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Paleocene basaltic lavas exposed on Baffin Island have the highest 3He/*He found in any terrestrial
igneous rocks and potentially contain the most pristine primordial mantle material exposed on Earth’s
surface. By vacuum-crushing large (1-3 g) olivine mineral separates, we extracted enough magmatic gas
to obtain the first coupled helium, neon, and argon isotopic compositions of Baffin Island lavas. The
five Baffin Island olivine samples have 3He/*He ranging from 36.2 + 0.6 to 48.6 + 1.3 (10) times the
atmospheric ratio (Ra), overlapping with the highest known mantle values. Neon isotopic results fall on a
mixing line between atmosphere and a high 2°Ne/22Ne mantle endmember (with a maximum 2°Ne/22Ne
of 12.2). The slope of this mixing line is indistinguishable from that in subglacial Holocene glass from
Iceland, but distinct from other hotspots and mid-ocean ridge basalt trends. This result supports the
hypothesis that Baffin Island and Iceland lavas share a common high->He/*He mantle component, despite
the fact that recent paleogeographic reconstructions place the Iceland hotspot far from Baffin Island at
the time of eruption (61 Ma). Our results also demonstrate that high->He/*He mantle reservoirs have
3He/%2Ne variability that either reflects ancient mantle heterogeneity or helium addition in the upper or
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1. Introduction

Lavas erupted above volcanic hotspots (e.g., Iceland, Hawai'i,
Samoa, and Galdpagos) often have higher 3He/*He ratios than mid-
ocean ridge basalts (MORB), which are produced by the melting of
the upper mantle and typically have 3He/*He of ~8 Ra (where
Ra is the atmospheric >He/*He ratio of 1.384 x 107%). Helium in
hotspot lavas is thought to be derived from a deep mantle reser-
voir with more primordial 3He—because it is less degassed—than
the convecting upper mantle (e.g., Allégre et al., 1983; Kurz et al.,
1983). Hot mantle plumes may transport this high->He/*He mantle
material from the lower mantle to volcanic hotspots (e.g., Jackson
et al,, 2017). Paleocene basaltic lavas exposed on southeastern Baf-
fin Island have the highest 3He/*He (up to 50 Ra: Stuart et al.,
2003; Starkey et al., 2009) found in any terrestrial igneous rocks
and arguably contain the most pristine primordial mantle material
exposed on Earth’s surface (Jackson et al.,, 2010). For this reason,
the isotopic compositions of Baffin Island lavas provide unique in-
sights into long-lived deep mantle reservoirs (e.g., Jackson et al.,
2010; Rizo et al., 2016).
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Baffin Island lavas and their conjugates along the west Green-
land margin erupted at 61 Ma (Storey et al., 1998) and are gener-
ally considered to be part of the North Atlantic Igneous Province
(Saunders et al., 1997) that extends from arctic Canada across
Greenland to the British Isles. Speculation that they derived from
the proto-Iceland hotspot is based on (i) their high MgO contents
and similar latitude to Iceland (Clarke, 1968), (ii) some paleo-
geographic reconstructions that place a stationary Iceland plume
in the Baffin Island vicinity at 70-90 Ma (Lawver and Miiller,
1994), and (iii) elevated 3He/*He at both localities (Stuart et al.,
2003). However, this is difficult to reconcile with the observa-
tion that Baffin Island lavas erupted long after the crust passed
over the alleged hotspot and the fact that coeval eruptions at-
tributed to the same plume erupted ~2000 km away in the British
Isles (Saunders et al., 1997). Furthermore, Baffin Island and Iceland
lavas have distinct lithophile element geochemical compositions.
Although both magma suites formed from mixtures of depleted
(low 87Sr/86sr, low 1870s/1880s, high 143Nd/'#4Nd, and low incom-
patible trace element concentrations) and enriched (high 87Sr/%6sr,
high 1870s/1880s, low 143Nd/'#4Nd, and higher incompatible trace
element concentrations) mantle components, in detail the end-
members at the two localities are discrepant (Robillard et al., 1992;
Kent et al., 2004; Willhite et al., 2019). So, the relationship be-
tween Baffin Island and Iceland mantle sources has remained un-
certain. Here we report the first neon and argon isotopic results for
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the high->He/*He Baffin Island lavas, which strengthen the links
between Paleocene Baffin lavas and recent Iceland lavas. In a global
geochemical context, these results also have implications for noble
gas heterogeneity among high->He/*He mantle reservoirs.

2. Materials and methods

Due to the absence of gas-rich submarine and subglacial glasses
typically used for the analysis noble gases heavier than He, the
only existing Baffin Island noble gas data are He measurements
from olivine. To obtain coupled He, Ne, and Ar isotope data,
we crushed olivine mineral separates to extract magmatic gases
trapped in olivine-hosted inclusions. Five new picrite samples, col-
lected in 2018, that contain olivines larger than 3 mm were se-
lected from the lowermost subaerial lava flows on Durban Island,
Padloping Island, and Cumberland Peninsula (see Appendix A). All
samples were collected from cliff faces where they were well-
shielded from cosmic rays. Olivine separates were handpicked from
crushed and sieved (> 1 mm) size fractions of each sample, and
then ultrasonically cleaned in ethanol. Matrix-free subsets (1.2-2.6
g) of the olivine separates were crushed under vacuum with a
magnetically actuated metal sphere. To quantify any remaining gas
and evaluate the presence of cosmogenic and radiogenic gases,
crushed powder residue from each sample was then fused in vac-
uum.

For He-Ne-Ar analyses, gases extracted from olivines at inter-
vals of 40 strokes of the crusher were purified on bulk Ti sponge
and Zr-Fe-Al pellet getters. He and Ne were sorbed/desorbed on
charcoal and nude stainless steel cryotraps, respectively, and were
sequentially analyzed on a MAP 215-50 magnetic sector mass
spectrometer at Woods Hole Oceanographic Institution. Procedural
banks for He were less than 5 x 1012, corresponding to <0.5%
of the total gas released per sample and <5% per extraction step.
Procedural blanks for 2°Ne were less than 4 x 10~'2 cm? STP,
which is 7-18% of the total 2°Ne released per sample and 13-95%
per extraction step. Ar isotopes were measured on a Hiden Triple
Filter quadrupole mass spectrometer in ion counting mode with
blanks less than 4 x 10~2 cm3 STP. After making blank and inter-
ference corrections, we normalized the results to in-house MORB
glass and air standards, as described by Kurz et al. (2005, 2009).
Fractions of the crush residue were subsequently fused in a double
vacuum furnace at 1550°C to extract any remaining gases, which
were analyzed by the same methods described above.

In an attempt to characterize the Xe isotopic composition of
sample PING18-H18, we crushed a different 4.8 g olivine separate
under vacuum at California Institute of Technology. After cryofo-
cusing at liquid nitrogen temperature on a glass finger and purifi-
cation on a cycled SAES getter, we inlet the gases into a Helix-
MCH19K mass spectrometer and measured 124Xe, 126Xe, 128Xe,
129%e, 130Xe, 131Xe, 132Xe, 134Xe, and 136Xe. None of the four crush
steps yielded anomalous air-normalized "Xe/!3%Xe ratios beyond
20 uncertainty. The key radiogenic isotope ratios (129Xe/130Xe,
134x%e/130Xe, and 136Xe/139Xe) deviate from the atmospheric ratios
by less than 1.5%. For additional details about our Xe methods, see
Appendix D.

3. Results

Total crushing yields per sample were 0.2-5.4 x 10~8 cm? STP
4He/g, 1.4-4.8 x 10711 cm3 STP 2°Ne/g, and 0.8-24 x 10~8 cm?
STP “0Ar/g (Table 1). Based on the fusion yields, crushing extracted
3-58% of the He, 21-32% of the Ne, and 3-47% of the Ar in each
sample (Tables 1 and B.1). He/*He ratios exceeded 35 Ra for ev-
ery crushing extraction step, with a range of 36.2 4+ 0.6 to 48.6 +
1.3 Ra (10). Most of the sequential crush steps yielded consistent
3He/*He values within analytical uncertainty (see Appendix C for
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Fig. 1. Neon extracted from Baffin Island olivines (red data points) and West Green-
land olivine-hosted melt inclusions (white: Péron et al., 2018) falls on a mixing line
between high 2°Ne/22Ne mantle and atmosphere. This trend is distinct from Fer-
nandina/Galapagos (green: Kurz et al., 2009; Péron et al.,, 2016) and Loihi (blue:
Valbracht et al, 1997) data, but indistinguishable from subglacial volcanic glass
from Iceland (black: Mukhopadhyay, 2012). Best-fit lines are fixed to the atmo-
spheric ratios and the shaded regions represent 2 standard error. The solar value
of 13.36 &+ 0.18 (20') is from Heber et al. (2012).

discussion about 3He/*He variability). There are two notable ex-
ceptions: The second extraction steps for PING18-H14 (48.6 + 1.3
Ra) and RB18-H1 (38.9 + 1.0 Ra). Although these crushing steps
yielded little gas (<5 x 10~'° ¢cm3 STP “4He/g), both had higher
3He/*He and 2%Ne/?2Ne ratios than their respective prior extrac-
tions, indicating a greater proportion of non-radiogenic gas.

The 2%Ne/?2Ne and 2!Ne/>2Ne for each extraction step signif-
icantly exceeded the atmospheric ratios (9.8 and 0.029, respec-
tively). Ne fusion analyses are isotopically indistinguishable from
atmosphere, but are close to detection limits. In Ne three-isotope
space, all except two crush analyses fall on a linear mixing line
with atmosphere (Fig. 1). This line intersects Ne-B (2°Ne/22Ne =
12.7; Moreira and Charnoz, 2016) and solar (?°Ne/?’Ne = 13.36;
Heber et al., 2012) at 2'Ne/*?Ne of 0.0354 £ 0.001 and 0.0368 +
0.001, respectively. The slope of the correlation in Ne three-isotope
space is identical within error to the slope established for well-
studied Iceland glass (Mukhopadhyay, 2012). Two lava samples
from West Greenland (thought to be conjugates of Baffin Island
eruptions) have olivine-hosted melt inclusions (3He/*He = 31-35
Ra) containing neon that also fall along this mixing line (Péron et
al,, 2018).

40Ar/38Ar crushing results range from 327 to 3,933 and cor-
relate with 20Ne/22Ne (Fig. 2a); a similar trend is observed in
subglacial glass from Iceland. Although 3He/36Ar also correlates
with 40Ar/36Ar and 3He/22Ne also correlates with 29Ne/22Ne, there
is more scatter in these trends and both differ from the slopes
in Iceland subglacial glass data. Assuming all the measured 36Ar
is due to air contamination with a “°Ar/3®Ar ratio of 295.5, two
samples (PING18-H18 and DURB18-H8) contained ~65% air and
had 4He/*%Ar* (where 4°Ar* is the contamination-corrected value)
ranging from 0.15-0.51, whereas the other samples contained
>80% air contamination and had “He/4CAr* of 0.08-0.84.
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Table 1
Noble gas olivine crushing results. See Table B.1 for fusion experiments on the crush residue.

mass  “He 3He/He 10  2ONe 2INe/22Ne 10 20Ne/2Ne 1o 40Ar OArAr 1o

(2) (107° cm®/g)  (Ra) (1071 cm?/g) (10~ cm®/g)
DURB18-H8 2.47
Crush 1 7.59 45.0 11 134 0.0306 0.0005 10.89 0.04 2.76 1471 27
Crush 2 7.98 439 1.0 0.50 0.0321 0.0008 1113 0.05 1.76 2628 127
Total 15.57 1.83 4.52
DURB18-H10 124
Crush 1 1.27 36.2 0.6 1.40 0.0305 0.0005 10.58 0.05 0.82 401 2
PING18-H14 2.24
Crush 1 124 370 1.0 2.16 0.0296 0.0006 10.20 0.04 2.64 503 4
Crush 2 0.38 48.6 13 0.88 0.0300 0.0006 10.71 0.04 0.47 397 2
Crush 3 0.11 383 12 0.61 0.0287 0.0007 10.27 0.04 0.38 442 2
Total 173 3.65 3.50
PING18-H18 2.60
Crush 1 13.84 434 11 1.86 0.0335 0.0005 11.69 0.05 9.41 2597 70
Crush 2 3133 41.9 0.6 1.82 0.0336 0.0005 11.89 0.05 8.74 3933 218
Crush 3 5.62 42.5 0.7 0.76 0.0336 0.0008 1175 0.05 3.74 3897 97
Crush 4 2.94 42.2 0.7 0.36 0.0342 0.0007 12.16 0.06 212 3779 80
Total 53.74 4.79 24.01
RB18-H1 147
Crush 1 147 36.1 0.5 2.46 0.0294 0.0006 10.21 0.04 1.80 327 5
Crush 2 0.20 389 1.0 0.34 0.0316 0.0017 10.89 0.07 0.27 338 2
Total 1.67 2.79 2.06

We did not measure anomalous air-normalized xenon isotopic
ratios beyond 20 uncertainty. This result is consistent with air
contamination of sufficient magnitude to preclude detection of an
anomalous Baffin Island mantle Xe component. See Appendix D for
detailed Xe results.

4. Discussion

Ne in Baffin Island olivines bears a striking isotopic resemblance
to that in subglacial Holocene glass from Iceland. Both datasets
define comparable mixing lines between mantle and atmosphere
(Fig. 1: Harrison et al., 1999; Moreira et al.,, 2001; Fiiri et al.,
2010; Mukhopadhyay, 2012), although some Iceland data extend
to higher 2°Ne/22Ne values (i.e., they are less air contaminated)
than the maximum obtained from Baffin Island olivine samples.
Despite the overlap in Ne isotopes, the He isotope ratios of these
two suites are clearly different: The Iceland array is defined by
gas extractions from a sample with a 3He/*He ratio of 17 Ra
(Mukhopadhyay, 2012), whereas the Baffin Island olivines yielded
ratios of 36.2 £+ 0.6 to 48.6 £+ 1.3 Ra. Within analytical uncer-
tainty, the highest value in the new data overlaps with the highest
published terrestrial igneous value, which was also obtained from
Baffin Island olivines (49.8 & 0.7 Ra: Starkey et al., 2009). Notably,
the slope of the Baffin trend in Ne isotopic space is distinct from
the steeper Galdpagos (Kurz et al., 2009; Péron et al., 2016) and
shallower Loihi (Valbracht et al., 1997) trends. Kola carbonatites
(Marty et al., 1998; Yokochi and Marty, 2004), Samoa xenoliths
(Poreda and Farley, 1992), and Réunion lavas (Staudacher et al.,
1990) contain Ne with air-mixing slopes mostly intermediate be-
tween the Loihi and MORB lines (Moreira et al., 1998). Critically,
there was no systematic increase in 2!'Ne/22Ne or systematic de-
crease in 3He/*He during sequential crushing extraction steps in
any sample. Such trends would have indicated contamination by
a matrix-hosted component of post-magmatic gas with high (nu-
cleogenic) 21Ne/22Ne and low (radiogenic) 3He/*He. Such a com-
ponent may be present, but it was apparently not extracted by
the crushing procedure. Therefore, the Ne extracted by crushing is
probably a near-binary mixture of atmosphere and a mantle com-
ponent indistinguishable from that measured in subglacial Iceland

glass. This observation has implications for understanding Iceland
hotspot evolution, the origins of olivine-hosted noble gases, and Ne
systematics in mantle.

4.1. Hotspot implications

Baffin Island and Iceland lavas—and presumably the mantle
reservoir(s) from which they derived—share a common Ne com-
ponent that is distinct from other hotspots and MORB. This obser-
vation is most simply explained if Baffin Island lavas contain Ne
from the proto-Iceland mantle plume. This hypothesis is supported
by the fact that Iceland and Baffin Island lavas both contain a pu-
tative primitive mantle component defined by high 3He/*He ratios
and radiogenic isotopes (Jackson et al., 2010). Furthermore, there
are no long-lived mantle hotspots in the North Atlantic other than
Iceland that could have fed the Baffin Island magmatism.

The proto-Iceland plume may not have been directly beneath
Baffin Island at the time of eruption. Baffin Island and West Green-
land eruptions began between 61.3 Ma and 60.9 Ma and lasted less
than 1 Myr (Storey et al., 1998). Plate reconstructions and plume
motions place the hotspot beneath central (Forsyth et al., 1986;
Lawver and Miiller, 1994) or eastern Greenland (White and McKen-
zie, 1989; Torsvik et al., 2015; Steinberger et al., 2019) at 60 Ma
(Fig. 3). This implies that the proto-Iceland plume may have been
500-1000 km away when Baffin Island lavas erupted. One possi-
ble explanation is that the proto-Iceland hotspot implanted noble
gases into the mantle lithosphere as it passed beneath what is now
Baffin Island at 80-70 Ma; magmatism associated with continental
rifting during the opening of Davis Strait might have then tapped
this fossil noble gas reservoir. In such a scenario, it is difficult to
explain the hotspot-like mantle potential temperatures in excess
of 1500°C recorded in Baffin Island lavas (Willhite et al., 2019),
including our samples (according to PRIMELT3: Herzberg and Asi-
mow, 2015).

Alternatively, bifurcation of a proto-Iceland plume could explain
volcanism far from the center of the hotspot. 3-D numerical mod-
eling indicates that the passage of continental lithosphere (in this
case Greenland) over a surfacing diapiric plume head can cause
simultaneous and asymmetric melting on either side of the litho-
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Fig. 2. Baffin Island olivine He-Ne-Ar isotopic results in comparison to subglacial
volcanic glass from Iceland (DICE10: Mukhopadhyay, 2012). Comparable Ne and Ar
isotopic trends (panel A) may indicate that Baffin Island and Iceland lavas share
a common mantle source. If so, and if noble gas elemental ratios of sources are
faithfully inherited by primitive lavas, then there is evidence of elemental fractiona-
tion processes in the Baffin Island olivine and in Icelandic glass interelement ratios.
In Baffin Island olivine, Ne is depleted relative to Ar (panel B) and He is depleted
relative to both Ne (panel C) and Ar (panel D). Stars denote atmospheric ratios.
MORB mixing arrays defined by Raquin et al. (2008) and Mukhopadhyay (2012) are
shown for reference. The black line shows the maximum theoretical closed-system
equilibrium fractionation between a gas phase and Iceland-like basaltic melt. The
difference in slope between the trend defined by the Iceland data (bold grey dashed
line) and gas in equilibrium with basaltic melt of that composition (“gas EQM”) is
defined by ratios of solubilities of the different gases in the melt (based on solu-
bilities at 1500°C: Jambon et al., 1986). Note that, in panel B, trendlines intersect
seawater ratios rather than atmospheric ratios (after Mukhopadhyay, 2012). Error
bars are shown unless they are smaller than the symbols.

spheric keel (Manglik and Christensen, 2006). This might explain
lateral flow of proto-Iceland plume material beneath thick litho-
sphere (Saunders et al., 1997) or along a corridor of thinned Green-
land lithosphere (Nielsen et al., 2002; Steinberger et al., 2019).
Under these circumstances, it is surprising that Baffin Island lavas
lack isotopic evidence of lithospheric contamination (Kent et al.,
2004; Lass-Evans, 2004; Jackson et al., 2010), unlike East Green-
land flood basalts (e.g., Hansen and Nielsen, 1999) that probably
erupted much nearer to the center of the plume (Steinberger et
al., 2019). These geochemical and geophysical constraints seem
to necessitate—if Baffin Island is sourced from the proto-Iceland
plume—that hotspot material either (1) resided at the base of
the lithosphere for tens of millions of years without contamina-
tion or (2) briefly flowed westward shortly after the proto-Iceland
mantle plume head reached the base of the Greenland litho-
sphere.

4.2. Olivine-hosted noble gases

The vast majority of mantle-derived heavy noble gas measure-
ments have been obtained by crushing vesicular submarine or sub-
glacial basalt glass. The few attempts to characterize these gases
in olivine have met with limited success (e.g., Poreda and Farley,
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Fig. 3. Projected Iceland hotspot tracks from three studies (Forsyth et al., 1986;
Lawver and Miiller, 1994; Steinberger et al., 2019). The 61 Ma Baffin Island lavas
sampled in this study erupted far from projected hotspot location for that time.
Note that Baffin Bay and Davis Strait opened since then; transform faults and
spreading ridges in Baffin Bay (Oakey and Chalmers, 2012) are plotted to show the
direction of rifting. The shaded relief map is modified from Jakobsson et al. (2012).

1992; Farley and Craig, 1994; Dixon et al., 2000; Sumino et al.,
2006; Jackson et al., 2009; Péron et al., 2018), so this dataset pro-
vides unique insights into olivine-hosted noble gases.

In Baffin Island olivine, 2°Ne/22Ne correlates positively with
40Ar/36Ar (Fig. 2A) along a trend that overlaps the range observed
in subglacial Iceland glass (Mukhopadhyay, 2012). This is broadly
consistent with binary mixing between mantle- and atmosphere-
like noble gases. This relationship breaks down, however, when
we compare elemental abundance ratios. The Baffin Island anal-
yses with the greatest mantle component have 22Ne/36Ar (Fig. 2B),
3He/%2Ne (Fig. 2C), and 3He/36Ar (Fig. 2D) ratios lower than corre-
sponding Iceland analyses. If we assume that the Iceland data are
representative of primary Baffin Island magma compositions, then
Baffin Island olivines exhibit signs of Ne depletion relative to Ar
and He depletion relative to both Ne and Ar.

Magmatic degassing prior to gas entrapment in Baffin Island
olivines and/or post-entrapment modification could account for
the observed elemental fractionation. During magmatic degassing,
noble gas fractionation is typically controlled by the competing ef-
fects of solubility and kinetics (e.g., Tucker et al., 2018) because
noble gas diffusivities (Lux, 1987) and solubilities (Jambon et al.,
1986) in basaltic melts decrease with atomic size. Deviation of Baf-
fin Island data from the Iceland trendlines in Fig. 2 approaches the
maximum possible closed-system solubility-controlled fractiona-
tion, as defined by a difference in slope proportional to the ratio
of He:Ne:Ar solubilities (14.3: 4.4: 1) at 1500°C (Jambon et al.,
1986). This is consistent with a scenario in which olivines trapped
exsolved gases in near-equilibrium with Iceland-like primary mag-
mas. It also suggests that the volatiles in olivine-hosted fluid in-
clusions record the composition of an exsolved volatile phase prior
to open-system degassing. Subsequent diffusive loss of He from
olivine-hosted fluid inclusions (e.g., Horton et al., 2019) cannot be
ruled out, but is not required by these results.
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Fig. 4. Relations between “He/?He and 2!Ne/??Ne (extrap.) illustrate that bi-
nary mixing between (theoretical) lower mantle and MORB-like mantle compo-
nents with fixed isotopic and elemental ratios fails to explain the He-Ne iso-
topic variability measured in high->He/*He hotspot lavas. 2'Ne/22Ne (extrap.) =
[0.029 + 4 x (*'Ne/>2Ne—0.029)/(*°Ne/*2Ne—9.8)] and represents an extrapo-
lation from atmosphere to 20Ne/?’Ne = 13.8 (after Kurz et al, 2009). Black
curves show mixing between the two end members for given values of R =
(3He/%2Newors )/(>He/?2Nejower-mantle)- Baffin Island data from this study is com-
pared with Fernandina/Galdpagos (Péron et al., 2016), Iceland subglacial glass
(Mukhopadhyay, 2012), and Loihi (Valbracht et al., 1997). For clarity, only four
representative analyses (those with the highest 2°Ne/22Ne) from each dataset are
shown. Uncertainties are smaller than the symbols.

4.3. He-Ne relationships in the mantle

The decay of uranium and thorium produces radiogenic “He
and nucleogenic Ne isotopes, so we might expect that, globally,
mantle 3He/*He would correlate with slope in Ne isotopic space
(e.g., Honda et al., 1993; Farley and Neroda, 1998). If so, Ne mea-
surements from Baffin Island (up to 50 Ra: Stuart et al., 2003;
Starkey et al., 2009), Hawai'i (up to 32 Ra: Kurz et al., 1983), and
Samoa (up to 34 Ra: Jackson et al., 2007) should fall to the left of
the Galdpagos trend defined by samples with maximum 3He/*He
ratios ~30 Ra. Instead, Baffin Island lavas that have the highest
terrestrial magmatic >He/*He ratios do not have similarly extreme
Ne isotopic compositions (Fig. 1). For this reason, global isotopic
variability in He and Ne cannot be explained by binary mixing
between a single homogenous lower mantle component and a sin-
gle homogenous MORB source with fixed elemental compositions
(Fig. 4).

The 3He/??Ne ratio is useful for understanding mantle evolu-
tion because neither 3He nor 22Ne is produced in the mantle in
significant quantities over geologic time. Using the methods de-
scribed by Tucker and Mukhopadhyay (2014) and Dygert et al.
(2018), we calculate that the time-integrated 3He/22Ne composi-
tion of the Baffin Island mantle source is 7.3-8.6 (based on sample
PING18-H18). This is similar to MORB mantle (7.5 £+ 1.2: Dygert
et al,, 2018) and intermediate between depleted mantle (>10) and
primordial materials (<2: Tucker and Mukhopadhyay, 2014). Baffin
Island mantle 3He/?2Ne is notably higher than Iceland and Gala-
pagos mantle (both ~2) and significantly above the global ocean
island basalt mantle range (3.5 £ 2.4: Dygert et al., 2018).

Our determination of higher time-integrated 3He/22Ne in Baffin
Island mantle than in ocean island basalt mantle poses a prob-
lem for models in which high 3He/*He material derives from
deep ancient reservoirs with low 3He/?2Ne, such as mantle do-
mains that survived the moon-forming giant impact (Tucker and
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Mukhopadhyay, 2014) or otherwise non-degassed, long-isolated
mantle domains (Dygert et al., 2018). It also precludes deriva-
tion of high->He/*He material from the core (Bouhifd et al., 2020),
assuming that the addition of core gases to the mantle does
not fractionate the He/Ne ratio. The inferred high Baffin source
3He/%2Ne seems to necessitate mechanisms other than magma
ocean in-gassing (Tucker and Mukhopadhyay, 2014) and Kkine-
matic fractionation—driven by faster He diffusion—beneath spread-
ing ridges domains (Dygert et al., 2018).

Given the proximity of Baffin Island lavas to—and probable
derivation from—the proto-Iceland plume, it is especially difficult
to reconcile the Ne isotopic similarities and 3He/*He differences
at these two localities. Even though MORB has a higher 3He/22Ne
ratio (~7.5: Dygert et al., 2018) than the Iceland hotspot (~2:
Mukhopadhyay, 2012), mixing of MORB-like gases into a hotspot
reservoir strongly affects the He and Ne isotopic ratios. For exam-
ple, a mixture of 65% Baffin Island (3He/*He of 50 Ra, 2!Ne/22Ne of
0.035, and solar nebula-like 3He/?2Ne of 1.5) and 35% MORB (8 Ra)
gases produces a >He/*He ratio comparable to Iceland subglacial
glass (18 Ra) and an unrealistically high 2'Ne/2?Ne ratio (0.0385).
Thus, mixing with MORB source fails to explain our Baffin Island
results unless the Iceland plume had an initially distinct Iceland-
like (low 2'Ne/?2Ne) source region that coincidentally mixed with
precisely enough MORB source to be indistinguishable from Baffin-
like (higher 2!Ne/22Ne) material. Nor can binary mixing between a
MORB-like and a high-3He/*He primordial mantle endmember ex-
plain the compositional variability among Iceland lavas themselves
(Fri et al., 2010).

We propose three scenarios that satisfy the Baffin Island and
Iceland noble gas constraints. First, Iceland results can be explained
by the addition of MORB-like or crustal He (but not Ne) to a proto-
Iceland hotspot with an initial 3He/*He ratio of ~50 since 60 Ma.
This could explain 3He/>2Ne heterogeneity among lavas from in-
dividual hotspots and among hotspot lavas globally. Second, Baffin
and Iceland lavas could have derived from a mantle source region
with uniform Ne isotopic ratios and heterogeneous 3He/22Ne. This
could be a manifestation of the He/*He and 1'82W temporal vari-
ability observed in Iceland hotspot lavas (Mundl-Petermeier et al.,
2019), which is attributed to geochemically textured ancient man-
tle domains. Third, diffusion of He across the core-mantle bound-
ary (e.g., Porcelli and Halliday, 2001) could impart a high->He/*He
signature on mantle hotspot source regions and explain the frac-
tionation of He from Ne. In this case, the differences between
Baffin Island and Iceland mantle sources could reflect the addition
of different amounts of core-derived He. Although we cannot dis-
tinguish among these scenarios, our Baffin Island results are strong
evidence for He and Ne elemental fractionation in hotspot man-
tle.
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Fig. A.1. Field photographs of the Baffin Island samples. Sample DURB18-H8 was collected immediately above a palagonite-rich flow top (A); sample DURB18-H10 is from the
interior of a flow (B) and contains abundant phaneritic olivines (C); sample PING18-H14 was retrieved from a deep recess in an outcrop (D); sample PING18-H18 is from a
slab that recently fell from the cliff face (E); and sample RB18-H1 is from a vertical outcrop (F). (For interpretation of the colors in the figure(s), the reader is referred to the

web version of this article.)
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Appendix A. Sample descriptions

DURB18-H8 (67.08585° N, 62.22996° W, elevation 468 m): This
sample is a vesicular pilotaxitic picrite with a plagioclase microlite
groundmass collected from the base of the second subaerial lava
flow on SW Durban Island. Olivines range in size from <1 mm
to 4 mm. The orange palagonite-rich top of the previous flow is
visible in Fig. A.1A. The sample was collected beneath an overhang
from the section labeled “H8".

DURB18-H10 (67.08585° N, 62.22939° W, elevation 470 m):
This sample is from the interior of the flow immediately above
DURB18-H8, where vesicles are absent and the groundmass—
composed of intergrown plagioclase and augite—is coarser. Two
pieces were collected to the left of the hammer in Fig. A.1B.
Fresh subhedral to anhedral phaneritic olivines were abundant
(Fig. A.1C). Euhedral olivines range in size from <1 mm to
3 mm.

PING18-H14 (67.18033° N, 62.40622° W, elevation 420 m): This
sample is from below the ridgeline on the NE tip of Padloping Is-
land and contains coarse lath-shaped and subhedral olivines amid
phaneritic intergrowths of plagioclase and augite. We pulled adja-
cent samples from a recess in a steep outcrop (Fig. A.1D) where
they were well shielded from cosmic rays. Olivines range in size
from <1 mm to 3 mm. Slumping along steep normal faults in
this area prevented precise stratigraphic comparisons, but the Pad-
loping Island samples are further above the pillow sequence and
therefore presumably stratigraphically higher than the Durban Is-
land samples.

PING18-H18 (67.17317° N, 62.40268° W, elevation 533 m): This
picrite is from the northeastern tip of Padloping Island, at the
base of vertical northeast-facing cliffs. It is petrologically similar to
PING18-H14. The sample is from a ~2 m tall slab (Fig. A.1E) that
fell away from the lower portions of a thick (~20 m) subaerial
flow. The slab exhibited no discoloration or weathering, so we sus-
pect that the sample was displaced recently and experienced little
cosmic ray bombardment. Olivines range in size from <1 mm to
4 mm. The PING18-H18 olivine separate was unique in that a sub-
set of the olivines contained abundant spherical fluid inclusions
up to 100 um in diameter while lacking inclusions of other types
(Fig. A.2).

RB18-H1 (67.04101° N, 62.11762° W, elevation 524 m): This pi-
lotaxitic picrite is from a vertical outcrop exposing the upper por-
tion of a lava flow on the northernmost part of Cumberland Penin-
sula, overlooking Durban Harbor. The sampled flow is at least four
flows above the submarine-subaerial transition. Olivines range in
size from <1 mm to 3 mm. The blue chisel in Fig. A.1F was driven
into the outcrop as imaged to extract the material shown in the
center of the photograph.
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Fig. A.2. Photomicrographs of a representative fluid inclusion-rich olivine from sample PING18-18 taken on a stereoscopic microscope. Panel (B) is an image taken at higher

magnification of the inset region outlined in panel (A).

Appendix B. Fusion results for crush residue

Table B.1
Noble gas results for fusion experiments on crush residue.
mass “He i% 10 2ONe 40Ar
10-% cm? 10-" em? 10-8 em?
) (12w)  (Ra) (le_m’y (o
DURB18-H8 0.22341 5.48 330 07 122 1.60
DURB18-H10  0.24476  3.55 116 04 190 2.29
PING18-H14 0.23643  14.90 3.8 0.1 1.86 2.36
PING18-H18 0.24963  9.80 355 06 293 6.77
RB18-H1 0.25372 347 105 03 158 342

Appendix C. Helium isotopic variability

The purpose of crushing is to preferentially release inclusion-
hosted mantle gases. >He/*He ratios can decrease with progressive

crushing because the extracted gases can have a growing frac-
tion of matrix-bound radiogenic “He. So, it is surprising that we
measured the highest 3He/*He (48.6 Ra) during the second extrac-
tion step for sample PING18-H14. Although increases in >He/*He
across crushing steps can indicate the release of cosmogenic 3He
from the olivine lattice, four lines of reasoning suggest that this
is not the case for PING18-H14: (1) the sample was well shielded
from cosmic rays, (2) the 3He/*He decreased to 38.3 Ra during
the third extraction, (3) the second extraction had mantle-like
high 2°Ne/%2Ne compared to the other extraction steps, and (4)
the fusion measurement yielded 3He/*He lower than crushing,
which argues against the presence of cosmogenic helium. Thus,
we conclude that the high 3He/*He reflects the mantle He iso-
gopic compositions rather than any contribution from cosmogenic
He.

Intrasample 3He/*He variability could be caused by variable
contributions of radiogenic “He or magma mixing/assimilation pro-

13.5
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© DURB18-H8 /
13 | ® DURBI8-H1O0 /
O PING18-H14 /
@ PING18-H18
O RBIg-HI1 /
12.5 q xxx crush step - *He/*He (Ra) /
4-42 /
—F—
12 2-42
)
NZ 3-43
% / T143
2z 11.5 /
fras
11 A 1-45 :g 2-39
2~48I 7
10.5 4 ’1—36
_3'33q !1-37/
1-36
10 A /
atmosphere
9.5 : . . . :
0.028 0.030 0.032 0.034 0.036 0.038 0.040
21Ne/22Ne

Fig. B.1. Neon isotopic results color-coded by sample. For reference, the best-fit line through the crushing results is shown as a dashed line. Note that the crush step and

3He/*He (Ra) results for individual analyses are listed next to each symbol.
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cesses prior to eruption. Minimal >He/*He variability is observed
in the gas-rich samples (DURB18-H8 and PING18-H18), which is
consistent with the contamination of isotopically homogenous He
in each sample by radiogenic *He. However, in situ “He produc-
tion in Baffin Island olivine lattices was probably minimal. The U
and Th concentrations in Baffin Island lavas are <1 ppm (Lass-
Evans, 2004) and the olivine-melt partition coefficients for these
elements are very small (Dy.meir and Drh-melt are approximately 6
x 1076 and 1 x 1076, respectively: Blundy and Wood, 2003). As-
suming olivine U and Th concentrations in equilibrium with the
melt, “He production over 61 Myr would be <5 x 10~ 4He/g
(<4% of the total He extracted from each sample), some fraction
of which was retained in the crush residue. This is too little ra-
diogenic “He to explain the observed 3He/*He variability, but it is
possible that “He from melt inclusions—or produced in the basaltic
matrix and implanted in olivine rims—is a major cause of 3He/*He
variability.

Appendix D. Xenon methods and results

Xe standardization

Our primary Xe calibration is a cylinder and pipette system (“air
standard”) that delivers 1.849 4 0.02 pcc of atmospheric Xe. This
amount of Xe is inadequate for routine calibration of the Helix-MC,
so a secondary Xe standard (XeStd) was prepared. This cylinder
was filled with commercial Xe gas. The amount delivered by each
pipette shot and the Xe isotopic composition of XeStd were deter-
mined by cross-calibration against the air standard. We are thus
explicitly assuming that the air standard is unfractionated atmo-
spheric Xe (Fig. D.1). We assumed a standard atmospheric compo-
sition of 87 ppm Xe and use the atmospheric isotopic abundances
tabulated in Table D.1.

Xe gas from two replicates (each of either 4 or 6 shots) of
the air standard was analyzed on the Helix-MCT1%% as described
below. A line blank was processed in the same way. After blank
correction, these four standard runs were used to calibrate sensi-
tivity for each of the Xe isotopes. Sensitivity varies from detector
to detector because of differences in gain and the exact measure-
ment point on the mass spectrometer peak. Typical sensitivity for
the Xe isotopes is about 550 cps/pcc. Nine replicate aliquots of
the XeStd were analyzed in the same analytical session and in the
same manner. The count rates on each isotope were averaged, and
the mass spectrometer sensitivities for each isotope implied by the
air standard runs were used to invert for the absolute abundance
of each isotope in XeStd. Using a signal-weighted mean of the
1Xe/132Xe ratios normalized to air, these measurements indicate
XeStd delivers 16.69 pcc STP of total Xe that is mass fractionated
from atmospheric xenon by —1.047% per AMU (Fig. D.2). This mass
fractionation estimate was used to correct each isotopic abundance
in XeStd. The estimated uncertainty propagated to the amounts of
each isotope in XeStd is at most 0.6%. See Table D.2.

Sample and standard gas preparation procedure

Gas introduced either from the crusher or from the standard
pipette was cryofocused on a glass finger held at liquid nitrogen
temperature for 500 seconds. With the liquid nitrogen still in place,
the noncondensable gases were pumped to a turbomolecular pump
for five minutes. After isolating from the pump, the liquid nitrogen
was removed and the glass finger was heated resistively to above
room temperature. The liberated Xe was then purified of active
species on an SAES getter cycled from about 300°C to room tem-
perature over a ten-minute period.

Purified Xenon (plus residual Kr) was introduced into a Helix-
MCH19% mass spectrometer for analysis. Measurements were made
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Table D.1

Isotopic composition of atmospheric
Xe assumed for XeStd calibration.
From <https://en.wikipedia.org/wiki/
Isotopes_of_xenon>.

Isotope Abundance
124xe 0.095%
126xe 0.089%
128xe 1.910%
129%e 26.401%
130%e 4.071%
131xe 21.232%
132xe 26.909%
134xe 10.436%
136%e 8.857%
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Fig. D.1. 132Xe normalized and air standard normalized signal from XeStd (blue sym-
bols), and the best-fit mass fractionation line (orange) of —1.047% per AMU used to
estimate the isotopic composition of XeStd.
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Fig. D.2. 13Xe and air-normalized Xe isotope ratios measured on PING18-H18. Error
bars are 1o

in pulse counting mode on the 5 CDD detectors. In the first peak
group, masses 124, 126, 128, 132, and 136 were measured in L2,
L1, AX, H1, and H2, respectively. After a magnetic jump, masses 130
and 134 were measured on AX and H1. Then, after a final magnetic
jump, masses 129 and 131 were measured on L1 and AX.

Sample

479 g of olivine from the >1 mm size fraction of sample
PING18-H18 was sequentially crushed under vacuum, as described
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Table D.2
Calibrated composition and current delivery of XeStd.
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Overall Total Xe (pcc)
16.69

124 126 128 129 130 131 132 134 136
XeStd pcc 0.01454 0.01396 0.30669 4.28879 0.66897 3.52881 4.52286 1.79326 1.55519
+ 0.00009 0.00006 0.00090 0.00931 0.00096 0.00250 0.00000 0.00245 0.00417
% 0.00615 0.00450 0.00293 0.00217 0.00143 0.00071 0.00000 0.00137 0.00268
XeStd Fractional 0.00087 0.00084 0.01837 0.25692 0.04007 0.21139 0.27094 0.10743 0.09316
Air Fractional 0.00095 0.00089 0.01910 0.26401 0.04071 0.21232 0.26909 0.10436 0.08857

Table D.3
Xenon isotopic concentrations and isotopic ratios measured on PING18-H18 in a 4-step crushing experiment.
124Xe 126Xe 128Xe 129Xe 130Xe 131Xe 132Xe 134Xe 136Xe
Line Blank pcc 1.29E-05 1.91E-05 4.99E-04 2.07E-03 2.78E-04 1.76E-03 1.55E-03 6.12E-04 5.01E-04
to 5.17E-06 9.41E-06 1.80E-05 3.93E-04 4.27E-05 3.43E-04 9.62E-05 8.48E-05 4.39E-05
Crsh Blank pcc 4.28E-05 2.99E-05 7.06E-04 9.89E-03 1.41E-03 7.29E-03 9.88E-03 3.95E-03 3.01E-03
to 2.57E-06 1.79E-06 9.00E-06 1.60E-04 1.50E-05 1.23E-04 8.38E-05 5.72E-05 2.04E-05
Ping18 H18 Crush
1:2min pcc 1.61E-04 1.60E-04 2.98E-03 4.01E-02 6.38E-03 3.31E-02 4.23E-02 1.59E-02 1.37E-02
to 9.66E-06 9.63E-06 3.80E-05 6.50E-04 6.79E-05 5.59E-04 3.59E-04 2.30E-04 9.24E-05
2:2min pcc 1.75E-04 1.75E-04 3.60E-03 5.24E-02 7.93E-03 4.11E-02 5.17E-02 2.03E-02 1.66E-02
to 1.05E-05 1.05E-05 4.59E-05 8.50E-04 8.44E-05 6.95E-04 4.39E-04 2.93E-04 1.12E-04
3:5min pcc 4.32E-04 3.77E-04 8.50E-03 1.19E-01 1.80E-02 9.66E-02 1.22E-01 4.69E-02 4.02E-02
to 2.59E-05 2.26E-05 1.08E-04 1.94E-03 1.91E-04 1.63E-03 1.04E-03 6.79E-04 2.72E-04
4:10 min pcc 4.05E-04 4.04E-04 8.04E-03 1.15E-01 1.76E-02 9.47E-02 1.18E-01 4.69E-02 3.86E-02
to 2.43E-05 2.43E-05 1.03E-04 1.87E-03 1.87E-04 1.60E-03 9.99E-04 6.79E-04 2.61E-04
Total pcc 1.17E-03 1.12E-03 2.31E-02 3.27E-01 4.99E-02 2.66E-01 3.34E-01 1.30E-01 1.09E-01
to 7.04E-05 6.70E-05 2.95E-04 5.30E-03 5.31E-04 4.49E-03 2.84E-03 1.88E-03 7.37E-04
Air Normalized
1:2min nXe/130Xe 1.0812 1.1495 0.9943 0.9684 1.0000 0.9931 1.0016 0.9705 0.9845
to 0.0655 0.0697 0.0152 0.0177 0.0188 0.0120 0.0163 0.0107
2:2min nXe/130Xe 0.9478 1.0078 0.9674 1.0186 1.0000 0.9944 0.9869 0.9963 0.9618
to 0.0574 0.0611 0.0148 0.0186 0.0188 0.0118 0.0167 0.0104
3:5min nXe/130Xe 1.0292 0.9590 1.0074 1.0247 1.0000 1.0304 1.0303 1.0169 1.0275
to 0.0624 0.0581 0.0154 0.0188 0.0195 0.0124 0.0171 0.0111
4: 10 min nXe/130Xe 0.9850 1.0507 0.9739 1.0084 1.0000 1.0319 1.0117 1.0387 1.0078
to 0.0597 0.0637 0.0149 0.0185 0.0195 0.0121 0.0174 0.0109
Total nXe/130Xe 1.0073 1.0235 0.9875 1.0108 1.0000 1.0205 1.0132 1.0154 1.0046
to 0.0305 0.0310 0.0076 0.0092 0.0096 0.0122 0.0085 0.0054
below. The olivine separate was loaded in a hopper assembly lo- Results

cated directly above a magnetically levitated stainless-steel slug in
a vacuum chamber. The sample, hopper, and crusher were pumped
to UHV with a turbomolecular pump, and baked at ~150°C for
three weeks. The crusher slug can be activated and degassed prior
to sample crushing; the slug was degassed for 30 min immedi-
ately prior to the start of the crush analysis. A crush blank was
measured, after which the sample was dumped from the hopper
into the crusher. The sample was crushed in four separate steps of
duration indicated in Table D.3. The crush blank obtained just prior
to sample crushing is also indicated in the table. Analyses are cor-
rected for line blanks but not for the crush blank based on the
assumption that the crush blank is isotopically air-like and simply
contributes to the air-contamination inherent to the sample.

Results are listed in Table D.3. For the total sample, none of
the crush steps yielded anomalous air-normalized "Xe/!3%Xe ratios
beyond 20 uncertainty. In particular, the key radiogenic isotope
ratios (122Xe/13%Xe, 134Xe/130Xe, and 136Xe/130Xe) deviate from the
atmospheric ratios by less than 1.5%. None of the individual crush
steps yield compelling evidence for anomalous Xe isotope ratios
either.

The total amount of 32Xe extracted from the sample was 0.33
pcc/g. This concentration is substantially lower than measured in
gas-rich MORB and back-arc glasses, subglacial Icelandic glass, and
in ultramafic xenoliths.
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Combining the total crush data for Xe with the total crush
He-Ne-Ar data reported in the main text, the 3He/13%Xe ratio of
PING18-H18 is ~62. According to Mukhopadhyay (2012) Fig. 3,
at this 3He/"3%Xe ratio, both MORB popping rock and the Ice-
land subglacial glass DICE10 have isotopic compositions (e.g.,
129%e/130Xe) very close to atmospheric. Thus, the absence of a
measured anomaly is not unexpected based on previous work, and
may be interpreted simply as air contamination of sufficient mag-
nitude to preclude detection of anomalous Baffin Island xenon.
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