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Primordial volatiles were delivered to terrestrial reservoirs during Earth’s accretion, and
the mantle plume source is thought to have retained a greater proportion of primordial
volatiles compared with the upper mantle. This study shows that mantle He, Ne, and
Xe isotopes require that the plume mantle had low concentrations of volatiles like Xe
and H2O at the end of accretion compared with the upper mantle. A lower extent of
mantle processing alone is not sufficient to explain plume noble gas signatures. Ratios
of primordial isotopes are used to determine proportions of solar, chondritic, and
regassed atmospheric volatiles in the plume mantle and upper mantle. The regassed
Ne flux exceeds the regassed Xe flux but has a small impact on the mantle Ne budget.
Pairing primordial isotopes with radiogenic systems gives an absolute concentration
of 130Xe in the plume source of ∼1.5 × 107 atoms 130Xe/g at the end of accretion,
∼4 times less than that determined for the ancient upper mantle. A record of limited
accretion of volatile-rich solids thus survives in the He-Ne-Xe signatures of mantle rocks
today. A primordial viscosity contrast originating from a factor of ∼4 to ∼250 times
lower H2O concentration in the plume mantle compared with the upper mantle may
explain (a) why giant impacts that triggered whole mantle magma oceans did not
homogenize the growing planet, (b) why the plume mantle has experienced less process-
ing by partial melting over Earth’s history, and (c) how early-formed isotopic heteroge-
neities may have survived ∼4.5 Gy of solid-state mantle convection.
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Isotopic heterogeneities that formed in the first ∼100 million years of Earth’s history
persist in the modern mantle (1–5). Proposed physical mechanisms to preserve early-
formed heterogeneities have focused on differences in material properties throughout
the solid mantle, such as variations in intrinsic density or viscosity reflecting chemical
composition or mineralogy (e.g., FeO, SiO2) (6–8). However, some isotopic signatures
originate from before the last giant impact (1, 9, 10). The Moon-forming giant impact
is thought to have melted the whole mantle (11, 12), such that these early-formed sig-
natures predate the formation of dense or viscous solid mantle domains. A mechanism
is therefore needed to explain how early-formed mantle heterogeneities survived magma
ocean mixing during accretion as well as solid mantle convection over Earth’s history.
Water has the potential to affect material properties of both silicate magma (13) and

the solid mantle (14–17). To assess whether a difference in primordial water content
could have contributed to the preservation of heterogeneities from Earth’s earliest his-
tory, constraints on initial water abundances in different mantle reservoirs are needed.
However, absolute constraints on initial mantle abundances of volatiles (e.g., water,
nitrogen, carbon, and the noble gases) are difficult to obtain, as mantle reservoirs have
experienced extensive degassing and concurrent incorporation of atmospheric volatiles
in association with plate tectonics over the past few billion years (18), obscuring the
ancient compositions of mantle reservoirs at the end of accretion.
Noble gas isotope ratios and elemental abundances are powerful tracers of volatile

accretion and transport among terrestrial reservoirs. Solar, chondritic, and cometary
noble gases may all have contributed to terrestrial volatile reservoirs (19). Constraints
on contributions from distinct accreted sources come from ratios of stable, nonradio-
genic isotopes (called primordial isotopes) of volatile elements (10, 20–25), though
ratios of primordial isotopes of different elements may be altered by fractionation dur-
ing magma ocean outgassing or addition of elementally fractionated atmospheric noble
gases through subduction. Noble gas isotope ratios also trace volatile loss: several litho-
phile radioactive species decay to produce noble gas isotopes on a range of timescales,
from extinct short-lived radionuclides such as 244Pu (t1/2 = 80.0 My) to long-lived
radionuclides like 238U (t1/2 = 4.468 Gy). Volatile loss fractionates ratios of lithophile
radioactive parent to atmophile daughter, manifesting as variations in the ratios of
radiogenic to primordial noble gas isotopes over time. Taken together, primordial
and radiogenic noble gases record a wealth of information about Earth’s accretion and
processing history.

Significance

Volatiles (like water, carbon,
nitrogen, and the noble gases)
were delivered to Earth during its
accretion. The quantity and nature
of accreted volatiles are
determined using helium, neon,
and xenon isotopes. The portion
of Earth’s mantle sampled by
plumes experienced less
processing by partial melting than
the upper mantle but also had a
lower concentration of Xe at the
end of accretion. Based on
relationships between Xe and
water in accreting materials, the
ancient plume source was drier
than the upper mantle by a factor
of ∼4 to 250. The resulting
viscosity contrast may have
inhibited magma ocean
homogenization and contributed
to inefficient mixing of the solid
mantle and the preservation of
ancient isotopic heterogeneities in
the modern mantle.

Author affiliations: aDepartment of Earth and Planetary
Sciences, Washington University in St. Louis, St. Louis,
MO 63130; and bMcDonnell Center for the Space
Sciences, Washington University in St. Louis, St. Louis,
MO 63130

Author contributions: R.P. designed research, performed
research, analyzed data, and wrote the paper.

The author declares no competing interest.

This article is a PNAS Direct Submission.

Copyright © 2022 the Author(s). Published by PNAS.
This article is distributed under Creative Commons
Attribution-NonCommercial-NoDerivatives License 4.0
(CC BY-NC-ND).
1Email: parai@wustl.edu.

This article contains supporting information online at
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.
2201815119/-/DCSupplemental.

Published July 14, 2022.

PNAS 2022 Vol. 119 No. 29 e2201815119 https://doi.org/10.1073/pnas.2201815119 1 of 9

RESEARCH ARTICLE | EARTH, ATMOSPHERIC, AND PLANETARY SCIENCES

https://orcid.org/0000-0002-9754-7349
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:parai@wustl.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201815119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201815119/-/DCSupplemental
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2201815119&domain=pdf&date_stamp=2022-07-14


Three isotope systems are discussed here: Pu-U-Xe, U-Th-He,
and nucleogenic Ne. Spontaneous fission is a minor decay mode
for both 244Pu and 238U; each undergoes fission to produce
131,132,134,136Xe in distinct, characteristic proportions. The pri-
mary decay mode for 238U is by alpha emission, producing 4He
through a decay chain to 206Pb. 235U and 232Th alpha-decay
chains also produce 4He. Nuclear reactions between products of
(U,Th) decay and target elements in silicate rocks generate 21Ne,
dominantly through the 18O(α,n)21Ne and 24Mg(n, α)21Ne reac-
tions in the mantle (26). Thus, coupled production of radiogenic
4He, nucleogenic 21Ne, and fissiogenic 131,132,134,136Xe is
expected as U and Th decay in the mantle.
Noble gas isotopes produced by nuclear reactions tell a story

when viewed against the backdrop of primordial isotopes. Sam-
ples from plume-influenced localities generally exhibit low
ratios of radiogenic 4He to primordial 3He and low ratios of
nucleogenic 21Ne to primordial 22Ne compared with mid-
ocean ridge basalts (MORBs) (27). Variations in these ratios
reflect time-integrated (U+Th)/3He and (U+Th)/22Ne, with
low ratios in plumes attributed to limited degassing in associa-
tion with mantle processing by partial melting (27). The Xe
isotope system is unique in that fissiogenic Xe isotopes can be
interpreted without reference to primordial isotopes. Studies of
fissiogenic Xe in mantle-derived samples independently support
a less-degassed plume source: a high proportion of fission
Xe produced by the extinct radionuclide 244Pu (rather than
extant 238U) requires that the plume source has experienced
less processing by partial melting over Earth’s history compared
with the upper mantle (1–3, 28–30).

Mantle Xe isotopes are interpreted as a mixture of the initial
Xe from accretion, regassed atmospheric Xe, radiogenic 129Xe,
Pu-fission Xe, and U-fission Xe (20, 31, 32). Plume-influenced
and MORB mantle Xe compositions are shown in Fig. 1; while
there is variability within each category, the plume and MORB
mantle Xe signatures and their mixing component breakdowns
are distinct (Fig. 1 and SI Appendix, Fig. S1). The plume man-
tle Xe signature indicates a substantial proportion of regassed
atmospheric Xe mixing with initial accreted Xe (∼95% of
130Xe from regassing) and fissiogenic Xe dominantly from
Pu-fission (1, 3). MORB mantle sources also exhibit a large
proportion of regassed atmospheric Xe (75 to 88% of 130Xe
from regassing), but exhibit fission Xe compositions closer to
U-fission Xe (2, 28, 29). Mantle compositions in Xe isotope
spaces illustrate plume and MORB systematics and show that a
Pu-fission component must contribute to the Iceland source
(Fig. 1 and SI Appendix, Fig. S1), indicating strong retention of
gases that were generated in the first 500 My of Earth’s history
in the plume mantle.

Here I show that the combined radiogenic He, nucleogenic
Ne, and fissiogenic Xe signatures of mantle reservoirs place strict
constraints on the absolute abundances and origins of accreted
volatiles in Earth’s interior, as coupled isotope ratio evolution
depends on the initial budgets of primordial He, Ne, and Xe.
Mantle primordial isotope ratios are used to determine the mix of
solar, chondritic, and regassed atmospheric volatiles in the
MORB and plume mantle sources, and the bulk Ne/Xe ratio of
regassed atmosphere is determined. A model of coupled He, Ne,
and Xe isotopic evolution is constructed to decipher the story of
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Fig. 1. Xe fission isotope systematics in plume and MORB mantle sources and samples. (A) 136Xe/132Xe is plotted against 130Xe/132Xe for plume, MORB, and
well gas samples (2σ error bars) (1–3, 20–22, 28–30, 41). Mantle source compositions (corrected for atmospheric contamination) (1–3, 28, 29) are shown
along with measurements of screened accumulated gas from step crushing (22, 41) and well gas samples (20, 21, 30). SI Appendix, Fig. S1 shows the same
components and data in multiple Xe isotope spaces and specifies data sources. The atmospheric composition is shown as a cyan square, and mixing toward
the AVCC Xe composition is illustrated with stars marking the proportions of 130Xe from regassed atmosphere (f 130r�atm = 0.95, 0.90, and 0.85). Lines showing
addition of Pu-fission Xe or U-fission Xe are shown radiating out from the stars, mapping out variable mixtures of the four components in this isotope space.
Mixing between atmosphere and U-fission Xe is shown as a bold gray line. Plume compositions indicate a greater proportion of Pu-fission Xe compared
with MORB sources and well gases. A given Xe isotopic composition could be explained by a range of mixtures with covariations among mixing components:
with a smaller f 130r�atm, the mix of Pu- and U-fission Xe tilts toward Pu-fission. However, the range of mixtures to explain a given composition is limited; for
instance, no plume composition could be explained with f 130r�atm < 0.8. The Iceland (DICE) Xe composition (green diamond marked B) requires a contribution
from Pu-fission Xe. Best-fit contributions of 132Xe from regassed atmosphere, initial Xe from accretion, Pu-fission, and U-fission can be determined by linear
least squares using multiple Xe isotope ratios (28). (B and C) Median solutions for component contributions of 132Xe for the Iceland sample DICE (1) and
North Atlantic popping rock 2ΠD43 (2) (black triangle marked C in panel A). Both mantle sources are dominated by regassed atmospheric Xe contributions.
The DICE mantle source Xe composition reflects a higher ratio of regassed atmospheric Xe to initial Xe from accretion (larger f 130r�atm), and its fissiogenic Xe
signature is dominated by Pu-fission Xe. The 2ΠD43 MORB mantle source Xe composition is consistent with a lower f 130r�atm and a stronger U-fission Xe signa-
ture. Propagation of uncertainties in Xe isotope ratios gives a range of mixtures that are consistent with a given mantle source composition; these solutions
exhibit the covariations described for panel A. With propagated uncertainties, the DICE mantle Xe composition still requires a strong contribution from
Pu-fission Xe.
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accretion and volatile transport recorded in mantle noble gases
today, and reveals a dry ancient mantle plume reservoir and a rela-
tively wet upper mantle. The difference in accreted volatile abun-
dances is potentially large enough to generate a viscosity contrast
that would inhibit mixing.

Models and Results

Noble gas isotopic evolution models have assumed either (a) a
steady-state scenario, where the upper mantle is continuously
degassed and replenished by a flux of volatiles from the plume
source mantle (33, 34), or (b) similar initial compositions through-
out the whole mantle, with divergent evolution for the upper man-
tle and plume source (35). 129I-129Xe isotope systematics among
MORB and plume samples require that the upper mantle and
plume reservoir differentiated and acquired distinct I/Xe ratios dur-
ing the lifetime of 129I (i.e., within the first ∼100 My of Earth’s
history) (1), which rules out the steady-state model and points to
early divergence for the two reservoirs.
If MORB and plume mantle reservoirs started with the same

initial gas abundances (35) but diverged in their evolution, then
two characteristics of the plume Xe isotopic signature would seem
in conflict with the high proportion of Pu-fission Xe and the lesser
extent of mantle processing for the plume source. First, the pro-
portion of regassed atmospheric Xe in the plume source is similar
to or greater than that in the upper mantle (28). The dominant
regassed Xe signature in plume sources could only be explained
within the framework of an initially homogeneous mantle if
recycled material incorporated into the plume source had higher
atmospheric Xe concentrations compared with that incorporated
into the MORB source, as less recycled material is incorporated
into a reservoir with less mantle processing. Second, the Pu-fission
Xe excess manifests clearly in the plume source Xe signature
(Fig. 1 and SI Appendix, Fig. S1), despite retention of a high pro-
portion of the initial gas budget, which would tend to mute fissio-
genic excesses relative to the initial composition. It is challenging

to reconcile MORB and plume Xe isotope systematics if the
whole mantle had a homogeneous initial Xe abundance at the end
of accretion and homogeneous abundances of Pu and U. How-
ever, the plume source Xe isotopic composition may potentially
be explained if the initial abundance of Xe in the plume mantle
were low compared with that in the upper mantle.

Part A: Applying a Xe Isotopic Evolution Model to the Plume
Mantle. A forward model of mantle Xe isotopic evolution due
to degassing, regassing, and fission over Earth’s history (18) was
adapted to explore the effect of initial Xe abundance and man-
tle processing history on mantle Xe isotopic signatures. Given
an initial mantle Xe isotopic composition (such as average car-
bonaceous chondrite [AVCC]) (SI Appendix), concurrent
degassing, ingrowth of fission Xe, and incorporation of regassed
atmospheric Xe over Earth’s history generate arrays of present-
day model outcomes in various Xe isotope spaces (Fig. 2 and SI
Appendix, Fig. S2).

For a given initial 130Xe abundance (130Xei), greater extents
of mantle processing (high Nres) (SI Appendix) strongly deplete
the accreted initial Xe budget and the Pu-fission Xe, so that
regassed atmosphere and U-fission Xe dominate the present-
day signature (Fig. 2). A reservoir that experienced little degass-
ing (low Nres) retains a greater proportion of its accreted initial
Xe and Pu-fission Xe budgets, but the impact of fissiogenic Xe
on the total mantle Xe budget depends on 130Xei and can be
muted for high 130Xei (Fig. 2B). Arrays of present-day out-
comes that trend toward the Pu-fission Xe component (as
needed to explain the Iceland mantle source) are only found for
130Xei abundances below a certain threshold (Fig. 2B and SI
Appendix, Table S1). This observation places an upper limit on
the initial plume mantle Xe abundance associated with the Ice-
land mantle source composition. Mantle He and Ne isotopic
compositions give a lower limit on initial 3He and 22Ne abun-
dances; greater initial abundances can be offset by greater
extents of mantle degassing (36). An upper limit initial 130Xe
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Fig. 2. Xe isotopic evolution modeling to explain the plume Xe signature. Axes are the same as in Fig. 1. Mantle compositions start at AVCC and incorporate
fissiogenic and regassed atmospheric Xe over time. Arrays of present-day outcomes radiate from atmosphere, reflecting variable regassed Xe retained in
the mantle today. (A) The effect of changing the extent of mantle processing given a constant 130Xei. The MORB Xe composition can be modeled using
130Xei = 1.5 × 108 atoms/g and Nres of ∼7 (18). Reducing Nres rotates outcome arrays toward AVCC and cannot explain Iceland Xe (DICE mantle source; green
diamond, 2σ). For Nres of 3 (reference case), Pu-fission Xe is still retained in the mantle reservoir and the fissiogenic Xe is dominantly from Pu-fission, but fis-
sion Xe has a small impact on the overall mantle Xe. Stronger degassing cannot explain the Iceland composition either: higher Nres depletes initial Xe and
Pu-fission Xe, and arrays rotate toward, but never past, a mixing line between atmospheric and U-fission Xe (see overlap between outcomes for Nres of
8 and 15). (B) The effect of changing the initial 130Xe concentration given a constant Nres. Decreasing

130Xei rotates arrays away from AVCC. Low 130Xei can
explain Iceland Xe. Above a certain threshold 130Xei (SI Appendix, Table S1), varying Nres generates outcomes that fall between atmosphere, U-fission Xe, and
AVCC; below that threshold 130Xei, arrays fall between atmosphere, Pu-fission, and U-fission. In both cases, increasing Nres rotates the arrays toward the mix-
ing line between atmosphere and U-fission Xe, manifesting as rotation in opposite directions. Plume Xe isotopes require a 130Xei below the threshold, while
130Xei must be higher for the MORB mantle (Figs. 1 and 3 and SI Appendix).
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concentration taken together with lower limit 3He and 22Ne
concentrations thus raises the prospect of strict constraints on
the absolute abundances and origins of noble gases in the man-
tle at the end of accretion.

Part B: Using Primordial Isotopes to Decipher Component
Mixing. A low initial Xe abundance could reflect ingassed
Xe-poor solar nebular volatiles mixing with a limited contribu-
tion of volatiles from Xe-rich chondrite material (10, 24). Low
Xe/Ne ratios in plume mantle sources compared with the upper
mantle support this scenario, as solar nebular gas is character-
ized by very low Xe/He and Xe/Ne ratios (1–3, 37). Plume
20Ne/22Ne ratios require that solar nebular gas comprises some
part of the plume mantle Ne budget (1, 38). Early studies sug-
gested ingassing of solar nebular Ne to Earth’s interior, poten-
tially mixed with Ne delivered by accreting solids (36, 39, 40).
Williams and Mukhopadhyay (24) noted that Ne-Ar-Xe sys-
tematics in MORB and plume-influenced samples are consis-
tent with solar nebular gas mixing with chondritic volatiles or
regassed atmospheric volatiles with fractionated elemental ratios
and argued that the plume source had incorporated less of the
nonsolar volatiles. Relatively low 20Ne/22Ne in the MORB
source is therefore due to either a greater contribution from
chondrites during accretion or more regassing of atmospheric
Ne. The authors did not apportion the nonsolar gas among
chondritic and atmospheric contributions, since these two com-
ponents may have similar primordial noble gas isotope ratios,
such as 20Ne/22Ne, 36Ar/22Ne, and 130Xe/22Ne. However, non-
solar gas in the mantle cannot be entirely chondritic, since
mantle primordial 124,126,128,130Xe isotopes reflect a significant
regassed atmospheric contribution (22). Ne and Xe primordial
isotope ratios may be leveraged to constrain mixing proportions
of solar nebular, chondritic, and regassed atmospheric primor-
dial isotopes for MORB and plume mantle sources (SI
Appendix) to pinpoint whether MORB and plume primordial
isotope ratios vary as a result of differential regassing or distinct
contributions from chondritic material rich in heavy noble
gases during accretion.
Solving a system of linear equations describing primordial

Ne and Xe isotope ratios yields a greater contribution of 22Ne
from chondrites in the MORB source relative to the plume
source (∼6 versus 0.5%, respectively) (SI Appendix, Fig. S3 and
Tables S2 and S3). The fraction of 22Ne from atmospheric
regassing is also greater in the MORB source (∼14 versus ∼5%
of 22Ne). Thus, a regassing signature from long-term mantle
processing is superimposed on a difference from accretion: the
MORB mantle started at a lower 20Ne/22Ne (∼13) compared
with the plume mantle at the end of accretion and experienced
more incorporation of regassed atmosphere over time. While
the solar contribution dominates Ne budgets in both MORB
and plume sources, both mantle Xe budgets are predominantly
chondritic primordial Xe mixed with regassed atmospheric Xe
due to very low solar 130Xe/22Ne (SI Appendix, Tables S2 and
S3). The plume mantle Xe isotopic composition at the end of
accretion is thus expected to be chondritic rather than solar,
consistent with results from Xe in Yellowstone samples (10).
Chondritic plume mantle primordial Kr isotopes (10, 41) may
likewise be explained by the very low solar 84Kr/22Ne compared
with that in chondrites (19).
The computed compositions of regassed atmosphere incorpo-

rated into each mantle source over Earth’s history (SI Appendix,
Table S3) indicate that fractionation during the subduction pro-
cess raises 130Xe/22Ne relative to atmosphere but that the Ne
regassing rate is not 0, unlike in the study by Bekaert et al. (42),

and exceeds the Xe regassing rate (i.e., 130Xe/22Ne in regassed
atmosphere <1 for both MORB and plume compositions). How-
ever, the impact of regassing on the mantle Ne isotopic composi-
tion is limited because of the higher concentration of Ne in the
mantle relative to Xe.

Part C: He-Ne-Xe Coupled Isotopic Evolution Model. The com-
puted mix of primordial He, Ne, and Xe in mantle reservoirs at
the end of accretion and the bulk 130Xe/22Ne of regassed atmo-
spheric volatiles set the stage for a forward model of coupled
isotopic evolution to determine whether plume and MORB
mantle He, Ne, and Xe isotopes can be explained simulta-
neously, from an estimate of the composition after accretion to
the present day (SI Appendix, Fig. S4). Free parameters includ-
ing the initial mantle reservoir 130Xe abundance (130Xei) and a
measure of integrated mantle processing (Nres) are explored (SI
Appendix). Given an initial 130Xe abundance, the budgets of
He, Ne, and Xe isotopes at the end of accretion are determined
using the computed solar and chondritic primordial isotope
mixing proportions. Degassing, regassing, and radiogenic
ingrowth proceed according to mantle processing parameters
and a growth model for the continental crust. Plume mantle
reservoir masses (Mres) between 10 and 50% of the mass of the
whole mantle are tested; the lower limit corresponds to the esti-
mated present-day mass of large low shear velocity provinces
(43), while the upper limit is close to the mass of the mantle
below ∼1,000 km, where subducting slabs stall (44) and a sud-
den increase in mantle viscosity has been reported (45). The
coupled He-Ne-Xe isotopic evolution of the reservoir is
tracked, and present-day model outcomes are compared with
plume and MORB mantle compositions (SI Appendix, Fig. S4)
to calculate residuals (SI Appendix and Fig. 3 and SI Appendix,
Figs. S5 and S6).

The coupled isotopic evolution model succeeds in reproduc-
ing present-day mantle He, Ne, and Xe isotopic compositions
and abundance ratios for model realizations that pair low inte-
grated mantle processing with low initial 130Xe abundances in
the plume source relative to the MORB source (Fig. 3 and SI
Appendix, Figs. S4–S6). Good fits for all observations are simul-
taneously achieved (SI Appendix, Fig. S7), which was not guar-
anteed a priori. The good fits indicate that the primordial mix
of volatiles determined from Ne and Xe primordial isotopes for
each mantle composition succeeds in generating a working
model of mantle noble gas accretion, radiogenic He, nucleo-
genic Ne, fissiogenic Xe, and regassed Ne and Xe contributions.
A lower extent of mantle processing (Nres) is required for the
plume mantle, but this is not sufficient to explain the plume
noble gas signature; the initial Xe concentration must also
be low in the plume mantle relative to the MORB mantle
(Fig. 3). The absolute difference in optimal Nres between
MORB and plume model reservoirs varies with several parame-
ters (Fig. 3 and SI Appendix, Fig. S6), but low 130Xei in the
plume source is robust.

Discussion

The models described above provide constraints on absolute
concentrations of volatiles at the end of accretion and on the
mix of solar and chondritic volatiles needed to explain plume
and MORB signatures (Fig. 4 and SI Appendix, Fig. S3). The
absolute 130Xei abundance in the plume reservoir is a free input
parameter to the He-Ne-Xe evolution model (part C); the
model result of low 130Xei in the ancient plume mantle is
independent but conceptually consistent with the primordial
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isotope mixing calculation (part B) (SI Appendix, Fig. S3)
result, which prescribes a smaller proportion of chondritic 22Ne
(and thus a lower, more solar-like 130Xe/22Ne) to the plume
source at the end of accretion. Evaluation of radiogenic He,
nucleogenic Ne, and fissiogenic Xe contributions against pri-
mordial isotope budgets thus allows one to peer into the past
and observe the initial state of the plume and MORB mantle
reservoirs. The best-fit results indicate an initial concentration
of ∼1.5 × 107 atoms 130Xe/g in the plume mantle, ∼4× lower
than that in the MORB mantle at the end of accretion
(although initial 3He and 22Ne concentrations were higher in
the plume mantle) (Fig. 4 and SI Appendix, Fig. S7 and Table
S3). Prior initial mantle noble gas concentration estimates were
lower limits determined assuming closed-system radiogenic
ingrowth (e.g., initial 3He) (36); however, initial concentrations
could be higher and offset by a greater extent of outgassing
over Earth’s history to explain a given present-day signature (SI
Appendix, Fig. S5 A and B). This is not the case for Pu-U-Xe in
the plume mantle: for low 130Xei concentrations required to
explain plume Xe, raising Nres does not compensate for a higher

130Xei, as both rotate outcome arrays away from Pu-fission Xe
(Fig. 2 and SI Appendix, Figs. S2 and S8). Successful reproduc-
tion of the plume and MORB mantle He, Ne, and Xe signa-
tures with distinct 130Xei provides a powerful constraint on the
absolute initial Xe concentrations, which can be used to explore
the contributions from volatile-rich chondrites to mantle reser-
voirs through the end of accretion.

Material Contributions from Carbonaceous and Noncarbonaceous
Chondrites. The nature of accreted material and the extent of
volatile loss during accretion set the initial volatile abundances
of mantle reservoirs. Potential contributors of terrestrial volatiles
include solar nebular gas dissolved into a magma ocean and
retained on the growing Earth, differentiated accreting material,
and undifferentiated accreting material. The primordial isotope
mixing calculation (part B) (SI Appendix, Table S3) indicates
that solar nebular gas dominates mantle Ne budgets but makes a
negligible contribution of Xe to mantle reservoirs because of its
extremely low 130Xe/22Ne ratio. Differentiated materials may
have been strongly depleted of volatiles prior to accretion as a
result of outgassing and loss to space that occurred on differenti-
ated small bodies; for example, primordial noble gases are absent
from the 4.565-My-old achondrite Erg Chech 002 (46). There-
fore, undifferentiated materials were likely the dominant source
of Xe to the mantle during accretion.

Among undifferentiated materials, carbonaceous chondrites
have higher Xe concentrations than noncarbonaceous chon-
drites. Pristine CM chondrite parent body material is estimated

1 2 3 4 5 6

Initial 130Xe concentration (107 atoms/g)

1.5

2.5

3.0

3.5

4.0

4.5

5.0

R
es

er
vo

ir 
m

as
se

s 
pr

oc
es

se
d 

(N
re
s)

MORB
mantle

Plume
mantle

2.0

5.5

7

Fig. 3. Map of residuals for plume and MORB He-Ne-Xe isotopic model
outcomes. Model outcomes for different combinations of Nres and 130Xei
are compared with the DICE and 2ΠD43 compositions for model plume
and MORB mantle reservoirs, respectively. The score for a given pairing is
the sum of squared sigma-normalized residuals for He, Ne, and Xe isotope
ratios (SI Appendix, Fig. S5), with Xe isotope ratio residuals weighted double.
Only scores <50 are shown in the figure, and the lowest scores (darkest
colors) represent the best fits. The isotopic evolution model succeeds in
simultaneously reproducing present-day mantle He, Ne, and Xe isotopic
and elemental ratios for model realizations that pair low Nres with low
130Xei in the plume source relative to the MORB source. The initial 3He and
22Ne abundances in the plume mantle are higher than those in the MORB
mantle because of higher, more solar-like 3He/130Xe and 22Ne/130Xe (SI
Appendix, Fig. S7 and Table S3). Results are shown for Mres = 2 × 1027 g
(50% of the mantle) for both mantle reservoirs, accumulation of fissiogenic
Xe starting 80 My into Earth’s history, and f 130r�atm = 0.95 and 0.75 for the
plume and MORB mantle sources, respectively. The effect of varying model
input parameters is shown in SI Appendix, Fig. S6. The difference in Nres

between plume and MORB models shows some limited dependence on
input parameters (SI Appendix, Fig. S6), but the occurrence of best-fit plume
mantle models at low initial 130Xei is robust. Model outcomes correspond-
ing to the minimum scores are shown compared with DICE and 2ΠD43
compositions in SI Appendix, Fig. S7; good fits are simultaneously achieved
for He, Ne, and Xe. The plume mantle noble gas signature requires a low
initial concentration of Xe as well as less mantle processing than the MORB
mantle.

ancient plume
mantle

ancient MORB
mantle

15 ppm H2O

52 to 3800 ppm H2O

enhanced late accretion of
volatile-rich chondrites

viscosity
contrast

limits mixing

~5% 
CC material

5.2×107 atoms 
130Xe/g

0.02% 
CC material

1.5×107 atoms 
130Xe/g

limited early 
accretion of

volatile-rich chondrites

Fig. 4. Plume and MORB mantle reservoirs at the end of accretion. The
ancient plume mantle accreted dry, with limited contributions from volatile-
rich materials similar to carbonaceous chondrites (CC material). The ancient
MORB mantle accreted with a greater mass contribution from volatile-rich
material. Estimated Xe and H2O concentrations are given for both reservoirs
at the end of accretion. The plume mantle had a factor of ∼4 lower initial
130Xe concentration than the ancient MORB mantle but had higher initial 3He
and 22Ne concentrations as a result of higher plume mantle 3He/130Xe and
22Ne/130Xe at the end of accretion (SI Appendix, Table S3 and Fig. S7). The
present-day MORB and plume mantle reservoirs are internally heteroge-
neous; it is possible that these reservoirs were already internally heteroge-
neous at the end of accretion, but additional high-precision isotopic data are
needed to assess this possibility. The difference in estimated water contents
(ancient plume mantle ∼4 to 250× drier than ancient MORB mantle) is large
enough to have generated a viscosity contrast that could have limited mixing
in a whole mantle magma ocean and may have contributed to inefficient mix-
ing through ∼4.5 billion years of solid-state mantle convection.
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to have 7.8 × 1010 atoms 130Xe/g (47). In enstatite chondrites,
Xe concentrations largely fall in the range from ∼1.5 × 108 to
∼9.7 × 109 atoms 130Xe/g (48–50), as much as a factor of
∼500× lower than the Xe concentration in carbonaceous mate-
rial. Ordinary chondrites have Xe concentrations that overlap
with the lower half of the enstatite chondrite range (51, 52).
Mantle primordial Xe isotope ratios are consistent with the aver-
age carbonaceous chondrite Xe isotopic composition (10, 22), but
enstatite chondrites may have similar Xe isotopic compositions
(49) and cannot be ruled out as the source of mantle Xe. How-
ever, I note that even very small amounts of pristine carbonaceous
materials would dominate mantle Xe budgets at the end of accre-
tion because of their high Xe concentrations.
The mass contributions of undifferentiated carbonaceous or

noncarbonaceous material to the growing Earth are explored by
assigning the 130Xei budget of a mantle reservoir entirely to car-
bonaceous chondrites, entirely to noncarbonaceous chondrites,
or to a mixture of both, taking the ranges in 130Xe concentra-
tions for chondritic materials into account (illustrated in SI
Appendix, Figs. S9 and S10 and summarized in SI Appendix,
Table S4). It is also necessary to consider when the materials
were delivered during the accretion process: delivery prior to
magma ocean outgassing would translate to greater material
contributions from undifferentiated materials, as some portion
of the accreted Xe budget would have been lost through outgas-
sing. Retention of ∼1.4% of the accreted Xe budget through-
out magma ocean outgassing is explored here; the derivation of
this estimate is given in the section below on Xe and H2O.
The relatively low 130Xei determined for the ancient plume

mantle reservoir compared with Xe concentrations in undiffer-
entiated materials (SI Appendix, Table S4) suggests limited
accretion of volatile-rich materials. The plume 3He/22Ne ratio
at the end of accretion (excluding regassed 22Ne) is elevated by
a factor of ∼2 compared with the solar ratio (SI Appendix,
Table S3); such elevation has been interpreted as evidence that
the plume mantle experienced one magma ocean episode in
equilibrium with a solar nebular atmosphere (9). The entire
budget of 130Xei in the ancient plume mantle could be accounted
for with only ∼0.02% of plume mantle mass from pristine carbo-
naceous material accreted after magma ocean crystallization (SI
Appendix, Fig. S9 and Table S4). Accretion of nearly 100% of
plume reservoir mass from Xe-poor ordinary and enstatite chon-
drites prior to magma ocean outgassing would provide only
∼15% of 130Xei; the balance could be delivered by <0.02% mass
from pristine carbonaceous materials after magma ocean crystalli-
zation (or ∼1% mass prior to magma ocean crystallization) (SI
Appendix, Fig. S9). The ancient plume mantle 130Xei budget could
alternatively be explained by accretion of entirely Xe-poor ordinary
or enstatite chondrite-like material, with ∼9% mass delivered after
magma ocean crystallization; this is the only scenario in which
Xe-poor enstatite or ordinary chondrites would contribute signifi-
cantly to the mantle Xe budget (SI Appendix, Figs. S9 and S10
and Table S4) and would require negligible Xe delivery to the
plume mantle by carbonaceous material.
The ancient MORB mantle likely experienced multistage

volatile loss through multiple giant impacts (9). Some end-
member scenarios to explain the MORB mantle 130Xei budget
are explored. Assuming ∼1.4% of any pre-giant impact Xe
budget is retained in the impact-induced magma ocean, any
undifferentiated material accreted prior to the penultimate
giant impact experienced >99.98% outgassing and is unlikely
to contribute to the MORB mantle budget at the end of accre-
tion. If MORB mantle Xe were primarily delivered between
the penultimate and last giant impact, a contribution of ∼4.9%

of MORB mantle mass from pristine carbonaceous material
would account for the estimated 130Xei (SI Appendix, Fig S10
and Table S4). Alternatively, a 39% mass contribution from
the most Xe-rich enstatite chondrites delivered between the last
two giant impacts could account for the entire MORB mantle
130Xei. Delivery of ordinary chondrites and Xe-poor enstatite
chondrites could not account for more than ∼4% of MORB
mantle 130Xei (SI Appendix, Fig. S10).

Smaller amounts of undifferentiated material could have
been delivered entirely after the last giant impact as part of the
late veneer, the ∼0.5 to 1% of Earth’s mass that accreted after
metal-silicate equilibration in the last magma ocean. MORB
mantle 130Xei could be explained by late accretion of 0.07% of
MORB mantle mass from pristine carbonaceous material or
0.54% of mass from Xe-rich enstatite chondrite material. How-
ever, delivery of upper mantle volatiles entirely through the late
veneer is inconsistent with the upper mantle hydrogen-nitrogen-
carbon abundance pattern, which does not match that of any
chondrites (19, 53). Upper mantle volatiles likely reflect fraction-
ation during accretionary impacts and thus were likely delivered
during the main phase of accretion (9). In this case, the late veneer
that delivered highly siderophile elements to Earth’s mantle can-
not have added significant Xe to the mantle. Either the late veneer
was largely made of ordinary or Xe-poor enstatite chondrite mate-
rial (a 1% mass contribution of Xe-poor ordinary or enstatite
chondrites provides only 3% of MORB mantle 130Xei) (SI
Appendix, Fig. S10 and Table S4), or late veneer volatiles entered
the atmosphere upon accretion.

Lithophile and siderophile stable isotope systematics observed
among meteorites and terrestrial samples suggest that ∼5% of
Earth’s mantle mass is from carbonaceous chondrites (54, 55).
This estimate is consistent with delivery of MORB mantle Xe via
pristine carbonaceous material prior to the last giant impact (SI
Appendix, Table S4). I note that the bulk silicate Earth Mo isoto-
pic composition lies between parallel trends for noncarbonaceous
and carbonaceous chondrites in Mo isotope spaces (56). If initial
Xe budgets for the plume and MORB mantle reservoirs originate
largely from delivery of Xe-rich carbonaceous material, then this
study predicts that among terrestrial samples, Mo isotopes in
MORBs would lie closer to the carbonaceous trend than plume
samples.

Abundances of Water in Ancient Mantle Reservoirs. Initial Xe
abundances can be linked to initial H2O abundances with
some caution. Solar nebular gas is not a significant contributor
of mantle Xe (SI Appendix), but ingassed nebular H2 may have
been oxidized to generate nebula-derived H2O in an early
magma ocean (57). However, mantle D/H ratios are consistent
with chondritic contributions (58–60). In the discussion below,
I assume that nebular H2O is a negligible component in the
total mantle H2O budget.

The abundance of H2O in mantle sources at the end of accre-
tion can be estimated based on 130Xei concentrations, the
H2O/130Xe ratio in undifferentiated materials, and considerations
of fractionation during magma ocean degassing. A compilation of
Xe concentrations and H2O/130Xe ratios indicates that while car-
bonaceous and enstatite chondrites have distinct Xe concentra-
tions, their H2O/130Xe ratios overlap (SI Appendix, Fig. S11).
Similar H2O/130Xe ratios in carbonaceous and noncarbonaceous
chondrites suggest that an estimate of the amount of H2O deliv-
ered in association with Xe is insensitive to the mix of chondritic
materials that delivered these volatiles during accretion. The
H2O/130Xe ratio estimated for pristine carbonaceous material
(47, 61) is similar to the average H2O/130Xe in enstatite

6 of 9 https://doi.org/10.1073/pnas.2201815119 pnas.org

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201815119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201815119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201815119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201815119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201815119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201815119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201815119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201815119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201815119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201815119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201815119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201815119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201815119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201815119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201815119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201815119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201815119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201815119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201815119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201815119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201815119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201815119/-/DCSupplemental


chondrites (49, 50, 60) (SI Appendix, Fig. S11) and is adopted
here to calculate the amount of H2O associated with Xe delivered
by undifferentiated material.
The strongest contrast in ancient plume and MORB mantle

H2O concentrations would be generated if undifferentiated
material were added to the plume source after the magma ocean
episode that affected its volatile budgets (9), if undifferentiated
material were added to the MORB mantle prior to the last
giant impact, and if H2O were retained preferentially relative
to Xe in magma oceans because of its higher solubility (62).
If undifferentiated material were added to the plume mantle
after its magma ocean episode, the estimated 1.5 × 107 atoms
130Xe/g and an unfractionated chondritic H2O/130Xe (SI
Appendix, Fig. S11) would yield 15 ppm H2O in the ancient
plume source, drier than the most depleted MORB mantle
today (63). An unfractionated chondritic H2O/130Xe and
5.2 × 107 atoms 130Xe/g would give 52 ppm H2O in the
ancient MORB mantle; this is the abundance of H2O if all
chondritic material were added as part of the late veneer, or if
the material were added before the last giant impact and H2O/
Xe were not fractionated by magma ocean outgassing (e.g., if
kinetic effects made Xe degassing inefficient). If all of the 130Xe
in the MORB mantle at the end of accretion were instead
residual to equilibrium degassing of a magma ocean in the
aftermath of the last giant impact, the ratio of H2O to Xe could
be elevated relative to the chondritic ratio by >104 based on
the large difference in solubility in silicate melts (62, 64). How-
ever, the concentration of 130Xe in the MORB mantle at the
end of accretion is too high to be residual to equilibrium
degassing of a magma ocean with such a large contrast in solu-
bility; the corresponding H2O contents are not tenable (i.e.,
>50 wt. % H2O). Therefore, the ancient MORB mantle H2O/
Xe ratio cannot have been very strongly elevated relative to
chondritic, and the last giant impact cannot have driven equi-
librium degassing of volatile species dissolved in the last magma
ocean, suggesting either limited diffusion of Xe into rapidly ris-
ing CO2 bubbles (the major volatile species that would exsolve
from the shallow magma ocean) or low CO2 contents in the
magma ocean generated by the last giant impact.
A reasonable maximum H2O abundance in the MORB

mantle at the end of accretion can be estimated by assuming
the MORB mantle carried all of the H2O that is presently dis-
tributed among the modern ocean, the present-day MORB
mantle with ∼100 ppm H2O, and a water-rich transition zone
(1.5 wt. % H2O for 10% of the mass of the mantle) (65).
Assigning all of this water to the ancient MORB mantle would
correspond to 3,800 ppm H2O, meaning that ancient MORB
H2O/Xe ratios were not elevated by magma ocean outgassing
by more than a factor of ∼73 relative to the chondritic ratio.
An estimate of Xe retention in a magma ocean can be com-
puted by assuming H2O was retained completely; in this case,
a factor of ∼73 elevation of the H2O/130Xe ratio is achieved
with ∼1.4% of Xe retained through magma ocean outgassing,
consistent with prior estimates from noble gases (66).
The strongest possible contrast in H2O abundances that is con-

sistent with the global H2O budget is thus estimated to be a factor
of ∼250, with 15 ppm H2O in the ancient plume mantle and
3,800 ppm H2O in the ancient MORB mantle (Fig. 4). Such a
low initial primordial H2O concentration in the plume mantle
indicates that the present-day estimated 400 to 1,000 ppm in the
plume source (63) is either due to regassing or mixing with water-
rich material entrained as plumes rise through the transition zone.
Stronger net degassing of the MORB mantle over Earth’s history

may explain the low present-day average H2O concentrations
compared with those in the plume mantle (63).

Preservation of Ancient Isotopic Heterogeneities in the Mantle.
The survival of accreted-volatile heterogeneity in the mantle
indicated by long-lived radiogenic He, nucleogenic Ne, and fis-
siogenic Xe noble gas signatures (Figs. 3 and 4) in this study is
consistent with the persistence of early-formed (>4.45 Ga)
129I-129Xe isotopic heterogeneities in the mantle today (1–3,
28, 29). The contrast in plume and MORB mantle 130Xei
abundance does not depend on any finely tuned modeling
parameter (SI Appendix, Fig. S6) and strengthens a dynamic
constraint on accretion (9): regardless of the timescale of accre-
tion, a mode of planetary accretion that does not homogenize
the growing planet is required.

The result simultaneously provides a physical mechanism to
explain such inefficient mixing and the survival of early-formed
mantle isotopic heterogeneities. The ancient plume mantle was
∼4 to 250× drier than the ancient MORB mantle. An order of
magnitude difference in water content can generate a >10× dif-
ference in viscosity in silicate melts (13, 67) and in solid silicate
(14, 68), which is sufficient to inhibit mixing and preserve het-
erogeneities over billion-year timescales (69). The plume man-
tle has experienced significant processing and incorporation of
recycled slabs and is not a primordial mantle reservoir (31).
However, a higher viscosity may explain why the plume mantle
experienced less processing and retained a greater proportion of
its initial volatile budget than the MORB mantle (Fig. 3) over
Earth’s history. If plumes originate from the mantle below
∼1000 km, a decrease in mantle water contents could contrib-
ute to the abrupt increase in viscosity in the midmantle (45), in
which case high present-day plume H2O concentrations would
reflect entrainment of water-rich material during plume ascent,
potentially from the transition zone. However, plume noble gas
isotopes are equally consistent with a smaller plume mantle res-
ervoir (∼10% of the mass of the mantle, consistent with large
low shear velocity provinces) (43) (SI Appendix, Fig. S6C) with
400 to 1,000 ppm H2O resulting from regassing. Independent
of the location of the plume source in the mantle, an ancient
viscosity contrast reflecting a difference in H2O concentration
may have limited direct mixing of the ancient plume and
MORB mantle reservoirs during whole mantle magma ocean
episodes and may have contributed to inefficient mixing
throughout ∼4.5 billion years of solid-state mantle convection.

Materials and Methods

A numeric model of mantle He, Ne, and Xe isotopic evolution was used to
explore a parameter space and identify combinations of input parameters that
could explain the He, Ne, and Xe isotopic compositions and elemental abundan-
ces in the Iceland mantle source (1) and North Atlantic MORB mantle (2). The
model input parameters, notes on the published data used in calculations, and
equations used for modeling are given in the SI Appendix.

In model part A, a Xe isotopic evolution model adapted and expanded from
Parai and Mukhopadhyay (18) was used to explore the effect of the mantle proc-
essing rate history (parameterized as Nres) and initial Xe concentrations on
present-day mantle Xe isotopic compositions. In model part B, primordial iso-
tope ratios (20Ne/22Ne, 130Xe/22Ne) of mantle sources were treated as linear
mixtures between solar, chondritic, and regassed atmospheric Ne and Xe; pro-
portions of 22Ne from each component were determined after accounting for the
proportion of 130Xe from regassing and under the constraint that the proportions
must sum to 1. In model part C, the results from part B were used to compute
the abundances and isotopic compositions of He, Ne, and Xe in mantle reser-
voirs at the end of accretion. A forward model of degassing, regassing, and
ingrowth through nuclear reactions (SI Appendix, Fig. S4) was used to determine
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present-day mantle reservoir He, Ne, and Xe isotopic compositions and elemen-
tal abundance ratios. These were compared with mantle source compositions for
the Icelandic sample DICE (1) and the North Atlantic MORB 2ΠD43 (2), and
sums of squared residuals (normalized to uncertainties in the mantle source
compositions) were computed for different combinations of input parameters.

The contributions from chondritic materials during accretion were computed
by attributing the initial 130Xe concentration (130Xei) of a mantle reservoir to
delivery by a mixture of carbonaceous and noncarbonaceous materials during
accretion. As shown in SI Appendix, Figs. S9 and S10, the proportion of 130Xei
from carbonaceous materials was varied from 0 (entirely noncarbonaceous
source of mantle initial Xe) to 1 (entirely carbonaceous source). Multiplying
130Xei by the fractional proportion of 130Xe from carbonaceous materials gave
the concentration of mantle 130Xe from carbonaceous material at the end of
accretion. The balance of 130Xei was attributed to noncarbonaceous material.
Material contributions were determined for two scenarios: delivery prior to and
during magma ocean outgassing or delivery after magma ocean crystallization.
For delivery after magma ocean crystallization (SI Appendix, Figs. S9A and
S10B), material contributions were computed by dividing the carbonaceous or
noncarbonaceous 130Xei concentration in the mantle reservoir by the concentra-
tion in the accreting material. For delivery prior to and during magma ocean out-
gassing (SI Appendix, Figs. S9B and S10A), I assumed ∼1.4% of delivered Xe was
retained in the residual magma ocean (see above), consistent with the estimate
from Porcelli et al. (66). The ancient mantle 130Xe concentration prior to outgassing
was computed by multiplying by ∼73 (equivalent to dividing out ∼0.014), and
the resulting concentration was divided by the concentration of 130Xe in carbona-
ceous or noncarbonaceous material to give material contributions.

For carbonaceous chondrites, upper and lower bounds on the concentration
of Xe were taken from a study of a large set of CM chondrites (47). The bounds
corresponded to the maximum Xe concentration estimated for pristine carbona-
ceous materials and the minimum estimated for aqueously altered materials.
Compared with carbonaceous materials, enstatite and ordinary chondrites are
both characterized by lower Xe concentrations overall, but the maximum Xe
concentration in enstatite chondrites is higher than that in ordinary chondrites.

SI Appendix, Figs. S9 and S10 show the bounds on noncarbonaceous material
contributions calculated by adopting the highest enstatite chondrite Xe concen-
tration and the lowest Xe concentration in enstatite and ordinary chondrites.

Concentrations of H2O in ancient mantle reservoirs were computed by multi-
plying the initial 130Xe concentration (130Xei) by an H2O/

130Xe ratio of 10�10

(wt. % H2O)/(atoms
130Xe/g), which corresponds to a molar H2O/

130Xe ratio of
∼3.3 × 1010. This is the ratio computed for pristine carbonaceous materials
based on the relationship evident in SI Appendix, Fig. S11A and is similar to the
average H2O/

130Xe ratio for enstatite chondrites (SI Appendix, Fig. S11B). Among
CM chondrites, aqueously altered chondrites have lower Xe concentrations than
pristine chondrites but have similar H2O concentrations (47, 61). It is not clear
whether the material available for accreting planets was pristine or aqueously
altered. If Xe were delivered to Earth’s interior by carbonaceous material strongly
affected by aqueous alteration prior to accretion, then the appropriate H2O/

130Xe
ratio would be 5× higher (SI Appendix, Fig. S11). This would increase the
ancient plume H2O estimate from 15 to 75 ppm. It is also possible that the
H2O/

130Xe ratio in the most Xe-rich enstatite chondrites is lower than the value
adopted above. If Xe were delivered to Earth’s interior by Xe-rich enstatite chon-
drites, using the lowest H2O/

130Xe in enstatite chondrites would yield 7 ppm
H2O in the ancient plume mantle. However, in either case, the upper limit for
MORB mantle H2O would still be 3,800 ppm, calculated through mass balance.
The contrast in mantle H2O concentrations therefore would either fall within the
∼4 to 250× range given in the main text or would be even stronger.

Data Availability. MATLAB code data have been deposited in the Github
repository (https://github.com/ritaparai/DryAncientPlume) (70).
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