W isotopic diffusion, and a preserved overabundance of late-accreted materials
in the source of OIB. The lack of nucleosynthetic Mo isotope anomalies in the OIB is consistent with both expla-
nations, but only if the '2W deficits are inherited from material with an NC-like isotopic composition. This in
turn is consistent with the expected isotopic composition of Earth's core as well as with the most recent evidence
for an NC heritage of the late-accreted material, but it would rule out a CC heritage of this material.
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