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Solar noble gases in an iron meteorite indicate
terrestrial mantle signatures derive from
Earth’s core
Manfred Vogt 1✉, Mario Trieloff1, Ulrich Ott 1,2,3, Jens Hopp1 & Winfried H. Schwarz 1

Noble gases are important tracers of planetary accretion and acquisition of volatiles to

planetary atmospheres and interiors. Earth’s mantle hosts solar-type helium and neon for

which 20Ne/22Ne ratios advocate either incorporation of solar wind irradiated solids or solar

nebula gas dissolution into an early magma ocean. However, the exact source location of

primordial signatures remains unclear. Here we use high-resolution stepwise heating gas

extraction experiments to analyse interior samples of the iron meteorite Washington County

and find that they contain striking excesses of solar helium and neon. We infer that the

Washington County protolith was irradiated by solar wind and that implanted noble gases

were partitioned into segregating metal melts. The corollary that solar signatures are able to

enter the cores of differentiated planetesimals and protoplanets validates hypotheses that

Earth’s core may have incorporated solar noble gases and may be contributing to the solar

signatures observed in Earth’s mantle.
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Earth’s mantle contains solar-type helium and neon, which is
in contrast to the situation for Earth’s atmosphere, where
planetary-type noble gases dominate. The latter are dis-

tinguished by their strong depletion in He and Ne compared to
solar abundances and the relative enrichment in heavy gases (Ar,
Kr and Xe)1–3. In particular, plume-derived samples (a plume is a
deep-rooted upwelling of abnormally hot material within Earth’s
mantle) show high 3He/4He values2–6 and solar-like 20Ne/22Ne
ratios2–4,7–12, in some cases indistinguishable from the solar wind
(SW)-implanted Ne-B component in meteorites3,7,8,11 (20Ne/
22NeNe-B ~12.5–12.7)13. The origin of the light solar noble gases
within Earth7 has been explained either by SW implantation into
Earth’s building blocks or by incorporation of captured nebular
gases into an early magma ocean during accretion. Ratios for
20Ne/22Ne even higher than the Ne-B value have been observed,
associated with samples from the deep mantle9–11, ranging up to
13.03 ± 0.04 (2σ) in a recent study of plume-influenced samples12.
This, indeed, gives some credence to the capture idea (20Ne/
22Nesolar nebula= 13.36 ± 0.09)14, but overall, this process is
expected to be of limited efficiency only11,15. Whereas oceanic
island basalts (OIBs), derived from the plume source, show high
contributions of light solar noble gases as indicated by more
primitive isotopic ratios3,11, systematically lower 3He/4He ratios
and generally lower maximum 20Ne/22Ne ratios (≲12.5) are
observed in samples derived from mid-ocean-ridge basalts
(MORBs)3,8. This requires at least two separate reservoirs in
Earth’s interior: A strongly degassed and well-homogenised
reservoir in the upper mantle as a source for MORBs, and a
more pristine, isolated and gas-rich source deep within Earth that
is sampled by plumes. The reservoir of the primitive signatures,
traditionally assumed to be isolated in the deep mantle, however,
is not precisely located. To solve the requirement for a separate
reservoir of solar noble gases in Earth’s mantle, some models also
suggest Earth’s core as a possible source3,6,16–18, either for the
total mantle flux or at least for the OIB flux, which contributes ca.
1–10% only of the former4,5,19.

A kind of precursor materials of planetary cores are iron
meteorites, which represent our only available analogue to
materials from the deep interior of Earth20. All studied iron
meteorites in our collections are thought to have been derived
from no more than ~75 asteroidal sources. Their chemical clas-
sification is mainly based on the composition of the highly
volatile siderophile elements Ga and Ge relative to Ni and Ir (as
well as other elements like Au and Co) and allows for assignment
to either one of 14 geochemical groups or as being still
“ungrouped”, with further subdivision into “magmatic” and
“nonmagmatic”20,21 (Supplementary Fig. 1). Magmatic iron
meteorites, including the largest known group IIIAB, show
similar elemental fractionation trends within each group and are

thus consistent with fractional crystallisation in the metallic cores
of separate parent bodies20–23. Whereas the nonmagmatic, or
“silicate-bearing”, groups (IAB, IIICD and IIE) exhibit sub-
stantially different chemical trends and are thought to have ori-
ginated from processes involving partial differentiation, break-up
and/or melting by impacts20,24,25, it is suggested that most
ungrouped iron meteorites experienced fractional crystallisation
like most magmatic irons22. The fractionally crystallised groups
are considered as products of differentiation processes during the
first few million years of our solar system26,27. While many of the
differentiated protoplanets were incorporated into the growing
terrestrial planets, yet some remained in the asteroid belt. During
small body collisions, metal fragments can be liberated from the
interior of larger bodies and injected into Earth-crossing orbits.
For such iron meteoroids, transit times to Earth are generally long
(typically hundreds of millions of years28), during which time
interaction with galactic cosmic rays (GCRs) produces abundant
cosmogenic noble gases29. This in situ produced component may
easily obscure the signature of pristine noble gases, if also present
within the metal. So far, only the iron meteorite Washington
County (which is chemically different from nonmagmatic groups
and more similar to the magmatic IIIAB or IIIE groups, Sup-
plementary Figs. 1 and 2) was reported to contain a remarkable
excess of non-cosmogenic light noble gases30–36 (i.e. 4He and
20Ne), which was taken as an indication for the presence of a
primordial component32,33. An initial report34 of unfractionated
solar He, Ne and Ar was, however, subsequently reinterpreted35

because the apparently detected SW34 was found in a sample
containing material from the unablated rear surface of the
meteorite (Supplementary Fig. 2), into which it might have been
implanted recently during its transit to Earth. For the earlier
observations31–33, no information about the location of the
analysed samples is available, with the exception of an abstract36,
in which, however, only preliminary data without in-depth eva-
luation were presented.

Results
Washington County noble gases. In view of the fundamental
implications that the presence of SW gases in the bulk meteorite
might have, and in order to overcome the problem of unknown
sample location, we investigated noble gases in four aliquots
(WC_2, WC_5, WC_11 and WC_14) of a 3-cm-long metal slab
of the meteorite (Supplementary Fig. 3). Near-surface and interior
samples were taken from between 0.2 and 2.8 cm distance from
the fusion crust. In order to study the distribution of volume
correlated noble gases and to identify distinct host phases (see
Supplementary Fig. 3), we performed high-resolution He, Ne
(Table 1) and Ar analyses (see “Methods” section for details)

Table 1 Concentrations and isotopic ratios of He and Ne of investigated Washington County samples.

Sample Weight (mg) 4He 4He/3He 22Ne 20Ne/22Ne 21Ne/22Ne

[10−8 cm3 STP g−1] [10−10 cm3 STP g−1]

WC_2a 17.3 1368.0 (18.7) 10.92 (16) 236.49 (39) 1.50 (1) 0.898 (4)
WC_5a 18.3 1396.8 (32.8) 10.55 (43) 219.95 (66) 1.88 (2) 0.859 (4)
WC_11a 14.2 1164.4 (12.6) 8.40 (9) 243.28 (53) 1.20 (1) 0.926 (5)
WC_14a 20.9 544.3 (7.5) 4.48 (6) 297.21 (1.08) 1.54 (1) 0.879 (6)
WC_gb 22.4 1054.3 (38.7) 6.55 (5) 253.34 (9.34) 1.30 (2) 0.910 (7)
WC_sb 21.87 2214.0 (78.6) 16.19 (16) 266.36 (9.52) 2.34 (2) 0.831 (7)
WC_rb (schreibersite*) 8.54 2390.5 (84.1) 8.25 (10) 459.65 (12.98) 1.38 (2) 0.917 (9)

*WC_r is a residue of almost pure schreibersite particles with sizes of 3–5 µm, which were obtained by dissolution of 1.03 g original material in sulfuric acid. Uncertainties (1σ) in the last digits are given
within parentheses.
aMeasurements performed at the Institut für Geowissenschaften, Heidelberg.
bMeasurements performed at MPI für Chemie, Mainz.
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using, for individual samples, up to 25 gas extraction steps
between 600 and 1800 °C (Supplementary Data 1). We also
analysed a schreibersite etch residue and two randomly sampled
bulk splits (WC_r, WC_g and WC_s) using extraction tem-
peratures up to 2000 °C. The high-resolution stepwise heating
extractions indicate two major degassing peaks for all samples
(Supplementary Figs. 4–7), interpreted as gas release from
schreibersite ((Fe,Ni)3P), at ~1100 °C, and kamacite–taenite (Fe,
Ni), at ≳1400 °C.

In the current context, our Ar data (Supplementary Fig. 8) do
not provide useful information and are not considered further
here. This is because Ar has a much lower abundance in the SW
compared to He and Ne14, while at the same time cosmogenic Ar
is copiously produced by GCR interaction29. Instead, the crucial
information comes from He and Ne (Table 1).

In a 4He/21Ne–4He/3He diagram (Fig. 1a), our new and
previously reported bulk data31–34 indicate excesses of 4He with
respect to the cosmogenic composition for a Washington County-
sized meteoroid29, plotting instead along a mixing line between
cosmogenic and SW. The same is observed if we plot selected

extraction steps corresponding to the major release from
schreibersite and kamacite–taenite, respectively (Fig. 1b and
Supplementary Data 1), and also if we plot the numerous
individual high-resolution extraction steps (Supplementary Fig. 9).
While the latter data are susceptible to larger scatter (the He/Ne
elemental ratios may become slightly fractionated during stepwise
degassing), only the high-temperature gas extractions of WC_s
(2000 °C) and of WC_14 kamacite–taenite (1480 °C) deviate
discernibly from the mixing trend between GCR and SW, and
point towards mixing with air.

In a classical Ne three-isotope plot (Fig. 2a), most bulk data suggest
mixing between GCR and a solar component (SW or Ne-B). The
presence of Ne-Q instead of solar Ne can be ruled out on the basis of
elemental ratios (see Supplementary Note 1). Similarly, selected data
for schreibersite and kamacite–taenite, respectively (Fig. 2b and
Supplementary Data 1), as well as individual data of the high-
resolution degassing steps (Supplementary Fig. 9) plot on the mixing
lines between GCR and solar components. Only the data of WC_14,
like in Fig. 1, deviate from this pronounced trend and plot within
errors (1σ) on the GCR–air mixing line.
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Fig. 1 4He/21Ne–4He/3He diagrams. a Literature31–34 and our new data
(totals) for Washington County. b Selected noble gas extraction steps from
our measurements that are assigned to major gas releases from
schreibersite and kamacite–taenite, respectively. All data points, except for
WC_14 (1480 °C kamacite–taenite gas extraction), plot (within 1σ
uncertainties) directly on or close to the GCR-SW mixing line and indicate
4He excess of solar wind origin in all bulk samples and in both mineral
constituents of Washington County. For reference, the GCR end-member
composition (4He/21Ne= 150–200, 4He/3He= 2.4–2.9) for a Washington
County-sized meteoroid29 (r ~ 10 cm)36 is shown as well as mixing lines
towards the compositions of SW14, and air1 (both off-scale). The size of the
GCR symbol equals the possible composition range of the spallation
component.
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Fig. 2 20Ne/22Ne–21Ne/22Ne diagrams. a Literature31–34 and our new data
(totals) for Washington County. b Selected noble gas extraction steps from
our measurements that are assigned to major gas releases from
schreibersite and kamacite–taenite, respectively. All data points, except for
WC_14, plot within errors (1σ) directly on or close to the GCR-Ne-B or
GCR-SW mixing lines indicating a solar gas component within the bulk
samples and in both mineral constituents of Washington County. Mixing
lines are drawn from the most cosmogenic Ne values (20Ne/22Ne= 0.94 ±
0.05, 21Ne/22Ne= 0.936 ± 0.010) measured for Washington County
(WC_14, 1050 °C, Supplementary Data 1) for which isotopic ratios plot
closest to the GCR end-member of a Washington County-sized meteoroid.
For reference, this GCR end-member composition (see Supplementary
Fig. 9), SW14, Ne-B19 and air1 are shown.
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Discussion
Solar noble gas origin. Planetary embryos with a mass >0.1% of
that of Earth15—equivalent to a size larger than the dwarf planet
Ceres—may have attracted a tenuous atmosphere while being
immersed in the gas of the protosolar nebula. However, solar gas
can only enter the protoplanet’s interior if both a dense atmo-
sphere and a magma ocean form simultaneously. It was found15

that even embryos with 10% Earth’s mass could not have dis-
solved sufficient solar gas in a magma ocean to account for the Ne
content of Earth’s mantle. Hence, we conclude that such a process
is even more unrealistic in the case of asteroidal-sized parent
bodies. This leaves SW irradiation of precursors as the more
viable source15, which, moreover, is a frequently observed source
of solar gases in meteorites3,7,8,13. Washington County, if con-
sidered as core analogue, thus, provides evidence that cores of
planetary bodies may host noble gases of SW origin. The ubi-
quitous occurrence of solar-type helium and neon in the main
phases of the meteorite (schreibersite and metal), in all interior
samples up to several centimetres away from the fusion crust,
documents that they cannot represent implanted SW from the
recent passage to Earth. Surface-implanted components could
only be present in a thin layer1,14, concentrated in the outermost
few tens of nanometres2, which are usually ablated during
atmospheric entry37,38. Although our measured variable con-
centrations of the solar component in Washington County argue
for a heterogeneous distribution on a millimetre scale (variable
concentrations of trapped noble gas in samples of adjacent areas
were noted earlier32)—may be due to exsolution features of the
kamacite–taenite structure during crystallisation—the occurrence
of solar gases throughout the bulk meteorite indicates incor-
poration during metal formation within its parent body. This
implies SW irradiation of the chondritic precursor protolith
before metal segregation. A scenario involving irradiation of
chondritic precursor material during the initial stages of our solar
system appears reasonable, particularly after, but also before,
dissipation of the solar nebula, a process that took place after a
protoplanetary disk lifetime of ~6Ma39 or possibly after more
than ten million of years40. Although the accretion disk is con-
sidered as optically thick, due to its high gas and dust content,
accreting solids in off-disk regions, which are less opaque, may
have been repeatedly irradiated13,41. This process is valid for
planetary building blocks with highly inclined orbits when
appearing out of the settled disk at high distances from the
midplane, for material on the surface of the disk, and actually also
in parts of the midplane13. Consequently, it can be expected even
during the earliest stages of solar system evolution that irradiated
solids were continuously incorporated into accreting bodies.

Partitioning into planetary cores. Washington County samples
contain ~4.8 × 10−9 cm3 g−1 solar 3He and 2.1 × 10−8 cm3 g−1 solar
20Ne, respectively (Supplementary Table 1), with a quasi-
unfractionated average 3He/20Ne ratio of ~0.26 (3He/20NeSW
~0.3)14. If we assume an undifferentiated Washington County pre-
cursor protolith that also resembles a type of terrestrial precursor
material, we might consider, for example, SW-irradiated, gas-rich CV
chondrites42 (Vigarano-type carbonaceous chondrites) or enstatite
chondrites43 (E chondrites) based on similarities in isotopic com-
position. With average 20Nesolar bulk concentrations of ~4.5 × 10−7

cm3 g−1 in CV and ~6.1 × 10−7 cm3 g−1 in E chondrites (Supple-
mentary Data 2 and 3), the partition coefficient for Ne between
Washington County-like metal and the Washington County parent
body (DNe= 20Nesolar(WC)/20Nesolar(protolith), where 20Ne(protolith) cor-
responds to 20Nesolar in either CV or E chondrites) must have been
ca. 4.6 × 10−2 and 3.4 × 10−2, respectively, in order to achieve the

observed solar Ne abundance. For CI and CM chondrites (Ivuna-
and Mighei-type carbonaceous chondrites, respectively) with bulk
20Nesolar concentrations of ~1.3 × 10−7 and ~2.2 × 10−7 cm3 g−1

(Supplementary Table 2 and Supplementary Data 4), the corre-
sponding partition coefficients are ~1.6 × 10−1 and ~9.6 × 10−2,
respectively. We emphasise, however, that CI–CM precursor material
played only a limited role as building blocks during terrestrial
accretion before core formation44 and rather contain low fractions of
solar-like Ne isotopic ratios42.

A value for DNe in the range 10−2–10−1 was indeed recently
determined between molten iron-rich metal and molten silicate
under pressures up to 16 GPa17. At more relevant pressures of ≲1
GPa (corresponding to the maximum pressure at the centre of a
planetesimal with 100 km radius), the partition coefficient of
helium during percolative core formation and segregation
between liquid metal and solid silicate is as high as 11.8 ± 1.818.
With such a value, virtually all noble gases—having similar
partitioning behaviour16,18,19,45—would enter the metal phase. In
this case, even much lower protolith 20Nesolar concentrations of
~2 × 10−9 cm3 g−1 20Ne would yield the concentrations observed
in Washington County.

Large planetary cores—like the terrestrial one—have largely
been formed by merging cores from differentiated
planetesimals26,46, of which a distinct fraction of Washington
County-like metal can be expected. Despite some models argue
for equilibration of a major part (70–100%) of the precursor
metal with the terrestrial mantle before entering Earth’s core47, a
certain fraction of the precursor cores might have undergone only
limited (≥36%) re-equilibration and emulsification18,46,48. Hence,
solar gases may have been delivered to Earth’s core either
piggyback in planetesimal cores or may have entered core-
forming metal phases by metal–silicate partitioning in the proto-
mantle, which also contained solar gases2–5,7,8,19. An important
question to be considered is if solar gases from the core can
contribute significantly to mantle noble gases observed today.

In a first step, we consider the present-day mantle degassing
flux of 3He ranging from 267 to 1070 mol per year49, which
includes the most recent estimate of 800 ± 170 (2σ) mol per
year50. We further consider a two-stage degassing history of
Earth3,51 with massive degassing in the first 100Ma of accretion
during a magma ocean stage followed by more “tranquil” fluxes3

soon after the moon-forming impact at ~4.45 Ga52, associated
with degassing at mid-oceanic ridges, which continues until
today. It is important to note here that the first stage of massive
degassing is considered to be sourced by the proto-mantle19,51, in
which most of the solar gases resided after metal–silicate
partitioning—this degassing phase does not need to be sourced
by the core. Only after the moon-forming impact, we assume
mantle degassing to be supported by the core. Initially, e.g.,
during the Hadean, degassing of residual mantle noble gases may
have contributed significantly, in addition to a core flux. Later, the
core contribution could have become more and more important,
particularly for the OIB mantle domains. In the extreme scenario
that all degassed noble gases from the mantle after the moon-
forming impact would be replenished by the underlying core, the
upper limit present-day mantle flux of 1070 mol per year 3He (i.e.
4 atoms cm−2 s−1)53 throughout the past 4.4 Ga of Earth’s history
yields an initial core concentration of ~5.5 × 10−11 cm3 g−1 3He.
Hence, ~1% of Washington County-type metal (with 4.8 × 10−9

cm3 g−1 3He) is required to have contributed to proto-Earth. If
we consider more active geodynamics and higher heat fluxes
during the Hadean than today54, assuming an order of magnitude
higher volatile fluxes from the mantle during 4.4–4.0 Ga, this
would roughly double the required initial core concentrations to
~1 × 10−10 cm3 g−1 3He, which in turn would demand ~2%
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Washington County-type metal contribution to Earth’s core. It is
of vital importance that these numbers are maximum values to
cover the total flux of solar gases from the mantle. If only the
much lower OIB noble gas flux4,5,19 is assumed to be sourced by
the core, a factor of 10–100 lower inventory is required, i.e., only a
0.02–0.2% contribution of WC-type material to Earth’s core. The
reasoning above is also valid for Ne, because both Washington
County and the terrestrial mantle incorporated solar He and
Ne2–4,7,8,19. Larger fractions of solar gas-bearing metal are
possible and would provide correspondingly larger initial core
inventories, while at the same time counterbalancing possible
losses of noble gases from metal bodies during accretion. As
mentioned above, such losses might, for instance, happen if a
certain fraction of planetesimal core material equilibrated at high
pressures when sinking through the magma ocean, before
merging with Earth’s proto core18,46–48. For this fraction, the
low partition coefficients measured for pressures up to 16 GPa
between liquid metal and liquid silicate of ~10−3–10−2 for DHe

and 10−2–10−1 for DNe would apply, which likely also apply for
higher pressures at conditions of Earth’s core formation16,17. As
exemplified earlier, even for such low partition coefficients typical
solar gas concentrations in SW-irradiated precursor protoliths
would be sufficient.

Earth’s core as a solar noble gas reservoir. Only minor SW-
irradiation levels (when compared to typical solar gas-rich
chondrites), associated with low-pressure metal segregation in
small planetary bodies, is required to achieve Washington
County-like concentrations of solar helium and neon. Further-
more, to explain the terrestrial noble gas inventory, only a minor
fraction of such planetesimals, when containing a metallic core
resembling Washington County-like material, is required to
accrete to Earth’s core. This would still allow a substantial fraction
to equilibrate with the mantle at higher pressures18 and even to
lose some solar-type noble gases from the accreting metal before
merging with the terrestrial core. Here, it has to be kept in mind
that only ~1–2% of such material is needed, whereas Washington
County represents ≥1% of all known iron meteorite parent
bodies20, and a factor of 10–100 lower contribution is sufficient if
only the OIB flux is sourced from Earth’s core. At the same time,
the proportion of solar gas-bearing iron cores might have been
higher in the zone of the terrestrial building blocks closer to the
sun than the asteroid belt regions where most meteorite parent
bodies reside. On the other hand, there is evidence for light solar
noble gases in several other iron meteorites30 from both non-
magmatic and different magmatic groups (Supplementary
Figs. 10 and 11), demonstrating that Washington County might
not be a unique case. For these other iron meteorites, however, it
remains so far unclear whether the solar gases are due to SW
irradiation of the parent body or due to irradiation during
transport in the solar system. Independent of the origin of the
solar gases within the iron meteorites, this indicates that pre-
cursor metal from both incipient/partial and completed core
formation processes on asteroids could have contributed to solar
gas inventories of planetary cores, and deserves detailed investi-
gations in upcoming studies. In this regard, our data represent the
first solid proof of solar noble gases in metal from a small body,
an important missing link en route to planetary core formation.

We note that our model can not only explain why noble gases
were entering the terrestrial core but also why they leave the core.
While higher partition coefficients at low-pressure metal segrega-
tion can explain effective partitioning into metal45 (most efficiently
from solid silicates5,18), lower partition coefficients prevailing at
high pressures16,17 can easily explain noble gas back transfer into
the mantle at the core-mantle boundary (CMB), especially after

reducing concentrations of noble gases in the mantle by massive
degassing in the Hadean3,19,51,54. Effective noble gas transport
across the CMB is particularly valid if transient partial silicate melts
occur above the core; as judged from the orders of magnitude
higher partition coefficient (DHe) between liquid metal and solid
silicate compared to partitioning between liquid metal and liquid
silicate at 1 GPa16,18,45, the transfer into liquid silicate is much
easier than diffusion into solid mantle material. It has to be noted,
however, that, to our knowledge, no noble gas partition data for
CMB conditions exist, whereas, in support of our model, a single
value for DHe= 9 × 10−3 at 40 GPa obtained by molecular
dynamics simulations55 is consistent with low partition coefficients
between molten metal and liquid silicate approaching conditions at
the CMB.

For our planet, this may offer a new solution for problems
associated with keeping different mantle regimes with distinct
noble gas signatures, by fluxing individual reservoirs from the
underlying core4–6,16–19. At the same time, this would imply a
considerable—previously neglected—active role of Earth’s core in
mantle geochemistry and volatile geodynamics, which should be
integrated into future studies.

Methods
Sample preparation. We obtained a 3-cm-long slab of Washington County
(WC_3078A, 0.75 g; Supplementary Fig. 3) from Dr. Jutta Zipfel from the collec-
tion at the Senckenberg Forschungsinstitut und Naturmuseum Frankfurt, Ger-
many. The fusion crust of the former surface of the meteorite is located at one end,
while the other end exhibits the interior of Washington County. At the Institut für
Geowissenschaften in Heidelberg, the slab surface was polished and cleaned to
reexamine the previously reported56,57 primary mineral phases with a scanning
electron microscope (SEM) (Supplementary Fig. 3). The distribution of potential
(minor) noble gas carrier phases was of particular interest. Subsequent to SEM
analyses, WC_3078A was cut in length to spare one half of the slab for additional
investigations. The other half was cut into 15 aliquots (Supplementary Fig. 3;
WC_1–WC_15 from surface to depth) of comparable size and weights of 7.3–21.1
mg to allow noble gas measurements of near-surface and interior samples. WC_g
and WC_s were investigated at Max-Planck-Institut für Chemie in Mainz and
come from different ends of a ~1-cm-long Washington County sample. WC_r is a
residue obtained after dissolution in sulfuric acid of 1.03 g of original sample
material. The acid treatment resulted in a 14.1 mg residue of almost pure schrei-
bersite with particle sizes of 3–5 µm. The Mainz sample (0.5 cm × 0.5 cm × 1.5 cm)
had been provided by O. Schaeffer and subsequently distributed via H. Voshage
and F. Begemann. Noble gas data of another part of this sample were reported
previously33.

Analytical methods. At the Institut für Geowissenschaften, Universität Heidel-
berg, Germany, four aliquots from near-surface and interior parts of the sample
slab WC_3078A were selected (WC_2: 17.3 mg; WC_5: 18.3 mg; WC_11: 14.2 mg;
WC_14: 20.9 mg; the “missing” pieces in Supplementary Fig. 3). After weighing, we
wrapped all samples in aluminium foil. Noble gas extraction and measurements
(Table 1 and Supplementary Data 1) were carried out in Heidelberg and followed
procedures as described in Bartoschewitz et al.58, with some modifications. We
applied a high-resolution stepwise heating procedure for the first measured sample
piece (WC_5, 25 temperature steps between 600 and 1800 °C) in order to constrain
the general noble gas release pattern (Supplementary Data 1). The observed
degassing pattern was used to refine the measurement procedure for subsequently
analysed samples with a lower resolution stepwise heating protocol (WC_2,
WC_11 and WC_14). Analytical noble gas data for Washington County samples
WC_g, WC_s and WC_r (WC_g: 22.40 mg bulk, WC_s: 21.87 mg bulk, WC_r:
8.54 mg residue; using extraction temperatures between 800 and 2000 °C; Table 1
and Supplementary Data 1) were obtained at the Max-Planck-Institut für Chemie
in Mainz, Germany, using previously described experimental procedures59,60.

Noble gas extraction. Noble gas extractions and analyses of samples WC_2,
WC_5, WC_11 and WC_14 were performed at the Institut für Geowissenschaften,
Universität Heidelberg, Germany. For gas extraction, we used a resistance-heated
furnace consisting of an outer Ta tube containing an inner crucible consisting of
molybdenum. Purification from active gases was achieved by exposure to two cold
Al-Zr-(SAES) getters (WC_5) and two cold Ti getters (WC_2, WC_5, WC_11 and
WC_14) during and after heating until the separation of He, Ne from Ar. For
samples WC_2, WC_11 and WC_14, we omitted the Al-Zr getters from the
cleaning process because minor atmospheric contributions from a leak in their
system volume were discovered during a consecutive blank series (see Supple-
mentary Data 1). After each step of heating, Ar was separated from He and Ne by
transfer to a charcoal trap cooled with liquid nitrogen. The remaining He and Ne
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were fixed at another cryostatically cooled charcoal trap at ~20 K for WC_5 and
WC_14. Helium was then fully separated from neon at 48 K and subsequently
measured. In case of WC_2 and WC_11, only Ne was transferred to the cryosta-
tically cooled charcoal kept at ~48 K, whereas the remaining He was directly
measured. Neon was released from the trap at 120 K and then introduced into the
mass spectrometer. The argon fraction was additionally cleaned by two hot Al-Zr
getters (ca. 400 °C, WC_5 only) and two hot Ti getters (ca. 300 and 600 °C, all
samples) for 15 min, respectively. In case of analysis of WC_5, Ar was transferred
to a cryostatically cooled stainless-steel sponge adsorber. Subsequent separation of
argon from xenon was achieved at 90 K, resulting in ~93% of the Ar fraction that
was present in the analysis. In case of WC_2, WC_11 and WC_14, the full amount
of Ar was available for analysis by a direct transfer to another charcoal trap held at
liquid nitrogen temperature close to the mass spectrometer.

Noble gas measurement. Noble gas measurements were performed with a VG
3600 noble gas mass spectrometer. We used ionisation settings of 120 µA trap
current, 5 kV acceleration voltage and a nominal ionisation energy of 80 eV except
for the Ar fraction of WC_5 (60 eV). All isotopes except 4He and 40Ar were
detected by a channeltron in a peak-jumping single ion counting mode. Because of
expected higher signals, the ion currents of 4He and 40Ar were measured with a
Faraday cup. In order to reduce mass interferences (in particular from 40Ar) during
measurement of He and Ne the mass spectrometer volume was connected with a
charcoal trap cooled with liquid nitrogen. We checked potential interferences
during Ne measurements by simultaneous measurement of masses 18 (H2O), 40
(Ar), 44 (dominantly CO2) and 42 (hydrocarbons) and applied corrections61.
Frequent measurements of calibration gases bracketing the sample measurements
enabled us to correct for instrumental mass fractionation. Calibration gas mea-
surements further allowed calculating the absolute gas amounts. The isotopic
composition of all calibration gases is equivalent to air ratios except for He. The He
gas standard is an artificial gas enriched in 3He with an isotopic composition of
4He/3He: 40,183 ± 87.

System blank heights were determined from a sequence of blank measurements
for all gases and samples between 800 and 1800 °C. Blank uncertainties were set to
±10% for 4He and 36Ar, and ±5% for 20Ne (1σ errors). In general, isotopic
compositions of blanks were indistinguishable from the air. This is also assumed
for He, although 3He was always below the detection limit (i.e. below ca. 5 c.p.s.).
Hence, we assume an air composition (±20% for He, ±10% for Ar, ±5% for Ne, 1σ
errors) of the blank. Blank contributions could be substantial for 4He, 20Ne, 22Ne,
36Ar and 40Ar, but were generally low (at most few %) for the typical cosmogenic
nuclides 3He, 21Ne and 38Ar.

Data availability
All data shown in the figures and reported in the paper are provided as Supplementary
information and Supplementary Data. Data are shown in Figs. 1 and 2 and
Supplementary Figs. 4–9 are given in Supplementary Data 1. Supplementary Data 2–4
include compiled literature noble gas data for CV, E and CM chondrites, respectively.
Primary data of noble gas measurements have been deposited in the Astromaterials Data
System (AstroMat Repository) and are available for download at https://doi.org/
10.26022/IEDA/111938.
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