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Tungsten and helium isotope ratios in lavas derived from deeply rooted mantle
plumes are tracers of lower mantle compositional heterogeneity or core–mantle
exchange. We measured the tungsten isotopic compositions of lavas with exception-
ally high-3He/4He ratios that erupted above the head of the Iceland plume on
Baffin Island. These lavas have 182W/184W ratios that are indistinguishable from
the convecting upper mantle, unlike younger lavas in Iceland that have lower
182W/184W ratios. This implies that only the Iceland plume tail was infused with low-
182W/184Wmaterial, likely from the core. If high-3He/4He helium also comes from the
core, then diffusion across the core–mantle boundary may stratify plume-source
mantle domains, with elevated 3He/4He travelling farther into the lower mantle than

182W/184W anomalies. Over Earth history, tungsten diffusion from the core can explain the decline of 182W/184W in the convecting
mantle. We speculate that the uneven pace of this decline corresponds with evolving lower mantle dynamics.
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Introduction

Geochemical heterogeneities preserved in Earth since its forma-
tion place fundamental constraints on planetary accretion and
long-term evolution. Mantle plumes that sample the deepest
portions of the mantle contain isotopic evidence of ancient,
>4.5 Gyr, geochemical reservoirs that survived the mixing
caused by giant impacts during the final stages of planetary
accretion and billions of years of mantle convection (Mundl-
Petermeier et al., 2019). Two competing models have emerged
that might explain the preservation of these ancient hetero-
geneities: (1) the preservation of ancient gas-rich mantle
domains (e.g., Kurz et al., 1982) and (2) core–mantle chemical
exchange since planetary accretion (e.g., Rizo et al., 2019). To test
these hypotheses, we measured the tungsten (W) isotopic com-
position of Baffin Island lavas erupted above the Iceland mantle
plume, which contains high-3He/4He ratios that have been
uniquely well preserved since planetary formation.

The 182Hf-182W isotope system is a sensitive tracer of
core–mantle interaction. During the first ∼60 Myr of solar sys-
tem history, 182Wwas produced by the decay of the now extinct
radionuclide 182Hf (t1/2 = 8.9 Myr; Vockenhuber et al., 2004).
The upper terrestrial mantle has μ182W ≈ 0 (where μ182W=
½ð182W=184WÞsample=ð182W=184WÞstandard − 1� × 106), which is
substantially higher than the average μ182W of chondrites of
approximately −190 (Kleine et al., 2009). Because Hf is litho-
phile while W is moderately siderophile under reducing

conditions (e.g., Wade et al., 2013), core formation increased
the Hf/W of the mantle and left the metallic core with Hf/W
near zero. The superchondritic μ182W of the mantle thus most
likely reflects core formation during the lifetime of 182Hf, in
which case the core has μ182W lower than −190. Therefore,
negative μ182W values observed in some mantle plume-related
magmas may be evidence of core–mantle exchange (e.g., Rizo
et al., 2019). Alternatively, the lowermost mantle could host
ancient isotopic heterogeneities, either resulting from early sil-
icate differentiation events (e.g., Touboul et al., 2012) or intro-
duced during the late accretion of chondritic material with low
μ182W relative to the terrestrial mantle (e.g., Willbold et al., 2011).

Intriguingly, some of the lowest μ182W values have been
measured in lavas with elevated 3He/4He compared to upper
mantle values (greater than ∼8 Ra, where Ra is the atmospheric
ratio; e.g., Mundl-Petermeier et al., 2020). This suggests that
μ182W anomalies are associated with geochemical reservoirs that
retain primordial 3He trapped during planetary accretion before
nebular gases dispersed, or 3He that was accreted later from solar
wind irradiated meteoritic material (Mukhopadhyay and Parai,
2019). Traditionally, high 3He/4He has been attributed to the
preservation of primordial mantle domains, either in the entire
lower mantle (e.g., Kurz et al., 1982) or within certain regions in
the lower mantle (e.g., Rizo et al., 2016). Alternatively, high-
3He/4He helium concentrated in the core might escape and
become entrained in mantle plumes (Bouhifd et al., 2013). If
so, core–mantle exchange may explain the observation that
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high-3He/4He ratios correlate with low μ182W in some mantle
plumes (Mundl-Petermeier et al., 2019, 2020). As more data
become available, however, the correlation between W and
He isotopic compositions in modern ocean island basalts
(OIBs) seems less universal.

Lavas erupted at c. 62 Ma on Baffin Island above the
Iceland mantle plume have the highest 3He/4He of any mea-
sured terrestrial igneous rock (Horton et al., 2023) and therefore
contain an unusually pure primordial helium component. Thus,
if high 3He/4He is sourced from the core, it might reasonably be
expected that these lavas also exhibit low μ182W. In this study, we
reassess μ182W in high-3He/4He lavas from Baffin Island because
previous attempts to measure their W isotopic compositions
have produced inconsistent results (Rizo et al., 2016; Jansen et al.,
2022).

Results

We analysed glass picked from five Baffin Island pillow lavas
containing olivine phenocrysts. Tungsten concentrations
(20.9–107.0 ng g−1) correlate with other highly incompatible
and immobile elements, such as Th, but do not vary systemati-
cally with Sr, Nd, or Hf isotopic compositions (Fig. S-4).
Weighted average μ182W and μ183W are −2.7 ± 6.6 and þ2.8 ±
6.6, respectively (2 s.d., n= 5; Table 1, Fig. 1). All μ182W and
μ183W from individual samples are indistinguishable at the
2 s.e. confidence level from the Alfa Aesar and NIST SRM
3163 standards (Table S-1, Fig. S-5).

The lack of resolvable μ182W anomalies in Baffin Island
lavas agrees with the results published by Jansen et al. (2022)
and from the stratigraphically similar lavas from West
Greenland (Mundl-Petermeier et al., 2019) but differs from the

positive μ182W anomalies reported by Rizo et al. (2016).
Improvements in N-TIMS techniques, including the ability to
quantify the oxygen isotopic compositions during tungsten oxide
measurements (see Supplementary Information), give us confi-
dence that these results are more representative of the Baffin
Island mantle source than results published in Rizo et al.
(2016), which should be interpreted with caution. Also, the
absence of μ183W anomalies in data reported here alleviates con-
cerns raised by the Jansen et al. (2022) dataset about contamina-
tion and mass-independent fractionation.

The helium isotopic compositions of Baffin Island lavas are
well characterised (e.g., Horton et al., 2023; Table S-2) and have
been reported for two samples analysed in this study: olivine
crushing experiments for RB18-H3 and PING18-H2 imply mini-
mum magmatic 3He/4He ratios of 36.8 ± 2.0 and 55.1 ± 1.3 Ra,
respectively (Horton et al., 2023). Olivine separates from the
remaining three samples yielded insufficient helium for isotopic
characterisation. These samples contained smaller olivines
(<1mm) than the helium-rich samples (>3mm); we suspect that
the low helium contents of the former reflect olivine growth after
magma degassing. Nonetheless, the μ182W results reported here
are unambiguously associated with high-3He/4He lavas.

Discussion

The origins of the tungsten and helium in the Iceland plume. Our
μ182W results are unresolvable from the mantle and therefore do
not require a core component in Baffin Island lavas source. Yet,
the high-3He/4He helium and solar-like neon (Horton et al.,
2023) in these rocks and other lavas from the Iceland plume have
presumably been preserved in Earth since the late stages of plan-
etary accretion. On a global scale, rock samples from all 15 hot-
spots with anomalously low μ182W also have anomalously high
3He/4He (Mundl-Petermeier et al., 2020). This suggests a
common origin of both elements in mantle plumes, such as pri-
mordial or ancient mantle, late accreted material, or the core.

Given the high W concentrations and positive μ182W of
Archean crust, small amounts of crustal assimilation could
mask a core μ182W signature. Assimilation modelling (see
Supplementary Information) predicts correlations between
μ182W, trace elements, and long-lived radiogenic isotope ratios
that are not observed in our data. This suggests that crustal
assimilation is unlikely to have significantly influenced the
W isotopic compositions of the Baffin Island lavas. Rather,
the lack of μ182W anomalies in Baffin Island high-3He/4He
lavas indicates that helium and tungsten in plumes either
(a) derive from a common source but are decoupled in the
Iceland plume, or (b) have different origins. Either way, plumes

Table 1 Tungsten isotopic compositions of the Baffin Island
samples. μ182W and μ183W are reported as deviations from
the Alfa Aesar standard (182W/184W= 0.864888 ± 0.000006 and
183W/184W= 0.467151 ± 0.000004, 2 s.e., n= 8) and normalised to
186W/184W, denoted by subscript 6/4. 2 s.e. represents the
internal run precision of each individual analyses.

Sample μ182W6/4 2 s.e. μ183W6/4 2 s.e.

PING18-H16 −7.3 5.0 −0.6 4.5

PING18-H2 −0.6 4.2 2.2 3.5

PING18-H20 0.5 3.8 6.9 3.3

DURB18-H11 −1.7 6.0 4.3 5.1

RB18-H3 −5.3 4.8 −0.8 3.9

Figure 1 (a) μ182W and (b) μ183W for Alfa Aesar standard, NIST 3163 standard, and Baffin Island lavas.
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appear to form in ways that produce systematic He-W corre-
lations in many cases, but not universally.

The hypothesis that the high-3He/4He ratios are derived
from primordial, non-degassed mantle in the Baffin Island lavas
is inconsistent with other geochemical constraints, including our
new μ182W data. The primordial mantle likely had positive
μ182W, based on the positive μ182W compositions of the Moon
(Kruijer et al., 2012; Touboul et al., 2015) and mantle-derived
rocks in the Archean (e.g., Reimink et al., 2020, and references
therein). However, modern mantle plumes do not have positive
μ182W. Furthermore, the Baffin Island lavas have superchondritic
143Nd/144Nd and 176Hf/177Hf (Willhite et al., 2019), suggesting
they are not derived from a primordial mantle component but
a differentiated mantle reservoir. These observations, combined
with correlations between high 3He/4He and low μ182W in many
hotspots globally, imply the latter likely derive from a common
deep Earth reservoir that is not primordial mantle.

Ancient differentiatedmantle reservoirs that formedwhile
182Hf was extant are similarly difficult to reconcile with coupled
He-W isotopic compositions. Magma ocean silicate cumulates
generated in the aftermath of the Moon-forming giant impact
should be depleted in incompatible trace elements and might
host high-3He/4He helium (Coltice et al., 2011). If formed while
182Hf was extant, cumulates would presumably acquire a positive
μ182W composition because W is more incompatible than Hf in
silicate minerals (Righter and Shearer, 2003). Therefore, an
ancient depleted mantle with high 3He/4He would be expected
to have higher μ182W than primordial mantle. Furthermore, sil-
icate differentiation would have fractionated Sm from Nd,
thereby influencing the abundances of 142Nd—the product of
146Sm decay (t1/2 ≈ 100 Myr)—in the segregates. However, like
most post-Archean mantle-derived rocks, Baffin Island (de
Leeuw et al., 2017) and Iceland lavas (Murphy et al., 2010) lack
142Nd/144Nd anomalies. This indicates that the Iceland plume did
not derive from mantle differentiated during the lifetimes of
146Sm or 182Hf.

Silicate differentiation within Hadean crust might have
produced restite with low μ182W decoupled from 142Nd/144Nd
(Tusch et al., 2022). However, the formation of, and subsequent
magmatic differentiation within, Hadean crust would have
caused extensive degassing of primordial gases. If so, Hadean
crustal restites that foundered into the mantle would acquire

low 3He/4He over time. Mantle plumes incorporating such
material would acquire positively correlated 3He/4He and
μ182W, which is not observed.

Alternatively, hidden low-μ182W mantle domains—per-
haps formed during late accretion—are potential hosts of pri-
mordial 3He. The μ182W of the convecting mantle may have
decreased by ∼27 since Moon formation, based on lunar and
Eoarchean terrestrial rock compositions (e.g., Willbold et al.,
2011). About 0.5 wt. % of late accreting chondritic material with
highWand highly siderophile element (HSE) concentrations but
low μ182W might explain the decline in mantle μ182W (Willbold
et al., 2011). Mantle domains that contain an above average
amount of late accreting material have been proposed as alter-
native sources of negative μ182W (Marchi et al., 2018). However,
late accretion seems an unlikely common source of W and He
because most late accreting material is expected to have high
3He/4He and to be HSE-rich, yet high-3He/4He helium in late
accreting materials would not necessarily enter the mantle,
and HSE abundances do not correlate with μ182W or 3He/4He
in mantle plumes (e.g., Rizo et al., 2019). Although estimating
the mantle source HSE abundances from the HSE contents of
erupted magmas is difficult, to our knowledge, no clear correla-
tion between μ182W and the HSE content has been demon-
strated in spite of the wide range in μ182W seen in OIBs.

Given the above discussion, combined with W isotope evi-
dence from other mantle plumes, the negative μ182W anomalies
(as low as−12.9) in some Iceland high-3He/4He lavasmight derive
from the core (Mundl-Petermeier et al., 2019). Even though the
Baffin Island lavas do not have a μ182W anomaly outside the ana-
lytical uncertainty, the external reproducibility of these samples still
allow a small amount of bulk core material (∼1.08 %) mixed with
ambientmid-ocean ridge basalt (MORB)-like depletedmantle (see
Supplementary Information, Fig. S-6). However, bulk mixing of
this much core into the mantle is mechanically improbable and
inconsistent with the Os concentrations in Iceland and Baffin
Island lavas (Rizo et al., 2016;Mundl-Petermeier et al., 2019),which
limit the amount of bulk core contribution to <0.1 %, assuming
2.83 μg g−1 Os in the core (Day, 2013).

Importantly, 3He/4He appears decoupled from not onlyW
but also from lithophile elements, HSEs, and heavier noble gases
in the Iceland plume (e.g., Mundl-Petermeier et al., 2019). This
observation is consistent with helium diffusion into Iceland

Figure 2 Conceptualmodel of a stratified Icelandplume source region. (a)OnGyr timescales, diffusion across the CMBmay lowerμ182Wand
raise 3He/4He in the lowermost mantle on different length scales. (b) In such a scenario, there would be isotopic gradients in the lowermost
mantle from the core (μ182W=−200, 3He/4He= 120 Ra) to ambient mantle (μ182W= 0, 3He/4He= 8 Ra). Iceland and Baffin Island mantle
sources may derive from within and beyond the region impacted by W isotopic diffusion, respectively. Calculations for the isotopic compo-
sition curves are in the Supplementary Information and assume a diffusion timescale of 1 Gyr.
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mantle from—rather than bulk mixing with—a 3He-rich reser-
voir. Theoretically, He concentration gradients (Horton et al.,
2023) and W isotopic gradients (Ferrick and Korenaga, 2023)
exist across the core–mantle boundary (CMB) that could drive
diffusion into the mantle (Fig. 2). Alternatively, He and W dif-
fused into the Iceland plume source from different reservoirs,
such as ancient differentiated mantle and the core, respectively.

Helium may diffuse farther into mantle plume sources
than W. Assuming the mantle plume source is stable on Gyr
timescales (as expected for large low-shear wave velocity prov-
inces, LLSVPs; e.g., Ferrick and Korenaga, 2023), the character-
istic length scales of diffusion (

ffiffiffiffiffi

Dt
p

) for heliummight be∼40 km,
if theoretical diffusion rates for the upper mantle (Wang et al.,
2015) are extrapolated to lower mantle temperatures. ForW, this
length scale may be only 5–10 km (Ferrick and Korenaga, 2023),
suggesting that mantle domains farther from the CMB may be
characterised by He but not W isotopic anomalies. If anomalous
W and He in the Iceland plume diffused from the core, our
results imply that the plume head originated farther from the
CMB than the plume tail.

Baffin Islandmantlemay have originated from the periph-
ery of a helium-infused zone in the lowermostmantle (10–40 km
from the core), whereas low-μ182W Iceland mantle might have
resided nearer the core (Fig. 2). Negative μ182W anomalies
may only exist in the Iceland plume tail, which may have pref-
erentially entrained denser material proximal to the core–mantle
boundary (Jones et al., 2019). The plume head, fromwhich Baffin
Island lavas derived, may have instead entrained primarily por-
tions of the lowermost mantle beyond the diffusion limit of W
but still infused with 3He from the core. Thus, plume tails might
be the most efficient conveyors of material from the CMB.

This model predicts that 3He/4He is highest in lavas with
the most negative μ182W, a trend observed for all high-3He/4He
hotspots, except the Iceland plume (Jackson et al., 2020).
Maximum 3He/4He in Iceland plume lavas apparently declined
from >65 Ra at 62 Ma (Horton et al., 2023) to <26 Ra in the neo-
volcanic zones of Iceland (Harðardóttir et al., 2018). This decline
could be due to the incorporation of convecting upper mantle
into the Iceland plume—enough to explain up to a 40 %
MORB component in modern Iceland lavas—as a result of the
ridge-centred plume position (Shorttle and Maclennan, 2011).
The addition of this much material from the convecting upper
mantle would have moderated 3He/4He and μ182W, implying
that the Iceland plume itself currently exhibits μ182W closer
to −21.

Implications for planetary accretion and convecting mantle
evolution. By combining μ142Nd and μ182W constraints with our
diffusion model, an early Earth chronology emerges. Some
Eoarchean rocks have 142Nd anomalies (e.g., Caro et al., 2003)
produced by igneous differentiation that fractionated Sm and
Nd prior to 4 Ga. Such differentiation could be expected to also
fractionateHf fromW, so any differentiation that occurred before
182Hf became extinct would have produced μ182W anomalies that
would correlate with μ142Nd variations (Touboul et al., 2012).
However, correlations between μ142Nd and μ182W are rarely
observed. Instead, these observations seem consistent with:
(i) a Moon-forming impact after 182Hf was extinct (∼4.5 Ga) that
homogenised the silicate portions of the Earth–Moon system,
(ii) generation of 142Nd/144Nd anomalies in the mantle by differ-
entiation events that post-dated the Moon-forming impact that
were subsequently erased by mixing after the extinction of 146Sm
around 4 Ga, and (iii) μ182W decline in the mantle until present
caused by CMB diffusion.

The inferred mantle μ182W decline since the Hadean
requires that the average residence time (τ) of material diffused

from the core at the CMB was ≤30 Myr (Fig. 3a). Due to the
higher temperatures in early Earth, early mantle convection
may have been rapid. Fast convection would also have efficiently
homogenised the mantle and, hence, efficient W isotopic
transfer across the CMB (Hadean rapid convection path,
Fig. 3b). However, μ142Nd and positive μ182W heterogeneities
throughout the mantle persisted at least until the end of the
Archean, and potentially even for longer (Slowing mantle
convection path, Fig. 3b). Perhaps the μ182W of the mantle
rapidly decreased during the late Archean to early Proterozoic,
coinciding with development of continents and therefore a
liminal stage of mantle dynamics. Alternatively, CMB cover by
long-term stable structures may have increased in the late
Archean (i.e. increasing ξ), inhibiting transfer of core-derived
W to the convecting mantle. Either way, this transition suggests
a link between continent formation and lower mantle dynamics
during the initiation of modern plate tectonics.

Figure 3 (a)Modernmantle μ182Wmay be a function of theman-
tle residence time, τ, at the CMB and the percentage of the core
surface area, ξ, insulated by long-term stable structures. We
assume that (i) the early mantle had μ182W of the Moon (þ27);
(ii) basal mantle acquired core-like μ182W corresponding to the
characteristic length scale of diffusion (

ffiffiffiffiffiffi

Dτ
p Þ, where D is the diffu-

sivity (D= 4.62 × 10−10 m2 s−1; Ferrick and Korenaga, 2023); and (iii)
core-infusedmantle parcelsmixed efficiently into the bulkmantle.
Diffusion can explain a μ182W decline to zero if τ is short (<30Myr)
and the CMB is <20 % insulated. (b) A compilation of μ182W data
(Reimink et al., 2020; Nakanishi et al., 2023) and three potential
mantle μ182W trajectories: (i) constant τ= 35 Myr; (ii) fast
Hadean decline (τ= 0.1 Myr) corresponding to rapid Hadean con-
vection followed by slower decline (τ= 200Myr); and (iii) fast early
Paleoproterozoic decline (τ= 0.4 Myr) due to a change in the style
of plate tectonics.
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1. Analytical Methods 
 
Glassy pillow rinds were cut from samples using a diamond-bit rock saw. Sawn surfaces were sanded away 

using silica-carbide-grit paper to remove any metal contamination from the saw. Samples were then crushed 

using metal-free tools (rubber mallets, ceramic mortar and pestle) to avoid metal contamination. Under a 

binocular microscope, 11.54–12.36 g of clean glass chips were picked by hand to avoid palagonite. Samples 

were then dissolved in new, clean, Savillex Teflon beakers using a mixture of ultrapure (pg g−1-level) 

concentrated HF-HNO3 reagents, followed by repeated dry downs and redissolutions in concentrated HNO3. 

Finally, samples were dried down and dissolved in 6 M HCl. 

A ~5 % mass aliquot was separated from the samples in 6 M HCl solution to analyse W concentrations 

via isotope dilution. Sample aliquots (~0.5 g total) were spiked with a 186W tracer, dried down, and re-
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dissolved to achieve sample-spike equilibrium. Tungsten was isolated using ion chromatography as described 

in Nagai and Yokoyama (2014). Tungsten concentration measurements were performed using the 

ThermoFisher Neptune multicollector ICP-MS at the Department of Earth Sciences of Carleton University 

(Ottawa, Canada). 

For high-precision isotope ratio analyses, W was separated from the remaining non-spiked 95 % 

aliquots using three column steps. The first column, filled with 20 mL of AG50W-X8 (200–400 mesh) resin, 

separated W and other high field strength elements (HFSE) from the rock matrix in a procedure similar to that 

described in Touboul and Walker (2012). The second column, filled with 10 mL of AG1-X8 (200–400 mesh) 

resin, separated W from other HFSEs, as well as any remaining Ti and Al, as described in Breton and Quitté 

(2014). Finally, the samples passed through a third clean-up column with 0.3 mL AG1-X8 (200–400 mesh) to 

remove any remaining Ti, which can hinder W ionisation efficiency (Touboul and Walker, 2012). Purified W 

solutions were redissolved with a drop of concentrated HNO3-HCl-H2O2 several times in open Savillex 

beakers at 150 °C before being redissolved in 0.5 N HCl – 0.5 N HF and loaded onto single degassed zone-

refined rhenium filaments. Tungsten blanks were <4 ng and yields were greater than ~50 %. 

Tungsten isotopes were measured as WO3− anions on the ThermoFisher Triton thermal ionisation mass 

spectrometer (TIMS) at the Department of Earth Sciences of Carleton University (Ottawa, Canada). Loaded 

W amounts were 346–1323 ng for the unknowns. Tungsten oxides were produced and ionised using a La-Gd 

activator solution and O2 bled into the TIMS source at a source pressure of approximately 1.15 × 10−7 mbar. 

Tungsten isotopes were measured using a protocol similar to the one described in Archer et al. (2017), in 

which dominant oxides (e.g., W16O3−) were measured on Faraday cups connected to 1011 Ω amplifiers. Trace 

oxides, such as 186W16O218O−, were measured with Faraday cups coupled to 1012 Ω amplifiers. Measurements 

were performed using a multistatic method with three steps, during which 184WO3, 185ReO3 and 186WO3 were 

sequentially measured with the axial detector. Step 1 had an integration time of 33 s and an idle time of 12 s 

to allow for low-noise measurements of 186W16O218O− and 187Re16O218O− using a 1012 Ω amplifier. Acquisition 
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cycles 2 and 3 did not measure the trace oxides and therefore had a collection time of 8 s and an idle time of 

4 s. Individual W isotope analyses contain 173–640 cycles (averaging 400 cycles per analysis), divided into 

20-cycle blocks. Throughout the analytical session, 1200 s baselines were obtained every 7 blocks. Peak 

centring and lens focusing were repeated every 3 blocks to minimise drift. Steps 1 and 2 were averaged to 

calculate mean 182W/184W and 183W/184W ratios. All W isotopic ratios have been corrected for instrumental 

fractionation using the 186W/184W ratio of 0.92767 (Völkening et al., 1991) and O isotopic compositional 

relations from Archer et al. (2017). Results are reported in μ-notation relative to the Alfa Aesar W reference 

material. The weighted mean isotopic composition of 500 ng and 1000 ng aliquots the Alfa Aesar reference 

material was 182W/184W = 0.864888 ± 0.000006 (2 s.e., n = 8) and 183W/184W = 0.467151 ± 0.000004 (2 s.e., 

n = 8). 

To assess measurement accuracy and repeatability, 500 ng aliquots of the National Institute of 

Standards and Technology (NIST) W isotope standard solution 3163 was repeatedly measured throughout the 

analytical session. Normalised to the Alfa Aesar reference material, NIST 3163 yielded μ182W = +2.0 ± 5.8 (2 

s.d., n = 4) and μ183W = −0.6 ± 7.7 (2 s.d., n = 4), which agree with literature values (Kruijer et al., 2012).  

 
 

2. Methodology Developments 
 
Rizo et al. (2016) reported μ182W excesses ranging from +10 to +48 in Baffin Island lavas. This section 

discusses the acquisition methodology of Touboul and Walker (2012) and speculates about causes for the 

discrepancy between the results of Rizo et al. (2016) and this study. 

Rizo et al. (2016) utilised the W isotope measurement techniques outlined in Touboul and Walker 

(2012), which involve N-TIMS analyses of WO3− species using Faraday collectors equipped with 1011 Ω 

amplifiers. The measured W isotopic ratios were corrected for instrumental mass fractionation using the 

186W/184W ratio. The fractionation-corrected 182W/184W and 183W/184W exhibit residual positive correlations 

that were attributed to mass-dependent fractionation of oxygen isotopes (Touboul and Walker, 2012). To 
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determine the 182W/184W ratio, a second-order correction was necessary using an assumed natural 183W/184W 

ratio of 0.467151 (Fig. S-1). 

 

 

 

Figure S-1 Explanatory diagram of 182W/184W and 183W/184W illustrating how 182W/184W ratios were 

determined in Rizo et al. (2016). Correlated 182W/184W and 183W/184W ratios of W standards were obtained 

after instrumental mass fractionation using the 186W/184W ratio. The final 182W/184W was obtained by assuming 

a natural 183W/184W ratio of 0.467151. 

 

 

N-TIMS methodology for W isotope ratio determinations improved when Archer et al. (2017) 

developed a procedure for measuring the oxygen isotopic composition of WO3− molecules. This involved 

equipping two Faraday detectors with 1012 Ω amplifiers, which enabled measurements of low abundance W 

oxides (e.g., 186W16O218O ion beams are typically ~5 mV). By measuring, for example, 186W16O3 and 

186W16O218O molecules, precise measurements of oxygen isotopic compositions can be obtained (Fig. S-2). 

This permits a correction for oxygen isotopic fractionation during the analysis and thereby eliminates the need 



 
 
	

Geochem. Persp. Let. (2023) 28, 7–12 | https://doi.org/10.7185/geochemlet.2337  SI-5 

	

for a second-order W isotopic correction. As a result, direct measurement of 183W/184W became possible with 

a similar level of precision as 182W/184W. 

 

 

 

Figure S-2 Oxygen isotopic compositions change during individual analyses. (Top) The oxygen isotopic 

evolution during measurements of a standard using standard 1011 Ω amplifiers. (Bottom) The same as above 

but with 1012 Ω amplifiers, which amplify the signal/noise ratio by a factor of 3. 

 

 

The 182W excesses reported by Rizo et al. (2016) have been attributed to nuclear field shift effects (e.g., 

Kruijer and Kleine, 2018). However, analysis of Baffin Island lavas with improved N-TIMS methods indicates 

that these rocks lack 183W/184W anomalies, which is inconsistent with nuclear field shifts. Evidence of nuclear 
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field shifts has not emerged from the growing dataset produced using the same N-TIMS methodology (Archer 

et al., 2017; Mundl et al., 2017; Rizo et al., 2019; Mundl-Petermeier et al., 2020; Nakanishi et al., 2023). 

The source of 182W excesses reported by Rizo et al. (2016) remains uncertain. Contamination from a 

186W spike may have produced high 182W/184W ratios. Reducing Rizo et al. (2016) data for sample Pd-2 using 

183W/184W for fractionation correction instead of 186W/184W yields a µ182W of −14 and a µ186W of +146, which 

may be consistent with spike contamination. Mixing as little as 7 pg of W from the 186W spike into that sample 

could have produced the high µ186W value. Alternatively, an atypical oxygen isotopic composition during the 

analysis may have caused artificially high 182W/184W measurements. Assuming sample Pd-2 had µ182W ≈ 0, 

the δ18O of the sample would have been 20–27 ‰ lighter than the Nier values of the standards. If so, inaccurate 

oxygen isotopic corrections can explain the µ182W excesses. In any case, the improved N-TIMS methodology 

employed in this study overcomes previous limitations and more accurately constrains Baffin Island lava 

µ182W. 

 

3. Crustal Contamination 
 
Continental crust assimilation may affect the μ182W compositions of lavas. Tungsten is incompatible during 

mantle melting and is therefore enriched in continental crust relative to the mantle. Thus, assimilated 

continental crust could dominate the W budget of a mafic magma and overprint intrinsic μ182W anomalies. 

This is especially true for Archean crust with positive μ182W anomalies that might mask any core-derived 

μ182W signature (Reimink et al., 2020, and references therein). In this case, the observation of negative μ182W 

in Iceland but not Baffin Island lavas might reflect the masking of a negative μ182W plume component by 

assimilated crust in the Baffin Island only. 

The Baffin Island lavas erupted through the southeastern margin of the Rae Craton (St-Onge et al., 

2009, 2020). Variability in radiogenic isotopes (Sr, Nd and Pb) and trace element ratios (Nb/Th, Ce/Pb) 

implies the Baffin Island lavas and conjugate western Greenland lavas assimilated variable amounts of 
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continental crust (Larsen and Pedersen, 2009; Willhite et al., 2019). Willhite et al. (2019) showed that the 

Baffin Island lavas with the most radiogenic 143Nd/144Nd and least radiogenic 87Sr/86Sr ratios in the Baffin 

Island lava suite did not experience significant assimilation of crustal material. Using a range of crustal 

compositions, they were unable to simultaneously replicate the whole rock radiogenic isotope compositions 

and trace element ratios in two component mixing between crustal compositions and the primitive magmas 

erupting in the modern Iceland plume. Their work provides useful geochemical context for placing bounds on 

the extent of crustal contamination in the Baffin Island lavas analysed for W isotopes. 

Whereas most radiogenic 143Nd/144Nd and least radiogenic 87Sr/86Sr ratios measured in the Baffin 

Island lavas may approximate the composition of the primary magmas (87Sr/86Sr = 0.702995 and 143Nd/144Nd 

= 0.513174: Willhite et al., 2019), their Nd and Sr concentrations—dependent on the extent of melting and 

fractional crystallisation—are uncertain. We assume a lower limit ([Sr] = 7.664 μg g−1 and [Nd] = 0.581 

μg g−1; Workman and Hart, 2005) equal to depleted MORB mantle (DMM) and an upper limit equal to the 

least-contaminated Baffin Island lavas ([Sr] = 48.9 μg g−1 and [Nd] = 2.42 μg g−1; Willhite et al., 2019). We 

further assume that the assimilated crust had a composition similar to Precambrian shales in western Greenland 

(sample 113450, [Sr] = 192.81 μg g−1, [Nd] = 47.931 μg g−1, 87Sr/86Sr = 0.721081, and 143Nd/144Nd = 

0.5111164; Larsen and Pedersen, 2009). Based on our lower and upper limits for primary magma [Nd] and 

[Sr], 143Nd/144Nd and 87Sr/86Sr variability in our dataset can be explained by ≤0.2 % or ≤1 % crustal 

assimilation, respectively. 

The sensitivity of magmas to μ182W overprinting depends on the composition of the primary magmas, 

as well as the crust. A μ182W anomaly of the same magnitude as those measured in Iceland (−12.6; Mundl-

Petermeier et al., 2019) can be fully overprinted by the assimilation of 6 % crust with μ182W = 0 or 0.65 % 

Archean crust with μ182W = +20, assuming that the assimilated crust has W concentrations equal to average 

upper continental crust (1.9 μg g−1; Rudnick and Gao, 2003). If the Sr and Nd isotope systematics only allow 

for at most 0.2 % crustal assimilation, then even Archean crust cannot overprint a μ182W anomaly of −12.6. 
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However, 1 % Archean crust assimilation could entirely mask this μ182W composition. Better constraints for 

Baffin Island basement are necessary to further constrain the potential overprinting effects. Therefore, we 

cannot rule out the possibility that the Baffin Island mantle source contains negative μ182W anomalies that 

were overprinted during crustal assimilation. 

Nonetheless, the lack of correlation among elemental and isotopic ratios in Baffin Island lavas implies 

that W isotopic overprinting in our samples is unlikely. Willhite et al. (2019) proposed a series of filters for 

crustal assimilation in Baffin Island lavas. They propose that samples with >10 wt.% MgO, Nb/Th > 13 and 

Ce/Pb > 20 have minimal crustal contamination. Only one of our samples fit into the least-contaminated 

sample set, based on these criteria (RB18-H3); the rest pass at least one of the three filters. If μ182W is a 

function of crustal assimilation, we would expect to see correlation between μ182W and other assimilation 

tracers (e.g., MgO, Ce/Pb, Nb/Th, or 87Sr/86Sr and 143Nd/144Nd ratios) because our samples contain evidence 

for variable degrees of crustal assimilation. Importantly, within our sample set there is no correlation between 

μ182W and crustal assimilation tracers such as MgO, Ce/Pb, Nb/Th, or 87Sr/86Sr and 143Nd/144Nd ratios. Thus, 

although it is possible the μ182W we report for Baffin Island lavas is the result of crustal assimilation, it would 

require the basement rocks to have a positive μ182W anomaly or much more crustal assimilation (~6 %) than 

the radiogenic isotopes and trace element ratios permit. More likely, the μ182W reported here is representative 

of the mantle plume. 

 
 

4. Calculating Diffusion in the Long-term Stable Mantle Plume Source 
 
Isotopic diffusion across the CMB is a function of the isotopic compositions of the core (cc) and mantle (cm), 

time (t), and diffusivity (D). Isotopic diffusion can be approximated using Fick’s second law as !"
!#
= 𝐷 !!"

!$!
, 

where x is the distance from the core. Under the assumption that the core and mantle are infinite isotopic 

reservoirs, a one-dimensional concentration gradient across the core-mantle boundary can be calculated from 
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the general solution of Fick’s second law as 𝑐(𝑥, 𝑡) = 𝑐% − (𝑐% − 𝑐&)erf -
$

'√)#
.. The error function (erf[z]) is 

calculated by erf(𝑧) = '
√*
∫ 𝑒+#!𝑑𝑡,
- . Fick’s second law predicts the diffusion gradient changes with time. 

Therefore, we use a constant time (1 Gyr) to calculate c(x, 1 Gyr) for x along the length of stable structures at 

the CMB, where c(c, W) = −200 (e.g., Rizo et al., 2019), c(m, W) = 0, c(c, He) = 120 Ra (e.g., Atreya et al., 2003), 

c(m, He) = 8 Ra (e.g., Moreira and Kurz, 2013). The diffusivities of W and He are poorly constrained. Under the 

assumption that diffusivities are not pressure dependent, DW and DHe were extrapolated from experimentally 

determined diffusivities at standard temperature and pressure (DW = 4.62 × 10−10 m2 s−1 and DHe = 10−10 m2 

s−1; Hart et al., 2008; Yoshino et al., 2020; Ferrick and Korenaga, 2023) using the Arrhenius equation 𝐷 =

𝐷-𝑒+."/01, where D0 is the diffusivity, EA is the activation energy, T is the temperature at the core-mantle 

boundary (4000 K), and R is the gas constant. Tungsten volume diffusion is expected to negligible (e.g., 

Yoshino et al., 2020), so we consider DW,0 as solely grain boundary diffusion calculated using the assumptions 

in Ferrick and Korenaga (2023). Helium volume diffusion in olivine is relatively slow and offers a good lower 

bound for the diffusivity of He, which we use for DHe,0 after Hart et al. (2008). Nevertheless, this exercise 

demonstrates that He and W might be mobile over large enough regions in the lowermost mantle to influence 

plumes that originate near the CMB, and that He and W might be kinetically fractionated. This model suggests 

that core-like 3He/4He can be transported farther from the CMB than negative μ182W anomalies, but the 

diffusion limits for He and W are so uncertain that we plot distance from the CMB as unitless in Figure 2. 

 
 

5. Diffusion Calculations in the Convecting Mantle 
 
The diffusion of W from the core into the mantle might explain the inferred μ182W decline of ~27 in the 

convecting mantle. Mantle μ182W evolution is dependent on the timescales of convecting mantle residence on 

the CMB (residence time, τ) and the percentage of the CMB that is insulated by long-term stable structures 

(ξ). We envisage a scenario in which conveyor belts of convecting mantle are in contact with the core, except 
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where stable structures exist, and that the isotopic anomalies acquired via diffusion from the core are 

efficiently mixed into the rest of the convecting mantle (i.e., the entire mantle minus the long-term structures 

at the CMB). We first calculate how many unique parcels of convecting mantle were exposed to the core by 

dividing the duration of mantle convection (assumed to be 4.5 Gyr) by τ. For example, if τ = 100, there have 

been 45 unique parcels of mantle on the CMB. Next, we calculate the volume of the convecting mantle into 

which core-like μ182W diffused. To do this, we multiply the CMB area exposed to the convecting mantle (the 

surface area of the core × ξ) by the characteristic diffusion length scale (√𝐷τ where D is diffusivity). We 

assume that (a) this volume acquired core-like μ182W during its residence at the CMB (e.g., Ferrick and 

Korenaga, 2023) and (b) it mixes efficiently into the convecting mantle. After each unique parcel cycle, we 

calculate the average convecting mantle μ182W. 

Convection rates in the ancient mantle are a major source of uncertainty for this model. Giant impacts, 

the rise of modern plate tectonics, and secular cooling of the mantle likely influenced convection rates. 

Therefore, we calculated different paths through mantle μ182W-time space with varying mantle convection 

rates. A first-order question is what τ can fully explain the ~27 decrease in average mantle μ182W. We modelled 

a constant decrease in average mantle μ182W using τ = 35 Myr in the dashed line (Fig. 3b). Such a quick refresh 

rate can explain the mantle decrease through time; however, this does not fit the published Archean data well. 

Ferrick and Korenaga (2023) assumed that τ ≈ 100 Myr in the modern Earth, but poor constraints exist for this 

value. We also modelled two other end-member cases, one where there is a steep decrease in a rapidly 

convecting mantle early in Earth history (τ = 0.1 Myr) in a whole mantle magma ocean scenario. Then a 

constant τ = 200 Myr. τ is expected to increase as the mantle cools. Gradual cooling might lead to a gradual 

increase in τ, which fits the lower bound of published Archean data well. Finally, there is evidence for a sharp 

change in μ182W near the end of the Archean (e.g., Nakanishi et al., 2023). This may be emblematic of the 

initiation of modern plate tectonics, which we model with a sharp decrease in μ182W around 3 Ga (τ = 0.4 

Myr). This path (dotted line in Fig. 3b) fits the upper end of published Archean μ182W data. 
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Supplementary Tables 
 
 
Table S-1 Isotopic compositions of the standards. Both μ182W and μ183W are reported as μg g−1 deviations 

from the average Alfa Aesar standard (182W/184W = 0.864888 ± 0.000006 and 183W/184W = 0.467151 ± 

0.000004, 2 s.e., n = 8), respectively. Both μ182W and μ183W are normalised to 186W/184W, denoted by subscript 

6/4. The internal run precision of each individual analyses is reported as 2 s.e. 

 
Sample 

 

 
𝛍182W6/4 

 
2 s.e. 

 
𝛍183W6/4 

 
2 s.e. 

 
Alfa Aesar 1-4 −2.0 5.6 −4.8 4.5 

Alfa Aesar 1-5 0.5 5.3 2.9 4.4 

Alfa Aesar 1-6 −4.7 7.1 −5.5 6.3 

Alfa Aesar 2-2 0.3 7.8 0.5 6.1 

Alfa Aesar 2-3 0.2 9.0 -3.7 8.1 

Alfa Aesar 2-5 −4.6 6.5 −1.3 5.9 

Alfa Aesar 3-4 3.7 4.8 4.0 4.2 

Alfa Aesar 3-5 3.7 4.8 3.7 4.1 

     

NIST 3163-1 5.1 7.0 4.7 6.4 

NIST 3163-2 −0.2 5.7 −2.3 5.1 

NIST 3163-3 3.0 5.2 −3.6 4.7 

NIST 3163-4 −1.2 5.6 −3.3 4.7 
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Table S-2 Elemental concentration from the Baffin Island lavas. Starred samples produced usable μ182W 

data. Helium isotopic compositions are the highest reproducible ratios from Horton et al. (2023), normalised 

to the atmospheric ratio of 1.384 × 10−6 (Ra). 

 
Sample 

 
[W] 

(ng g−1) 
 

 
[Th] 

(ng g−1) 

 
[U] 

(ng g−1) 

 
3He/4He 

(Ra) 

 
2 s.e. 

DURB18-H4 21.8 93.4 23.3 - - 

DURB18-H11* 20.9 91.3 24.2 39.0 3.5 

PING18-H2* 107.0 443.0 102.3 65.9 3.4 

PING18-H3 30.9 118.3 31.9 43.9 1.4 

PING18-H16* 90.6 105.0 71.4 - - 

PING18-H19 78.6 325.9 58.7 - - 

PING18-H20* 85.3 302.2 70.0 - - 

RB18-H3* 26.2 292.8 34.1 36.3 8.9 
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Supplementary Figures 
 

 

Figure S-3 Mixing models between uncontaminated mantle and the assumed Precambrian basement of 

Baffin Island (μ182W = +20, [W] = 1.9 μg g−1, [Sr] = 192.81 μg g−1, [Nd] = 47.93 μg g−1, 87Sr/86Sr = 0.721081, 

143Nd/144Nd = 0.5111164; based on sampled 113450 from Rudnick and Gao, 2003; Larsen and Pedersen, 2009; 

Willhite et al., 2019). Mixing is strongly dependent on Sr and Nd concentrations in the mantle. Endmember 1 

(purple) assumes mantle concentrations ([Sr] = 7.664 μg g−1, [Nd] = 0.581 μg g−1, 87Sr/86Sr = 0.702995, 

143Nd/144Nd = 0.513174; Workman and Hart, 2005; Willhite et al., 2019). Partial melting and fractional 

crystallisation, however, concentrates Sr and Nd in the melt, so endmember 2 provides an upper bound and 

assumes Sr and Nd concentrations similar to those found in the least contaminated lavas ([Sr] = 48.9 μg g−1, 

[Nd] = 2.42 μg g−1, 87Sr/86Sr = 0.702995, 143Nd/144Nd = 0.513174; Willhite et al., 2019). Panel (a) shows the 

radiogenic isotopes of 87Sr/86Sr and 143Nd/144Nd with these endmembers, and (b) shows how these mixtures 

effect μ182W. Error bars are 2 s.d., and are smaller than the symbols for Sr and Nd isotopes. Mixing curves 

have hashes every 0.2 % additional crust. 
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Figure S-4 Baffin Island μ182W is invariant despite trace element variability. (a) Th (ng g−1) versus W concentration 

(ng g−1). Th and W have similar incompatibilities during igneous differentiation; however, W is more fluid-mobile than 

Th. The linear trend suggests that the W isotope systematics have not been affected by fluids. Uncertainties are smaller 

than the symbols. (b) W/Th versus W/U. Uranium, Th, and W are similarly incompatible during igneous differentiation, 

but U is more fluid mobile than W, which is more fluid mobile than Th. Again, fluid enrichment likely did not affect 

the W concentrations. Error bars reflect 2 s.d. uncertainties associated with W, Th, and U concentration measurements. 

(c) Zr (μg g−1) versus W (ng g−1) concentrations. Zr behaves incompatibly during igneous differentiation, so the range 

in W concentrations is probably the result of igneous differentiation. Uncertainties are smaller than the symbols. (d) W 

concentration (ng g−1) versus μ182W. Error bars are 2 s.e. for the individual analysis. 
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Figure S-5 μ183W versus μ182W for the five Baffin Island lava samples reported here. Error bars are 2 s.e. for each 

analysis. Grey regions represent the 2 s.d. of the primary standard, Alfa Aesar. 

 

 

 

Figure S-6 Bulk mixing model (blue) between the core (μ182W = −190 ± 10, 500 ± 120 ng g−1 W; Arevalo and 

McDonough, 2008; Kleine et al., 2009) and depleted mantle (μ182W = 0 ± 3.5, 29 ng g−1 W; McDonough and Sun, 1995; 

Rizo et al., 2016; Mundl et al., 2017). The shaded blue region represents the cumulative uncertainty associated with 

endmember concentrations and isotopic ratios, as well as mass balance. The grey line and shaded region represent the 

Baffin Island mean (−2.29, grey line) and 2 s.d. (±6.60, n = 5), respectively. 
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