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Summary paragraph:

Establishing when, and from where, carbon, nitrogen and water were delivered to Earth is
a fundamental objective in understanding the origin of habitable planets like Earth. Yet
volatile delivery to Earth remains controversial’~>. Krypton isotopes provide unique insights
on volatile delivery due to significant isotopic variations among sources®*', although
pervasive atmospheric contamination has hampered analytical efforts. Here, we use a new
methodology to present the full suite of krypton isotopes from the deep mantle Galapagos
and Iceland plumes with the most primitive helium, neon and tungsten isotopic
compositions" ¢, Except for **Kr, the Kr isotopic compositions are similar to a mixture of
chondritic and atmospheric Kr. These results suggest early accretion of carbonaceous

material by proto-Earth and rule out any combination of hydrodynamic loss with
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outgassing of the deep or shallow mantle to explain atmospheric noble gases. Unexpectedly,
the deep mantle sources have a deficit in the neutron-rich *Kr relative to the average
composition of carbonaceous meteorites, suggesting a nucleosynthetic anomaly. Although
the relative depletion of neutron-rich isotopes on Earth compared to carbonaceous

meteorites has been documented for a range of refractory elements"'”'®

, our observations
suggest such a depletion for a volatile element. This finding suggests that accretion of
volatile and refractory elements occurred simultaneously, with krypton recording

concomitant accretion of non-solar volatiles from more than one type of material, possibly

including outer Solar System planetesimals.

Main Text

Volatile delivery was a key process that shaped Earth’s early surface environment. Yet the
timing and sources of volatile delivery, as well as subsequent volatile evolution are still debated '~
>19 Whereas some studies advocate for most volatile delivery before the last giant impact™', a
contribution from a late veneer event may also be required'?. Three main sources seem to be

3420 chondritic® and cometary?'.

needed to explain the Earth’s volatile composition, namely solar
The study of accretional heterogeneities preserved in the deep mantle provides direct
observational constraints for testing planet formation models, in particular regarding the
processes responsible for material migration in the solar system'?. For instance, dual accretion of
volatile-rich outer solar system material and solar gases in the deep Earth'®** may indicate early
transport of outer solar system solids into the Earth’s formation region®.

Being inert, noble gases are ideal tracers of volatile sources and evolution**. However, the

Earth’s deep mantle noble gas composition remains poorly constrained, particularly for Kr and
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Xe. Krypton, with its six stable isotopes, *Kr, *Kr, #Kr, #*Kr, ¥Kr and %Kz, is extremely well-
suited to deconvolve solar from chondritic sources because they have distinct isotopic
compositions; solar and chondritic material being enriched in light and heavy Kr isotopes relative
to Earth’s atmosphere, respectively?**. Upper mantle Kr appears chondritic rather than solar
based on measured ¥Kr/**Kr and *Kr/**Kr ratios in CO, well gases’. Measurement of the
8Kr/**Kr ratio from a single mid-ocean ridge basalt (MORB) is also consistent with chondritic Kr
in the upper mantle®. A recent investigation of deep mantle Kr and Xe isotopes in volcanic gases
from the Yellowstone hotspot suggests a chondritic origin'®. As neon isotopes in basalts derived
from the deep mantle indicate acquisition of a solar component during the early phase of Earth’s
accretion**?’, the Yellowstone results could indicate a dual solar and chondritic source during
early terrestrial accretion'’. The fingerprint of crustal and lithospheric mantle helium and neon in
the Yellowstone gas samples'®, however, leaves room for the possibility that Kr in these samples
may be derived from a source less primitive than other hotspots such as Hawaii, Iceland and
Galépagos. In addition, the mantle compositions of the light isotopes "*Kr and *’Kr are not known
due to their very-low abundances, ubiquitous atmospheric contamination and progressive
atmospheric noble gas recycling into the mantle. As we show, these isotopes are critical for

determining the volatile sources for Kr, and by inference Xe.

Deep mantle krypton and xenon

We analyzed the krypton isotopic composition of ocean island basalt (OIB) glass samples
from Fernandina, Galdpagos and from Midfell, Iceland. These two hotspots sample the deep

mantle via plumes rooted at the core-mantle boundary® and the samples analyzed have the most
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primitive neon compositions'"*"'%, Furthermore, both plumes have negative tungsten isotope
anomalies with Galdpagos carrying the largest negative anomaly'?>. To overcome challenges of
low noble gas abundances and ubiquitous shallow-level atmospheric contamination in basalts®,
we used the novel technique of accumulating Ar, Kr and Xe from crushing steps that show little
atmospheric contamination as determined by analyses of neon isotopes®, followed by an effective
Ar-Kr-Xe separation and multicollection of five Kr isotopes during the mass spectrometric
analyses (Methods).

The krypton isotopic compositions of Galdpagos and Iceland (Extended Data Table 1) are
distinct from air and solar wind but similar to the chondritic end-member (Figure 1, Extended
Data Figures 1, 2). The measured **Kr/**Kr and *Kr/*Kr ratios of both plumes are similar to the
highest measured values of the upper mantle based on CO, well gases’ and one MORB® (Figure
2). Whether this similarity extends to the lighter isotope ratios *Kr/*Kr and *Kr/*Kr remains to
be determined because these ratios have not been established for the upper mantle. The
Galédpagos and Iceland krypton ratios are similar to one sample from the Yellowstone hotspot'
but differ from a second sample (Figure 2), the reasons for which are not entirely clear.

The xenon isotopic data of Galdpagos and Iceland are reported in Extended Data Table 2
and shown in Figure 3. While there are no literature data for Galdpagos, the new Iceland data are
in very good agreement with literature data for xenon'*'>. The Iceland accumulated gas is similar
in composition to the error-weighted step-crush average of the DICE sample (Supplemental
Figure 5)", which provides confidence for the krypton isotope data. However, the error-weighted
DICE average' is closer to air because of a greater atmospheric contamination (Figure 3). The
Galédpagos accumulated gas is also very similar in composition to the DICE error-weighted step-

crush average'’. Importantly, our xenon data do not plot on a mass fractionation line (Figure 3).
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The non-radiogenic '*Xe/'*Xe and '**Xe/"*Xe ratios are not resolved from air. But the
Galdpagos and Iceland non-radiogenic '®Xe/'*"Xe ratios show slight excesses relative to air. In
the '**Xe/""Xe — *Xe/"*"Xe space, the Galdpagos average barely overlaps with the best fit mixing

line between the atmosphere and upper mantle samples®**>*

, whereas the Iceland average appears
to fall on the line. While the Yellowstone plume data appear to fall on a steeper mixing line than
the upper mantle'®, the uncertainty in the Galdpagos and Iceland data do not allow us to conclude

8,30-32

whether they are on the same mixing line defined by samples from the upper mantle or a

slightly steeper mixing line.

Recycled proportion of atmospheric Kr

The clear observation of non-atmospheric Kr in the Galdpagos and Iceland sources
provides firm constraints on the amount of atmospheric krypton recycled into the deep mantle

through subduction®'*?

. For primordial mantle Kr, we use two meteoritic reference points,
Average Carbonaceous Chondrites (AVCC; Methods and Extended Data Table 3) and Phase Q,
which is a poorly characterized carbonaceous phase carrying the majority of trapped heavy noble
gases in meteorites”. Phase Q is widespread in chondrites and usually the only trapped

component in achondrites®-*3

, while carbonaceous chondrites are the meteorite group for which
there is currently the most precise Kr isotopic data. If the primordial plume source Kr
composition is assumed to be equivalent to AVCC, or to Phase Q, the proportion of atmospheric

Kr in the plume source would range from 64 + 8 % to 0;’ % (Figure 4; Methods). Likewise, we

can place upper bounds on the amount of solar Kr in the deep mantle by assuming a solar-AVCC
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mixture, which constrains the solar component to be 10 + 2 % and 16 £ 2 % of the Kr in the
Galdpagos and Iceland plumes, respectively (Figure 4).

The measured krypton and xenon isotopic anomalies from Galdpagos and Iceland are
lower limits of the isotopic anomalies in the mantle sources of these two plumes because the
measured values have not been entirely corrected for shallow-level atmospheric contamination;
the gas accumulation methodology drastically reduces atmospheric contamination but does not
eliminate it* (Methods). Thus, the maximum proportions of recycled atmospheric krypton are 48
+ 8 % and 64 + 8 % for the Galdpagos and Iceland sources, respectively, assuming AVCC as the
initial composition (Figure 4). The proportions of recycled air in the mantle plumes suggest that
the Galdpagos source may have retained a more primitive heavy noble gas signature than the
Iceland source, consistent with the less radiogenic *He/*He ratios, the less nucleogenic *'Ne/?Ne
ratios and the more negative []'"**W in the Galdpagos source'''®. Using the '**Xe excesses, we
estimate the maximum proportion of recycled atmospheric xenon in the deep mantle. Assuming
an initial composition similar to AVCC, at maximum, 93 + 5 % and 95", % of the '**Xe budget
are of recycled origin for the Galdpagos and Iceland mantle sources, respectively. The percentage

of recycled "°Xe in the Iceland plume based only on the **Xe/"’Xe ratio from this study is in

good agreement with the 93.4°7% % estimated previously for the Iceland plume using
130.131.132.134.136 %33 Ag a comparison, for plume-influenced samples from the Rochambeau rift in
the Lau Basin, 88.8"3} % of **Xe is from recycling®*. Importantly, the maximum proportion of

recycled Kr in the plumes is lower than the minimum proportion of recycled xenon,

demonstrating that krypton in the mantle is significantly less affected by recycling than xenon.
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Sources of Earth’s volatiles

To determine the origin of primordial Kr, we investigate the full suite of Kr isotopes,
which indicates that the measured 738328 Kr/3Kr ratios in both plumes are similar to that of Phase
Q* (Figure 1). The krypton isotopic anomalies, relative to air, are slightly lower for the Iceland
sample, but within uncertainties of the Galdpagos values (Figures 1 and 2).

In spite of the similarity of the light Kr isotopes with Phase Q, the initial deep mantle
krypton isotopic composition cannot be derived solely from Q. The measured 8*Kr for both
plumes are significantly lower than the value for Q. Based on calculated proportions of a Phase
Q-air mixture (Figure 4), the expected 8*Kr are 14.1 + 1.3 %o for Galdpagos and 10.1 + 2.6 %o
for Iceland, significantly higher than their respective measured values of 3.09 + 0.92 %o and 2.06
+ 1.17 %o (Figure 5).

Carbonaceous chondrites may represent a possible source of krypton, and therefore other
volatiles, for the deep mantle (Figures 1 and 2). Based on the mixing proportions of AVCC-air Kr
(Figure 4), the expected 8*°Kr is 6.85 + 0.98 %o for Galdpagos and 4.71 + 0.98 %o for Iceland,
significantly higher than the measured values (Figure 5). Given the uncertainties in the measured
and predicted values, the probability that the measured &*°Kr values for borh the Galdpagos and
Iceland are lower than the predicted values by random chance is 0.01% (Extended Data Figure
3); that is, there is a 99.99% probability that Earth’s mantle has a deficit in the heaviest Kr
isotopes with respect to the average composition of carbonaceous chondrites. Given the small
data set and the limited precision on Kr isotopic ratios for different carbonaceous chondrite
groups (Extended Data Table 3), we cannot rule out that a specific group of carbonaceous

chondrites may match the Earth’s deep mantle Kr isotopic composition. However, dynamically,
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several types of carbonaceous chondrite would be expected to be scattered to the inner solar
system during Earth’s formation.

The misfit to the deep mantle’s 3*°Kr would be larger for ordinary and enstatite chondrites
(Extended Data Table 3) because they have higher **Kr/**Kr values than AVCC. Likewise, a mix
of solar-AVCC Kr predicts significantly higher 3*°Kr (Figure 5). Consequently, the deep mantle
has a nucleosynthetic **Kr anomaly with respect to AVCC, enstatite and ordinary chondrites, and
solar compositions; the average composition of carbonaceous chondrites though provides the
closest match. The nucleosynthetic ¥Kr anomaly is more visible in the Galdpagos plume given its
higher proportion of primordial krypton compared to Iceland (Figure 4).

The nucleosynthetic **Kr anomaly of the two hotspots must be a remnant of Earth’s
accretion, signifying that some planetary building blocks carried a lower *Kr/**Kr ratio than
represented by the AVCC composition or Phase Q. The 3*Kr of s-process nucleosynthesis,
determined through analyses of interstellar SiC from the Murchison carbonaceous chondrite,
exhibits a wide range’ from -223 to +3041 %¢®, requiring several stellar sources to have
contributed SiC grains to the parent molecular cloud of the Solar System?. The large variability
in 3*Kr of SiC grains occurs as *Kr is at a branching point on the s-process path. Incomplete
mixing of SiC grains, derived from AGB stars, in the solar nebula might then have imparted
varying ¥Kr/*Kr ratios in different parent bodies with some carrying **Kr depletion relative to the
average composition of carbonaceous chondrites. However, we cannot rule out the possibility
that r-process nucleosynthesis associated with supernovae may also have produced variability in
the neutron-rich Kr isotopic ratio as *Kr is not shielded from r-process nucleosynthesis.

Several refractory elements (e.g., Ca, Ti, Cr, Ni, Zr, Mo, Ru, and Nd) on Earth exhibit

relative depletions in neutron-rich isotopes in reference to carbonaceous meteorites'”'®. These
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depletions have been attributed to a relative enrichment of s-process over r-process matter, as
well as to heterogeneous distribution of grains derived from different AGB stars in Earth-forming
materials"'"'®. Isotopes of refractory elements like Ca and Ti track the composition of accreted
material throughout Earth’s formation'”**. Hence, the observed relative depletion in a neutron-
rich isotope for the highly volatile element Kr in the solid Earth (Figure 5) suggests that its
depletion may be linked to relative depletion of the neutron-rich refractory elements on Earth,
indicating accretion of volatile and refractory elements occurred simultaneously.

Earth’s deep mantle deficit in **Kr has ramifications for the longstanding debate about the
origin of terrestrial xenon as the heavy noble gases (Kr, Xe) are thought to have a common origin
on Earth®'°. The initial xenon in Earth’s mantle and atmosphere was long advocated to be U-Xe®,
a primordial component with a deficit in the neutron-rich isotopes **Xe and '**Xe*, but never
directly observed in a parent body. Recently, U-Xe was shown to be a mixture of chondritic and
cometary Xe?', establishing an observational basis for the Earth’s initial atmospheric
composition. On the other hand, for the mantle, chondritic Xe, and not U-Xe, has been suggested
as the progenitor®'?, although differences between chondritic and U-Xe are not discernible given
the measurement uncertainties. Instead, the Kr isotopic results suggest that the Earth’s mantle
may well have a deficit of the neutron-rich Xe isotopes with respect to chondrites; i.e., a U-Xe
pattern reflecting a mixture of chondritic and cometary Xe*'.

To further evaluate the possible sources of deep mantle Kr, we investigate the nature of
the accretionary material. Earth may have primarily grown from differentiated planetesimals as
sampled in achondrites®. In differentiated meteorites, Kr is mainly hosted in Phase Q™.
Although it is unlikely that deep mantle Kr is only from Phase Q (Figures 4, 5). If Earth grew

from differentiated planetesimals, then either the achondrite parent bodies had significantly lower
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8Kr/*Kr ratios than Phase Q due to the presence of other nucleosynthetic components, unlike

d*3*3% or additional parent bodies with a low *Kr/**Kr ratio were

those that have been observe
also added. The nature of the 3Kr-depleted parent body is not entirely clear. The only planetary
body that has so far been shown to carry a deficit in **Kr relative to solar wind is the Kuiper Belt
comet 67P/C-G*. Accretion of cometary material would also have produced a depletion in the
heavy Xe isotopes®, leading to a U-Xe composition of the deep mantle. Due to the large
uncertainty in the cometary krypton composition® a mixing calculation to determine the
proportion of cometary Kr required to explain the deep mantle Kr isotopic composition is not
feasible.

The measured Kr isotopic composition may be explained by accretion of a specific group
of carbonaceous chondrites, or parent bodies carrying noble gases in the carbonaceous phase Q,
such as enstatite or ordinary chondrites®, with other parent bodies, potentially comets, carrying a
depletion in the neutron-rich *Kr isotope. The enstatite or ordinary chondrite parent bodies would
require a larger contribution from a parent body depleted in *Kr. However, since Phase Q is

carbonaceous and widespread in chondrites and achondrites®-*

, all scenarios require early
accretion of carbonaceous phases. The discussions above highlight that one or more volatile-rich

outer solar system objects likely contributed to the deep mantle’s krypton budget during the

earliest phase of Earth’s accretion.

Implications for origin of atmosphere

The primordial krypton sampled by the mantle plumes had to be delivered during the

early phases of Earth accretion. Indeed, mantle plumes sample a reservoir that differentiated from
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the upper mantle prior to the end of Earth’s main phase of accretion (i.e., by 4.45 Ga ago) and has
never been homogenized with the rest of the mantle based on its []"**W, I/Pu-derived Xe, and
‘He/*Ne ratios'***, Early Kr delivery associated with carbonaceous phases, or chondritic parent
bodies, also suggests simultaneous delivery of other chondritic volatiles. This early delivery was
concurrent with acquisition of solar neon in the deep mantle'®*?. As the solar wind and solar
nebula are enriched by several orders of magnitude in neon relative to krypton and because the
solar Ne/Kr ratio is also several orders of magnitude higher than in chondrites, acquisition of
solar neon would not affect the Kr composition'****. We propose that the composition of volatile
elements suggest delivery was not restricted towards the end of the accretion, or to the aftermath
of the Moon-forming giant impact. Rather, volatile delivery may have occurred through most of
Earth’s accretion with volatile abundances on the growing planet sculpted and fractionated by
processes such as core formation and atmospheric loss.

Volatile delivery during only the early or main phase of Earth’s accretion, however, does
not explain the atmospheric noble gases, the largest reservoir of noble gases on Earth. Degassing
of chondritic krypton from the upper mantle does not match the atmospheric composition (Figure
2). Since hydrodynamic escape would leave a residual atmosphere enriched in the heavier
isotopes, degassing of the upper mantle followed by hydrodynamic escape also cannot explain
the atmospheric composition’. Similarly, the deep mantle enrichment in heavy Kr isotopes
compared to the atmosphere (Figures 1, 2) indicates that any combination of deep and shallow
mantle outgassing followed by hydrodynamic escape will not produce the atmospheric
composition. The chemical similarity between the Earth and the Moon is used to argue for
isotopic equilibration between the Earth’s mantle and the impacting body, either through a

silicate vapor disk* or through a synestia like planetary structure generated by vaporizing a
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portion of the silicate Earth through high angular momentum impacts*’. If isotopic equilibration
of refractory lithophile isotopes between the Earth’s silicate mantle and the impactor was
achieved, the pre-existing atmosphere on the Earth should also have equilibrated with its silicate
interior. Hence, we hypothesize that a large fraction of atmospheric noble gases was delivered
after the last major equilibration of the mantle with the atmosphere, the Moon-forming giant
impact**¥. Consequently, volatile delivery during the late veneer is also required to explain the
atmospheric noble gases®*,

The recognition of the deep mantle’s krypton isotopic patterns suggests an outer Solar
System contribution to Earth’s volatile budget starting early in Earth’s accretion history.
Carbonaceous or organic-rich material could have been delivered to the inner solar system during
radial transport of dust-sized grains in the disk prior to the formation of Jupiter®. Additionally,
during giant planet formation and migration in the nebula, volatile-rich planetesimals from the
outer solar system could have been scattered onto terrestrial planet-crossing orbits*~°. In either
scenario volatile-rich material from the outer Solar System was delivered into the terrestrial

planet forming region during the early periods of Earth’s accretion.
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Figure 1: Krypton isotopic patterns of Galapagos and Iceland samples. Isotopic ratios are in
delta notation, [JKr = (('Kr/®*Kr)sample / (Kr/**Kr), -1) x 10> The average Kr isotopic
compositions of the four Galdpagos and the two Iceland measurements are compared to Phase
Q*, Average Carbonaceous Chondrites (AVCC) and Solar Wind*. The measured Kr isotopic
ratios in the Galdpagos and Iceland plume sources are close to Phase Q*; compared to 8"*Kr and
O*Kr of -9.9 + 4.9 %o and -5.8 + 1.8 %o for Phase Q%, the Galdpagos values are -10.5 + 2.9 %o
and -7.1 + 2.3%o, respectively. For Iceland, 8*Kr and 8% Kr are -8.7 % 3.8 %o and -3.0 % 2.7 %o,
respectively. The error bars are 1[].
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Figure 2: Krypton isotopic compositions of Galapagos and Iceland samples. a) 5°Kr vs
O*Kr, b) 8*Kr vs 8%Kr, ¢) 8*Kr vs 8*Kr and d) 8*Kr vs 8*Kr. The Galdpagos and Iceland data
are the averages of the four D22 and two DG2017 measurements, respectively. Air, Phase Q%,
Average Carbonaceous Chondrites (AVCC, Extended Data Table 3) and Solar Wind** are shown
for comparison. Data for CO, well gases (corrected for crustal fission) and Yellowstone are also
indicated, but only *Kr, *Kr *Kr and *Kr have been measured®'. The solid lines in ¢) and d)
highlight the deficit in *Kr relative to the chondritic end-member. The measured 3*°Kr and 8*Kr
of the two mantle plumes (8**Kr of -2.9 + 1.2 %o and 0.7 + 1.1 %o, 8*Kr of 3.1 £ 0.9 %o and 2.1 +
1.2 %o for Galdpagos and Iceland, respectively) are similar to the highest measured 8*Kr (-0.44 +
0.46 %0) and 8*Kr (3.17 % 1.44 %o) ratios of the upper mantle based on analyses of CO, well
gases’ and to the 0%Kr (2.29 * 2.29 %o, purple bar in panels ¢ and d) of the Mid-Atlantic Ridge
popping rock basalt®. Data for the Galdpagos and Iceland hotspots rule out any solar contribution
for heavy noble gases in the deep mantle. The error bars are 1[].
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Figure 3. Xenon isotope composition of Galapagos and Iceland samples. a) '*Xe/'*"Xe —
2Xe/"*"Xe, the Galdpagos and Iceland data are the averages of the four D22 (small circles) and
two DG2017 (small triangles) measurements, respectively. Literature data for upper mantle-
derived samples from CO, well gases™!, the Mid-Atlantic Ridge popping rock basalt®, thermal
springs from Eifel*?, and for plume source samples from Iceland (error-weighted average of all
crush steps of DICE)" and from Yellowstone' are shown for comparison. Data for Eifel** and
Yellowstone'® are normalized to the same atmospheric composition used in this study (Extended
Data Table 2). mfl stands for mass fractionation line (dashed line). Our data for Galdpagos and
Iceland (averages and individual data points) are not on the mfl. The solid and dashed grey lines
represents the mixing line (error-weighted fit forced through air) defined by upper mantle-derived
samples with the 68% confidence interval. b) **Xe/'"**Xe — '*Xe/"*Xe, the plume samples (this
study, DICE error-weigthed average'*, Rochambeau error-weighted average®® and Yellowstone'’)
in comparison with upper mantle samples (refer to Methods for references). The error bars on
measurements are 1[].
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457
458 Figure 4. Mixing proportions in the plume sources. Estimates of mixing proportions to explain
459  the "®Kr-**Kr-*Kr compositions of samples D22A and D22B (Galdpagos) and DG2017 (Iceland).
460 Three scenarios have been considered: mixing of AVCC with air, mixing of AVCC with a solar
461 end-member, and mixing of Phase Q with air. The error bars are 1[].
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Figure 5. Estimated *Kr/*Kr ratio based on different mixing scenarios. Predicted Kr/*Kr
ratio (expressed in delta unit, permil deviation relative to the air ratio) based on the calculated
mixing proportions (Figure 4) for samples D22 from Galapagos (left) and DG2017 from Iceland
(right). These predicted ratios are compared to the average measured ratios for each sample. The
comparison shows that the measured *Kr/*Kr ratios are lower than expected based on the
measured Kr and ¥Kr anomalies. The error bars are 1[].
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Methods

Samples

We used centimeter-sized basaltic glass chunks of samples AHA-NEMO2-D22A and
AHA-NEMO2-D22B from a submarine lava flow of Fernandina volcano, Galdpagos'*~'. The
composition of these samples for major, trace and volatile (major and noble gases) elements have
been well characterized''>'*2, In particular, these samples have the most primitive helium and
neon isotopic ratios of the Galdpagos hotspot'"".

The Iceland sample DG2017 is a picritic sub-glacial basalt glass from Dagmalafell
(Midfell), located approximately 1 km east of Lake Pingvallavatn. GPS coordinates are
64°10°29.3”N, 21°02°52.1”W. This sample was collected by Adam Kent in 2017 from the same
locality as the DICE10 sample analyzed previously'®, from a small quarry at the base of a hill
formed by subglacial eruptions. The sample material was taken from a mass of pillow basalts,
more than 50 m high that underlies hyaloclastite. Abundances of CO, and He as well as the
helium isotopic ratio for sample DG2017, measured by crushing and melting at OSU*?, are shown
in Supplementary Table 1, and are consistent with previous studies'*'®*. The helium isotope
ratio of DICE10, as measured at OSU, is the same within uncertainties as measured for the
DG2017 sample. Abundances and isotopic compositions of Ne, Ar, Xe have also been reported
for this locality'+'6>*,

Glass chunks from Galédpagos and Iceland were cleaned in oxalic acid (1 %) on a hot plate

(50 °C) and then rinsed with ethanol and acetone in ultrasonic baths. About 4 g (Extended Data
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Table 1, Supplementary Table 2) of each sample were then put into crushers, that were then
baked between 110-120 °C for 24 hours and pumped for a minimum of 4 weeks before starting
the analyses. Analyses were started when the crusher blanks were below 1.0x10" ¢ccSTP of *Ne,

4.6x10"? ccSTP of *Ar, 4.5x10"* ccSTP of **Kr and 1.1x10" ccSTP of **Xe.

Protocol of accumulation and noble gas purification

We used a recently developed accumulation protocol®, consisting in accumulating heavy
noble gases (Ar, Kr, Xe) only for crushing steps showing little atmospheric contamination as
determined by the prior analyses of neon isotopic ratios *’Ne/*Ne and *'Ne/*Ne.

For each crushing step, gases were first purified successively with a hot (400 °C) MP10
SAES getter and then with a cold (room temperature) MP10 SAES getter. After purification,
gases were trapped on a dual cryogenic trap®. The latter is a new cryogenic system composed of
two electropolished stainless steel traps on one cold head”. One trap can be cooled to < 5 K
(hereafter trap A) and the other trap to < 50 K (hereafter trap B). The nude stainless steel traps
present steeper release curves for noble gases than charcoal traps®, allowing a better Ar/Kr/Xe
separation™.

Noble gases, except He, were then trapped on trap A at 9 K. A temperature cycle of the
trap was then conducted, consisting in putting the trap at 35 K for five minutes and then cooling it
down to 9 K. This temperature cycle is effective in limiting the effect of cryotrapping (the process
by which one noble gas is trapped by another one) as it can better re-layer each noble gas under
each other on the trap”’. This operation allows recovery of a higher fraction of each noble gas.
Neon was then released at 25 K and introduced to the Noblesse mass spectrometer for analysis

(see below).
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If the *’Ne/**Ne ratio of the crushing step was higher than 11.75 (and 11.49 for one step,
Supplementary Table 2), then the heavy noble gases on trap A were released at 160 K and
trapped on a charcoal trap at liquid nitrogen temperature (77 K) for accumulation.

To analyze the composition of the accumulated gas, the charcoal trap was first heated with
a Kapton heater at 40 °C to release all the xenon. The accumulated gas was first purified with the
two hot and cold MP10 SAES getters. Then gases were trapped on trap B at 67 K. The protocol
then used to separate Ar/Kr/Xe is the protocol 2 described in another study™ for samples D22B-1,
D22B-1 and DG2017-1. For the three other analyses, two temperature cycles were applied for
Ar/Kr and Kr/Xe separation (similar to protocol 3 of a previous study®) to further improve the
efficiency of the separation.

Neon, argon and xenon data for the samples are indicated in Extended Data Tables 2 and
4 and Supplementary Table 2.

The charcoal trap, used to accumulate Ar, Kr, Xe from several crushing steps
(Supplementary Table 2), remained several days in static vacuum. In total, the charcoal trap
remained 6 days in static vacuum (isolated) for sample D22B-1, 5 days for D22B-2, 5 days for
D22B-3, 3 days for D22A, 7 days for DG2017-1 and 3 days for DG2017-2. The blank of the

charcoal trap after several days in static vacuum is discussed below.

Noble gas analyses on the Noblesse SF5M

To measure the noble gas abundances and isotopic ratios, we use a Noblesse HR mass
spectrometer (Nu Instruments) equipped with five faraday cups and five electron multipliers
(5F5M) at the Davis Noble Gas Laboratory. Filament voltage was kept at — 78 V and the trap

current at 250 []A for all the analyses.
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Neon isotopes, *’Ne, *’Ne and *Ne, were measured in multicollection on electron
multipliers, on the right side of the peaks where *Ne is resolved from “°’Ar**. Signals of HF and at
mass 44 were measured to correct for HF* and CO,™ interferences, using the measured
double/single charge ratios CO,™/CO," of 0.0068 £ 0.0005.

Argon isotopes were measured in multicollection, “’Ar on one of the Faraday cups and
Ar and **Ar on electron multipliers.

Krypton isotopes were measured in two steps on electron multipliers. The first step
consisted in measuring in multicollection *Kr, ¥Kr, *Kr, *Kr and *Kr, the second step in
analyzing ¥Kr. Measurements were done on the left side of the peaks, where interferences with
hydrocarbon on krypton isotopes are resolved. The isotope °Kr was measured on the electron
multiplier that has a slit (initially for resolving *He from HD) that allows full resolution of *Kr
from any interfering hydrocarbons. Kr is efficiently separated from Ar using the dual stainless
steel trap®. As a result, no interference of “°Ar," with **Kr was detected (see discussion below).

Xenon isotopes were measured in three steps on electron multipliers, the first step for

126X e, 1Xe, *?Xe, the second step for '*Xe, *'Xe, **Xe and the third step for '*Xe, *’Xe, *Xe.

Sensitivity, reproducibility and mass discrimination of the measurements

Sensitivity, reproducibility and mass discrimination of the measurements were assessed
through repeat analyses of air standards of similar size as the samples. Each pipette of the air
standard corresponds to 6.15x10"" ccSTP of *Ne, 1.15x10 ccSTP of *Ar, 2.38x10"! ¢ccSTP of

8Kr and 1.30x10" ccSTP of *°Xe.
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Typical values of sensitivity of the mass spectrometer during the analysis periods were
1.1x10" cm?/cps for #Ne, 1.9x10"° cm’/cps for *°Ar, 4.8-5.0x10'® cm?*/cps for *Kr and 4.6-
5.1x10"° em*/cps for PXe.

Extended Data Figure 4 shows the measurement reproducibility of air standards of three
different sizes, from 7.52x10"* cm® to 2.38x10"" cm’® of *Kr. For data reduction, only air
standards of similar size as the samples were considered. Repeat measurements of the largest air
standard size (¥*Kr of 2.38x10"" ¢cm’) show an even better reproducibility, typically of 2 %o for
the "*Kr/*Kr, of 2.5 %o for the 3°Kr/**Kr, of 1 %o for the ¥Kr/*Kr, of 1.5 %o for the ¥*Kr/**Kr and
of 1 %o for the *Kr/*Kr.

Accumulation blank and tests

An important parameter to monitor is the blank of the charcoal trap (see above the total
numbers of days the trap remained in static vacuum for each sample). We carried out
accumulation blanks consisting in trapping Ar, Kr and Xe from the line in different blank steps,
as we did for the crush steps. The accumulated blank represents 3.1 % of the total measured Kr
for sample D22B-1, 1.7 % for D22B-2, 1.9 % for D22B-3, 3.7 % for D22A, 2.1 % for DG2017-1
and 1.9 % for DG2017-2, with atmospheric isotopic ratios. These blanks represent 3.2 % and 6.7
% of the total measured Ar and Xe, respectively, for sample D22B-1, 1.9 % and 3.7 % for D22B-
2,2.1 % and 4.0 % for D22B-3, 3.6 % and 8.0 % for D22A, 3.8 % and 4.8 % for DG2017-1 and
1.9 % and 4.0 % for DG2017-2. We corrected the measured argon, krypton and xenon
abundances and isotopic ratios for these blanks. This correction is negligible given the blank
proportions for each sample.

The measured Kr isotopic ratios for the D22 and DG2017 samples are similar, within

uncertainties, suggesting that the blank correction is not important for this accumulation
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procedure, i.e. the quantity of accumulated gas is too large to be affected by the blank. These
similar results provide confidence that the procedure is reproducible for precisely measuring
small variations in Kr isotopes in such samples in spite of the significant amount of gas
processing/distillations.

However, the measured krypton and xenon isotopic ratios may be lower limits for the
Galdpagos and Iceland sources, as for the accumulation protocol we considered crushing steps
with *Ne/**Ne lower than the maximum measured value for these sources. The average *’Ne/*Ne
ratios of the accumulated gas for each sample are between 11.99 and 12.41 (Supplementary Table
2), that is lower than the maximum measured value > 12.8 for these sources. However, as
explained in a previous study®, mixing in a Kr-Ne or Xe-Ne space would be hyperbolic and so
crushing steps with lower *’Ne/*Ne ratio than the maximum value but higher than 11.75 would
still have Kr and Xe isotopic ratios very close to the source value (Extended Data Figure 2).
Therefore, we expect the measured krypton and xenon isotopic ratios to be representative of the
Galdpagos and Iceland sources. As there are no previous krypton isotopic data for high *’Ne/*Ne
ratio for these oceanic islands we cannot correct for this small effect.

In addition, we note that the small Kr isotopic differences observed between the four D22
and the two DG2017 measurements may be explained either by instrumental variability (as
observed with standards) or by small differences in the air-like contaminant (air vs. seawater for
instance). More investigation would be needed to determine the cause of these small variations.

The neon isotopic ratios fall exactly on the mixing lines previously determined for these
samples in other noble gas labs (Supplementary Table 2). This is a further confirmation of the
robustness of the measurements by the new S5F5M mass spectrometer. Another important

observation is that the measured “Ar/*Ar ratios and the average *’Ne/*Ne ratios of the
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accumulated gas fall exactly on the mixing hyperbolae previously identified for these samples
(Extended Data Figure 5). The '"¥Xe/"*"Xe and '**Xe/"*"Xe ratios also fall exactly on the trend
identified for Iceland" (Figure 3), while there is no previously published data for the Galdpagos
hotspot samples. This is robust evidence that suggests that the accumulation protocol worked
very well for these samples and that the measured Kr isotopic ratios are representative of these
OIB sources. In Figure 3 panel b, data for upper mantle include MORB from the North
Atlantic®* %, Equatorial Atlantic® and South West Indian Ridge*®*, CO, well gas* and thermal
springs from Eifel** and Massif Central®.

However, the Ar abundances and Ar isotopic ratios cannot be taken as representative of
the source compositions. As shown in Extended Data Figure 5, the measured “’Ar/**Ar ratios with
the accumulation protocol are much lower than the highest values determined for these samples.
This is due to the principles of the accumulation protocol®: mixing in Extended Data Figure 5 is
hyperbolic and so accumulating steps with high *°Ne/*Ne ratios (>11.75) provides Kr with
similar isotopic ratios as the source but Ar with much lower ratios.

We also carried out tests of accumulation with aliquots of air standard. For each of the
three tests, three aliquots of 7.52x10'? cc of 3*Kr were accumulated on the charcoal trap and
analyzed as explained above. The measured Kr isotopic ratios for each test, presented in
Extended Data Table 5, are similar to measurements of air standard aliquots of 7.52x10'"* cc and
of 2.37x10"" cc of ¥Kr. The results of these tests argue against mass fractionation induced by the

accumulation protocol itself.

Uncertainties on isotopic ratios and discussion of the results
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The uncertainties on isotopic ratios were calculated by propagation of errors of the
measured uncertainty and of the external reproducibility estimated with standards. For each
sample, the external reproducibility was estimated by considering a suite of air standards, with
similar size as the samples (as explained above), analyzed before and after the sample.

The ¥*Kr/*Kr ratios were not corrected for fission production, as it is expected to be
negligible. Spontaneous fission of **U can produce small amounts of ¥*Kr, %Kr and *Kr while
spontaneous fission of ***Pu produces **Kr*. The fission yields are 0.95 % and 0.11 % for *Kr
from #*U and ***Pu fissions, respectively®. It is important to note that this correction would lower
the measured *Kr/*Kr ratio. Therefore, the anomaly observed for ¥Kr (Figures 1 and 5) would
be even more important with this fissiogenic correction.

Another observation that precludes interference on ¥Kr from “Ar,* is the overall pattern
in Figure 1. As the krypton isotopic pattern closely follow that of Phase Q for isotopes of mass
78, 80, 82, 83, it is unlikely that any interference with **Ar," on mass 80 occurred. Otherwise, we
should observe a noticeable excess for the 3'Kr/*Kr ratio relative to Phase Q.

We also estimated the probabilities that the measured krypton isotopic ratios are identical
to air within uncertainties. Considering the six data independently, we calculated the probability
that the "*Kr/**Kr, *Kr/**Kr and 3*Kr/*Kr ratios are all identical to or higher than air by randomly
picking an isotopic ratio based on the measured value and the uncertainty assuming a normal
distribution, and comparing it to the atmospheric ratios, also randomly picked according to the
normal distribution. We found that the probability that the *Kr/**Kr, *Kr/*Kr and **Kr/*Kr ratios
are all identical to or higher than air is 0.19% for sample D22B-1, 0% for samples D22B-2,
D22B-3 and D22A, 2.19 % for DG2017-1 and 0.38 % for DG2017-2. Similarly, the probabilities

that the *Kr/**Kr, *Kr/*Kr and 3?Kr/*Kr ratios are all within uncertainties of air (+ 2 sigma) are
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0.23% for sample D22B-1, 0.12% for D22B-2, 0% for D22B-3, 0.66% for D22A, 1.5% for
DG2017-1 and 0.21% for DG2017-2. The probabilities that all five Kr isotopic ratios are within
uncertainties of air (+ 2 sigma) are 0.09% for sample D22B-1, 0.002% for D22B-2, 0% for
D22B-3, 0.24% for D22A, 0.37% for DG2017-1 and 0.07% for DG2017-2. Therefore, these
calculations demonstrate that it is very likely that the measured krypton isotopic compositions are

different from air.

Krypton cosmochemistry and compilation of chondrites krypton isotopic data

The krypton isotopic composition of carbonaceous chondrites is a mixture of Phase Q-Kr
and Kr from presolar grains such as SiC, which were used to determine the s-process Kr isotopic
composition®®, The large variability in 8*Kr of SiC grains are due to the fact that *Kr is at a
branching point on the s-process path and thus, the SiC grain composition is influenced by
neutron flux and stellar temperature in individual AGB stars. The Kr isotopic compositions of
SiC grains reflect mixtures of the normal “N” component, close to the solar composition, and the
“G” component corresponding to s-process Kr and which range in Kr isotopic ratios is predicted
by AGB star composition models.

We compiled krypton isotopic data from carbonaceous, ordinary and enstatite chondrites
(Extended Data Table 3) in order to compare with our new data. We report data only for
chondrites of low petrologic types (1 to 3) as they have better preserved their original
constituents®.

We re-determined the Average Carbonaceous Chondrites (AVCC) krypton isotopic
composition (Extended Data Table 1 and 3) in order to take into account more data than usually

considered and also because it is not always clear in the literature from which data this AVCC
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composition was calculated. It is often referred for AVCC to the study of Pepin® but in this study
chondritic krypton is not only calculated with data for carbonaceous chondrites.

For the calculation of AVCC, we used data from several studies that have measured the
carbonaceous chondrites Murray, Cold Bokkeveld, Orgueil, Lancé and Leoville®". Some data
were not considered because some meteorites were too much affected by krypton from neutron-
capture production’""2,

All the data considered were first re-normalized to the atmospheric composition used in
this study™ in case other values were taken. The data for Leoville® were corrected considering
they were reported to the atmospheric composition of Nier’ as described in the data table, and
not to that of Nief”” as mentioned in the text.

The data for Leoville® were corrected for cosmogenic krypton production, for the other
carbonaceous meteorites no cosmogenic correction appears necessary®’ %7, To correct Leoville
data for cosmogenic krypton, we use two methods that give similar results. The first one
consisted in using the *Kr/*'Ne ratio of the spallation end-member’ of 7.6x10° and the krypton
spallation spectra’. The second method consisted in calculating the production ratios of ¥*Kr/*'Ne
for the spallogenic end-member based on determined equations’™ provided that *Ne/*'Ne > 1.08-
1.10"7 and combining this production ratio with the krypton spallation spectra”. The correction
was less than 0.2 % for all isotopic ratios. The data were not corrected for neutron-capture
production.

The AVCC composition calculated in Extended Data Table 3 represents the weighted
mean of the 8 data considered (only 5 data for "*Kr and 6 for *Kr). The uncertainties reported are
the standard error of the mean to take into account the underdispersion/overdispersion of the data.

We note that because the Earth accreted substantial amounts of carbonaceous meteorites (~5-15%
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of bulk Earth mass®*), the average value of the carbonaceous meteorites (AVCC) should be
representative of the composition of the carbonaceous meteorites accreted. Consequently, the
appropriate parameter for the uncertainty of the average value is the standard error. Our
calculated mean value for AVCC composition is consistent with a previous estimation®.

For ordinary chondrites, we selected data from the study of Eugster® (Extended Data
Table 3), and corrected them for cosmogenic production using their estimated ¥Kr/>'Ne* and the
Kr spallation spectra”. We did not report the *°Kr/**Kr and *’Kr/**Kr ratios as both ratios are
clearly affected by neutron-induced production.

81.82 and corrected them for

For enstatite chondrites, we used data from two studies
cosmogenic production using the Kr spallation spectra’” and the calculated production ratios *Kr/
?INe for the spallogenic end-member’™. We only report the ¥*Kr/*Kr and *Kr/**Kr ratios, as the
other isotopic ratios show more variability, likely due to imperfect neutron-induced production
correction for ¥Kr/**Kr and *Kr/**Kr ratios and to imperfect cosmogenic correction for the
"Kr/*Kr ratio.

As for AVCC, the averages for enstatite and ordinary chondrites correspond to the

weighted mean and the reduced chi-square of the weighted error.

Calculation of the krypton mixing proportions in the OIB sources

To explain the krypton isotopic patterns of the Galdpagos and Iceland sources, we
considered several mixing combinations (Figure 4). The aim of this approach was to fit the
anomalies in ®Kr/#*Kr and 8Kr/*Kr, the two ratios most resolvable from the air ratios, to estimate
the expected **Kr/*Kr ratio. We used the same methods of linear least square fitting and Monte

Carlo for propagation of uncertainties as described for Xe component deconvolution™®.
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If the composition of Kr in the plume sources is a mixture of AVCC and atmospheric K,
then 52 + 8 % of the Kr in the Galdpagos plume and 36 + 8 % of the Kr in the Iceland plume
originate from AVCC based on the measured *Kr-*Kr-**Kr. A solar-AVCC mixture would
indicate that at most 10 = 2 % of the Kr in the Galdpagos plume and 16 + 2 % of the Kr in the
Iceland plume would be solar. A phase Q-air mixture would give 100%y % and 71 + 17 % of the
Kr in the Galdpagos and Iceland plumes, respectively, originated from Q.

We also tested this approach considering a mixing of AVCC, solar and air krypton to fit
the ®Kr/**Kr, ¥Kr/**Kr and *’Kr/*Kr ratios. This 3-component mixing gives a similar result for
samples D22 as the mixing of AVCC-air krypton, that is 0 % of solar krypton, 48 + 6 % of
AVCC krypton and 52 + 6 % of air krypton. However, it was not possible to fit well the DG2017
sample composition with this three-component mixing given that the measured **Kr/**Kr ratio for
this sample is not as well resolved from air as for samples D22. The fact that this three-
component mixing gives the same result than the two-component mixing considering only the
BKr/**Kr and *Kr/*Kr ratios for samples D22 suggests that it is a valid approach to only consider
these two ratios for the fit and that the solar end-member did not contribute significantly to
mantle krypton.

The uncertainties on the mixing proportions take into account uncertainties on the
measured Kr isotopic ratios for the samples as well as the uncertainties on the AVCC, solar and

Phase Q end-members.
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Data availability

Geochemical data that support the findings of this study are archived on EarthChem at

https://ecl.earthchem.org/view.php?id=2065. Source data are provided with this paper.
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Extended Data Table 1: Krypton isotopic compositions of samples AHA-NEMO2-D22A and
AHA-NEMO2-D22B (hereafter D22A and D22B, Fernandina, Galapagos, respectively) and
DG2017 (Midfell, Iceland). The weighted averages of the four Galdpagos and the two Iceland
measurements are reported. Compositions of Air”, Average Carbonaceous Chondrites (AVCC),
Phase Q* and Solar Wind* are indicated as comparison. *Kr is reported as the total amount
measured in cm’STP and not divided by the sample mass. Sample D22B-1 was 4.04599g, D22B-
2 4.09500 g, D22B-3 3.0052 g, D22A 4.1554 g, DG2017-1 4.5371 g and DG2017-2 4.7092g.
Refer to text and Extended Data Table 3 for the calculation of the AVCC end-member.

Uncertainties are 1[].

Sample 84Kr TSKr/84Kr SOKI-/84KI- 82Kr/84Kr 83Kr/84KT 86Kr/S4Kr
(x10-'! cm?STP)
D22B-1 1.61 0.00602 0.03941 0.2021 0.2016 0.3053
+/- 0.02 0.00003 0.00017 0.0005 0.0004 0.0006
D22B-2 3.10 0.00603 0.03941 0.2015 0.2017 0.3065
+/- 0.05 0.00003  0.00020 0.0004 0.0004 0.0004
D22B-3 2.30 0.00601 0.03894 0.2006 0.2006 0.3070
+/- 0.04 0.00004 0.00017 0.0005 0.0003 0.0007
D22A 122 0.00604 0.03956 0.2023 0.2015 0.3053
+/- 0.04 0.00005  0.00019  0.0006 0.0004 0.0007
D22 (average) 0.00603 0.03932 0.2016 0.2012 0.3061
+- 0.00002 0.00009 0.0002 0.0002 0.0003
DG2017-1 215 0.00605 0.03949 0.2024 0.2016 0.3059
+/- 0.04 0.00003 0.00012 0.0003 0.0003 0.0004
DG2017-2 242 0.00601  0.03947 0.2019 0.2013 0.3056
+/- 0.08 0.00004 0.00021 0.0006 0.0004 0.0007
DG2017 (average) 0.00604 0.03948 0.2023 0.2015 0.3058
+- 0.00002 0.00011 0.0002 0.0003 0.0004
Air 0.00609  0.03960 0.2022 0.2014 0.3052
AVCC 0.00595 0.03928 0.2008 0.2007 0.3092
+/- 0.00002  0.00006 0.0003 0.0002 0.0002
Phase Q 0.00603 0.03937 0.2018 0.2018 0.3095
+/- 0.00003  0.00007 0.0002 0.0002 0.0005
Solar Wind 0.00642 0.04120 0.2054 0.2034 0.3012
+/- 0.00005  0.00020 0.0002 0.0002 0.0004
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912 Extended Data Table 2: Xenon abundances and isotopic ratios measured with the
913 accumulation protocol for the Galapagos (AHA-NEMO2-D22A and AHA-NEMO2-D22B)
914 and Iceland (DG2017) samples. Uncertainties are 1[].

Sample 13“X¢]33 124xe/0%e  120Xe/0Xe  1PXe/'Xe PXe/Xe UXe/'Xe UXe'Xe DXeP'Xe  PoXe/P'Xe
x10
cm’STP
D22B-1 1.57 0.0236 0.0215 0.4723 6.66 5§23 6.65 2.59 2.23
+/- 0.04 0.0006 0.0006 0.0033 0.03 0.02 0.03 0.01 0.01
D22B-2 3.05 0.0231 0.0212 0.4768 6.61 5.23 6.63 2.59 221
+/- 0.07 0.0006 0.0005 0.0030 0.03 0.04 0.04 0.03 0.01
D22B-3 1.97 0.0234 0.0223 0.4740 6.63 523 6.65 2.60 2.23
+/- 0.04 0.0007 0.0007 0.0035 0.03 0.02 0.03 0.01 0.01
D22A 1.13 0.0227 0.0218 0.4695 6.70 5.20 6.63 2.61 222
+/- 0.06 0.0007 0.0006 0.0034 0.05 0.04 0.04 0.02 0.02
D22 (average) 0.0232 0.0216 0.4734 6.64 5.22 6.64 2.60 2.22
+/- 0.0003 0.0003 0.0016 0.02 0.01 0.02 0.01 0.01
DG2017-1 2.37 0.0236 0.0223 0.4715 6.74 5.23 6.64 2.62 225
+/- 0.04 0.0004 0.0005 0.0024 0.04 0.03 0.03 0.02 0.01
DG2017-2 2.31 0.0241 0.0224 0.4754 6.79 522 6.66 2.62 2.26
+/- 0.07 0.0008 0.0008 0.0036 0.03 0.03 0.03 0.01 0.01
DG2017 (average) 0.0237 0.0223 0.4727 6.78 5.22 6.65 2.62 2.25
+/- 0.0004 0.0004 0.0020 0.03 0.02 0.02 0.01 0.01
Air 0.0234 0.0218 0.4710 6.50 5.21 6.61 2.56 2.18

916
917
918
919
920
921
922
923
924
925
926
927
928
929
930
931
932
933
934
935
936
937
938
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939 Extended Data Table 3: Compilation of carbonaceous, ordinary and enstatite chondrites
940 Krypton isotopic data®"*%2 Data are normalized to the atmospheric composition used in this
941 study”. The Leoville data®, ordinary® and enstatite chondrites®®* data were corrected for
942 cosmogenic component (refer to the Method section for details).

943
Meteorites  Class "®Kr/**Kr o 80KrAKr o 8 KrAKr o BKrAKr o 86K1/AKr @
Carbonaceous chondrites (CC)
Murray®® CM2 0.00594 0.00009 0.03938 0.00053 0.2006 0.0020 0.2009 0.0018 0.3093 0.0019
Murray” CM2 0.1988 0.0016 0.1994 0.0014 0.3068 0.0024
Cold CM2 0.00597 0.00004 0.03915 0.00030 0.2013 0.0008 0.2014 0.0009 0.3092 0.0008
Bokkeveld®’
Orgeuil”™® CIl 0.1998 0.0012 0.2001 0.0012 0.3091 0.0015
Orgeuil®’ CI1  0.00588 0.00008 0.03922 0.00042 0.2011 0.0016 0.2011 0.0016 0.3090 0.0015
Lance®® CO03.5 0.00591 0.00011 0.03948 0.00059 0.2006 0.0026 0.2013 0.0024 0.3093 0.0029
Lance®’ C03.5 0.00600 0.00008 0.03958 0.00046 0.2017 0.0015 0.2013 0.0014 0.3099 0.0012
Leoville®  CV3 0.03824 0.00030 0.2009 0.0012 0.2005 0.0010 0.3090 0.0010
AVCC 0.00595 0.00002 0.03928 0.00006 0.2008 0.0003 0.2007 0.0002 0.3092 0.0002
Ordinary chondrites (OC)
Dimmitt®®  H3.7 0.00583 0.00023 0.2019 0.0040 0.3089 0.0038
Mezd L3.5 0.00591 0.00017 0.2014 0.0027 0.3112 0.0029
Madaras®
Pamnallee?® LL3  0.00595 0.00010 0.2021 0.0016 0.3104 0.0029
Tieschitz 18 H3.6 0.00599 0.00017 0.2012 0.0036 0.3105 0.0029
Tieschitz 43 H3.6 0.00605 0.00006 0.2013 0.0013 0.3088 0.0014
Average OC 0.00601 0.00003 0.2016 0.0002 0.3097 0.0005
Enstatite chondrites (EC)
ALH84206% EH3 0.2020 0.0010 0.3070 0.0010
ALH 77295%2 EH3 0.2026 0.0004 0.3124 0.0005
Sahara EH3 0.2020 0.0005 0.3102 0.0006
9709682
Y-69182 EH3 0.2034 0.0004 0.3142 0.0004
Y-79295982  EH3 0.2014 0.0004 0.3113 0.0005
Y-793161%2 EH3 0.2017 0.0004 0.3094 0.0006
Average EC 0.2022 0.0003 0.3118 0.0008

945

946

947

948

949

950

951

952

953

39



954
955
956
957

958
959

960
961
962
963
964
965
966
967
968
969
970
971
972
973
974
975
976
977
978
979
980
981

982
983

984

985
986
987
988

Extended Data Table 4: Argon abundances and isotopic ratios measured with the
accumulation protocol for the Galapagos (AHA-NEMO2-D22A and AHA-NEMO2-D22B)
and Iceland (DG2017) samples. As mentioned in the text, the values for argon cannot be used as
representative of the source compositions. Uncertainties are 1[].

Sample BAr o BArPSAr o WArSAr o
x101% cm*STP

AHA-NEMO2-D22B-1 5.75 0.10 0.1879 0.0003 1902.6 1.0
AHA-NEMO2-D22B-2 9.73 0.20 0.1885 0.0003 1464.2 1.0
AHA-NEMO2-D22B-3 8.26 0.02 0.1884 0.0003 13472 1.0
AHA-NEMO2-D22A 4.25 0.03 0.1879 0.0003 21954 1.0
DG2017-1 5.01 0.02 0.1880 0.0004 3025.2 1.0
DG2017-2 7.95 0.05 0.1889 0.0002 3228.8 1.0
Air 0.1880 295.5

Extended data Table 5: Results of the accumulation tests with air standard aliquots of
7.52x10"* cc of ¥Kr. Each test consists of the accumulation of three air standard aliquots of
7.52x10"2 cc of *Kr. The test results are compared with measurements of air aliquots of 7.52x10-
12 cc (average of n = 16 analyses) and of 2.37x10™"! cc (average of n = 5 analyses) of *Kr. The
measured Kr isotopic ratios from the accumulation tests are similar to the ones for air standard
aliquots of 7.52x10™"* cc and of 2.37x10™"" cc of *¥Kr.

BRBKr s OKAKr s QKA Kr s SRS Kr s SR Kr s
Test 1 0.00606 0.00003 0.04010 0.00007 0.2030 0.0002 0.2020 0.0002 0.2900 0.0003
Test 2 0.00611 0.00003 0.04006 0.00007 0.2034 0.0002 0.2021 0.0002 0.2907 0.0002
Test 3 0.00607 0.00003 0.04004 0.00008 0.2033 0.0002 0.2022 0.0002 0.2903 0.0002
Average 0.00608 0.00003 0.04007 0.00003 0.2032 0.0002 0.2021 0.0001 0.2903 0.0004
Average 0.00609 0.00003 0.04021 0.00010 0.2036 0.0004 0.2022 0.0003 0.2902 0.0003
7.52x1012 ¢cc

of #Kr (n =

16)

Measurements of air standard of 2.37x10-!! cc of #Kr

STD 1 0.00611 0.00002 0.04023 0.00009 0.2033 0.0002 0.2025 0.0002 0.2903 0.0002
STD 2 0.00608 0.00002 0.04034 0.00006 0.2037 0.0002 0.2024 0.0002 0.2903 0.0002
STD 3 0.00612 0.00003 0.04034 0.00006 0.2036 0.0003 0.2023 0.0003 0.2901 0.0002
STD 4 0.00606 0.00002 0.04011 0.00007 0.2031 0.0002 0.2023 0.0002 0.2902 0.0002
STD 5 0.00611 0.00003 0.04019 0.00008 0.2030 0.0002 0.2024 0.0002 0.2905 0.0003
Average (n=  0.00610 0.00003 0.04024 0.00010 0.2033 0.0003 0.2024 0.0001 0.2903 0.0001

5)

Extended Data Figure 1: Krypton isotopic patterns for each analysis. Isotopic ratios are in
delta notation [JKr = (('Kr/3*Kr)sample / (Kr/**Kr),, -1) x 10%. a) Sample D22B-1, b) sample
D22B-2, c¢) sample D22B-3, d) sample D22A, e) samples DG2017-1 and DG2017-2. Patterns of
Solar Wind**, Average Carbonaceous Chondrites (AVCC) and Phase Q* are shown for reference.
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Extended Data Figure 2: Krypton-neon isotope plot. The krypton isotopic compositions of the
Galdpagos and Iceland mantle sources are not precisely known, our data represent lower limit as
explained in the Method. As such, a range is indicated for the deep mantle spanning the Phase Q
and AVCC Kr isotopic compositions. The mixing hyperbolae show that accumulating crushing
steps with ’Ne/*Ne ratios >11.75 allow to obtain Kr isotopic ratios close to the mantle source
ratios.
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Extended Data Figure 3: Estimation of the probability of the observed deficit in **Kr for the
D22 (Galapagos) and DG2017 (Iceland) samples. The black rectangle represents the
probability (0.01 %) that both measured *Kr/*Kr ratios for the Galdpagos and Iceland plume
sources are higher than the predicted values (Figure 5). The white rectangle represents the
probability that both measured ratios are lower than the predicted values, the blue rectangle that
the measured ratio for the Galdpagos source is lower than the predicted value with the measured
ratio for Iceland being higher than the predicted value, and the green rectangle that the measured
ratio for the Iceland source is lower than the predicted value with the measured ratio for
Galdpagos being higher than the predicted value. There is a 99.9 % probability that the Earth’s
deep mantle has a deficit in *Kr relative to AVCC.
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Extended Data Figure 4: Reproducibility of the air standard for krypton isotopic ratios. a)
BKr/4*Kr, b) ¥Kr/#*Kr, ¢) 2Kr/*Kr, d) ¥Kr/**Kr and e) ¥Kr/**Kr. This set of standards was
measured over 13 days and include three sizes of air standard, ranging from 7.52x107'* cc to
2.37x10™"" cc of #Kr. For the samples, only one size of the air standard was used (**Kr of 2.37x10r
!"¢cc), measurements of this air standard size show an even better reproducibility (typically of 2
%o for the *Kr/*Kr, of 2.5 %o for the ¥Kr/**Kr, of 1 %o for the ¥Kr/**Kr, of 1.5 %o for the
8Kr/4*Kr and of 1 %o for the *Kr/*Kr).
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Extended Data Figure S: Three neon isotope plot for the step-crushing analyses and argon-
neon isotope plot for the accumulated gas. a) Neon isotopic ratios for sample D22B-1, D22B-
2, D22B-3 and D22A (Galdpagos), compared with literature data'', b) neon isotopic ratios for
DG2017-1 and DG2017-2 (Iceland), compared with literature data'*'>>*. Supplementary Table 2
indicates for which step heavy noble gases were accumulated. Neon-B*, Sun®, Solar Wind*. c)
OAr/*Ar vs *Ne/?Ne for samples D22B-1, D22B-2, D22B-3 and D22A (Galédpagos), in
comparison with literature data", d) “Ar/°Ar vs *Ne/*Ne for DG2017-1 and DG2017-2
(Iceland) compared with literature data'*'>>*. The *’Ne/*Ne ratios for samples D22B-1, D22B-2,
D22B-3, D22A, DG2017-1 and DG2017-2 are the average ratios of the accumulated steps, refer
to Supplementary Table 2. The measured “°Ar/*°Ar ratios as well as the average *’Ne/*Ne ratios
are consistent with previous measurements for these same samples.
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