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Xenon isotopic constraints on the history of volatile 
recycling into the mantle
Rita Parai1* & Sujoy Mukhopadhyay2

The long-term exchange of volatile species (such as water, carbon, 
nitrogen and the noble gases) between deep Earth and surface 
reservoirs controls the habitability of the Earth’s surface. The 
present-day volatile budget of the mantle reflects the integrated 
history of outgassing and retention of primordial volatiles 
delivered to the planet during accretion, volatile species generated 
by radiogenic ingrowth and volatiles transported into the mantle 
from surface reservoirs over time. Variations in the distribution 
of volatiles between deep Earth and surface reservoirs affect 
the viscosity, cooling rate and convective stress state of the solid 
Earth. Accordingly, constraints on the flux of surface volatiles 
transported into the deep Earth improve our understanding of 
mantle convection and plate tectonics. However, the history of 
surface volatile regassing into the mantle is not known. Here we use 
mantle xenon isotope systematics to constrain the age of initiation of 
volatile regassing into the deep Earth. Given evidence of prolonged 
evolution of the xenon isotopic composition of the atmosphere1,2, we 
find that substantial recycling of atmospheric xenon into the deep 
Earth could not have occurred before 2.5 billion years ago. Xenon 
concentrations in downwellings remained low relative to ambient 
convecting mantle concentrations throughout the Archaean era, 
and the mantle shifted from a net degassing to a net regassing 
regime after 2.5 billion years ago. Because xenon is carried into the 
Earth’s interior in hydrous mineral phases3–5, our results indicate 
that downwellings were drier in the Archaean era relative to the 
present. Progressive drying of the Archean mantle would allow 
slower convection and decreased heat transport out of the mantle, 
suggesting non-monotonic thermal evolution of the Earth’s interior.

Volatiles are degassed from the interior to Earth’s surface reservoirs 
during partial melting of upwelling mantle. Conversely, downwelling 
mantle transports material from Earth’s surface to the deep interior. 
Some volatiles are removed from downwellings and expelled back to the 
surface via magmatism, but some may be retained within downwellings 
and ultimately mixed into the convecting mantle (that is, the mantle  
source of mid-ocean ridge basalts). Here we use the term ‘regassing’ to 
indicate the transport of surface volatiles into the mantle beyond depths 
of magma generation and subsequent mixing into the convecting man-
tle. In early Earth history, downwelling return flow may have differed in 
nature from modern subduction6, where surface volatiles are regassed 
into the mantle in association with hydrothermally altered subducting 
slabs7–10. The nature of early downwellings and the timing of the onset 
of substantial volatile regassing are not known.

Xe isotopes provide a powerful tool with which to probe the his-
tory of volatile cycling on the Earth. The nine isotopes of Xe provide 
insight into the integrated history of mantle volatile delivery, degassing 
and regassing: 124Xe, 126Xe, 128Xe and 130Xe are primordial, radiogenic 
129Xe is produced by decay of short-lived 129I, and 131Xe, 132Xe, 134Xe 
and 136Xe are produced in characteristic proportions and on different 
timescales by the spontaneous fission of short-lived 244Pu (half-life 
of t1/2 = 80.0 Myr) and long-lived 238U (t1/2 = 4.468 Gyr). Degassing 
fractionates lithophile parent isotopes from atmophile Xe daughter 

isotopes, so that mantle Xe isotopic compositions are sensitive to degas-
sing on a variety of timescales. Critically, mantle Xe is also sensitive to 
volatile regassing: atmospheric Xe, which is isotopically distinct from 
mantle Xe, has been regassed to the deep Earth in sufficient quantities 
to affect mantle Xe isotopic compositions11–16.

The isotopic composition of atmospheric Xe available for regassing 
has varied over time. Compared to primordial noble gas compositions, 
the Earth’s modern atmosphere is depleted in Xe relative to other noble 
gases, and atmospheric Xe is isotopically mass-fractionated17–19. These 
observations are attributed to mass-fractionating loss of Xe from the 
atmosphere. Xe measured in fluid inclusions in Archaean rocks of  
different age indicate that this process was protracted and that the 
modern atmospheric composition was attained about 2.0 Gyr ago1,2 
(Extended Data Fig. 1). If atmospheric volatiles were regassed into the 
deep Earth throughout Earth history, then the mantle has received a 
mixture of modern and ancient atmospheric Xe isotopic compositions 
over time.

Assuming that all regassed atmospheric Xe is modern, the present- 
day mantle Xe budget is found to be dominated by regassed atmos-
pheric Xe12,14–16(~80%–90%, consistent with estimates of the  
proportion of regassed atmospheric Xe from the stable, non-radiogenic 
isotopes of Xe in continental well gases11). If all regassed Xe instead 
had the isotopic composition estimated for the atmosphere 3.3 Gyr 
ago20, then the present-day upper-mantle Xe composition could not be 
explained (Extended Data Fig. 2). This test of end-member scenarios 
suggests that the budget of regassed atmospheric Xe retained within 
the mantle today is likely to be predominantly modern (<2.0 Gyr ago2) 
in its isotopic composition, consistent with two possible scenarios: (a) 
early Xe regassing was suppressed, perhaps as high mantle poten-
tial temperatures promoted shallow release of atmospheric volatiles 
from downwelling material in the past, or (b) substantial quantities of 
ancient (>2.0 Gyr ago) atmospheric Xe were regassed beyond depths of 
magma generation into the deep Earth, but strong subsequent mantle 
degassing, in association with high mantle processing rates, depleted 
the mantle of ancient regassed volatiles. High mantle processing rates 
would promote both strong degassing and concurrent regassing if Xe 
were retained in downwellings early in Earth history. Intensive degas-
sing and regassing would diminish the mantle radiogenic (129Xe) and 
fissiogenic (131,132,134,136Xe) excesses relative to the atmosphere and 
would affect the proportion of 244Pu-derived to 238U-derived fissiogenic 
xenon. To distinguish between scenarios (a) and (b), it is thus neces-
sary to explicitly model continuous degassing, regassing and fissiogenic 
production in the mantle over time.

We use a forward model of mantle Xe transport and ingrowth to 
explore limits on the history of Xe regassing into the mantle. We apply 
three model forcings (Fig. 1). (1) We prescribe a mass-fractionating 
atmospheric Xe isotopic composition over time on the basis of data from 
Archaean rocks2 (Extended Data Fig. 1). (2) The mantle processing- 
rate history is explored as a free parameter. (3) The concentration of 
Xe retained in downwellings beyond depths of magma generation 
over time (130Xed time series, referred to here as ‘regassing history’) is 
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explored as a free parameter set. (A summary of the notation used in 
the paper is given in Extended Data Table 1.) The initial mantle 130Xe 
concentration is taken to be consistent with a late-veneer contribution 
of Xe from carbonaceous chondrites of 0.1%–1% of the Earth’s mass21, 
although we note that the primordial Xe budget may have been par-
tially acquired during the main stage of accretion. The initial mantle Xe 
isotopic composition is taken to be that of average carbonaceous chon-
drite17,18,22. The Xe isotopic composition of the atmosphere is modelled 
by a Rayleigh fractionation trajectory towards the modern composition 
(Extended Data Fig. 1). We search for Xe regassing histories that yield 
mantle compositions consistent with Xe isotopic and concentration 
constraints from the literature (Methods, Extended Data Table 2).

The mantle processing-rate history describes the changing mass flux 
(in grams per unit time) of upwelling mantle that undergoes partial 
melting at the surface over time. We assume that partial melting results 
in complete degassing of the processed mantle mass. The degassing 
Xe flux at any given time is thus determined by the instantaneous pro-
cessing rate and Xe concentration in the mantle. An equal mass flux of 
downwelling mantle carries regassed surface Xe into the deep mantle 
(Fig. 1). The regassing Xe flux at any given time thus reflects the instan-
taneous processing rate and Xe concentration in downwellings, 130Xed. 
We use an exponentially decreasing mantle processing rate pinned at 
the present-day mid-ocean ridge processing rate. Different process-
ing-rate histories are explored through variation in the exponential 
time constant (η; see Methods). The mantle processing-rate history 
may be expressed in terms of the number of mantle reservoir masses 
processed over Earth history (Nres). We use values of η that yield whole 
number values of Nres and explore the effect of varying the size of the 
convecting mantle relative to the whole mantle (Mres = 50%–90%).

To track fissiogenic Xe ingrowth concurrently with degassing and 
regassing, U and Pu concentrations must be tracked in the mantle over 
time. The initial mantle U concentration is taken to be 21 parts per 
billion (p.p.b.; bulk silicate Earth), and the initial 244Pu concentration 
is computed assuming an initial 244Pu/238U ratio based on chondrites 
(Methods). U and Pu are partially sequestered into the continental crust 
over time. Both species are highly incompatible; however, the extrac-
tion of U and Pu from the mantle during partial melting may be offset 
by recycling of U- and Pu-rich materials in downwellings at a given 
time step. To model net extraction, U and Pu loss from the mantle 
at each time step directly tracks continental crustal growth over time 
(Extended Data Fig. 3, Methods).

The amount of atmospheric Xe recycled beyond depths of magma 
generation into the Earth’s interior varied over time, as downwelling 

lithologies and mantle pressure–temperature conditions evolved on 
a cooling Earth. We use our model to test many different regassing 
histories (130Xed; Fig. 2). A Monte Carlo numerical approach is used to 
achieve efficient coverage of a wide regassing history parameter space: 
for each model realization, a different potential regassing history is 
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Fig. 1 | Conceptual model of mantle degassing, regassing and 
fissiogenic production. At a given time step, a parcel of upwelling mantle 
undergoes partial melting and is completely degassed of its Xe contents 
(red, pink and purple arrows). An equal mass of downwelling material 
carries atmospheric Xe to be regassed into the mantle (blue arrows). 
Convective mixing is indicated by the white arrows. The mantle processing 
rate decreases over time (as illustrated by the smaller processed-mantle 
boxes). Many different potential regassing histories (130Xed) are tested over 
time (indicated by the multiple blue arrows). Atmospheric Xe undergoes 
mass-dependent fractionation over time until 2 Gyr ago (as illustrated 
by the different shades of blue in the atmosphere box). The net change 
in 130Xe in the mass of mantle that is processed at a given time step is the 

difference between the instantaneous mantle 130Xe concentration and the 
instantaneous 130Xed. Assuming instantaneous mixing, the net change 
is distributed from the processed mantle parcel to the full convecting 
mantle reservoir. Concentrations of all other Xe isotopes in the mantle 
are computed using the instantaneous mantle isotopic composition for 
degassing, the instantaneous atmospheric Xe isotopic composition for 
regassing, and the instantaneous mantle 238U and 244Pu concentrations 
to determine fissiogenic ingrowth of 131,132,134,136Xe (Methods). The 
convecting mantle 130Xe concentration and Xe isotopic composition 
accordingly evolve over time in response to mantle degassing, regassing of 
atmospheric Xe with a changing isotopic composition and Xe production 
by spontaneous fission.

Fig. 2 | Example sigmoidal regassing histories. Three numerical 
parameters describe the sigmoid (Methods): Xe130

d
k is the downwelling 

130Xe-carrying capacity, α is the growth rate and β is the sigmoid 
inflection time. A Monte Carlo numerical method is used to explore the 
parameter space efficiently and test a wide variety of sigmoidal 130Xed time 
series. Light-grey lines represent a collection of sigmoids with constant α 
and 10 different Xe130

d
k and β values. Thick solid black lines illustrate the 

result of varying the growth rate, α, for a single β( Xe ),130
d
k  pair. Sampling a 

limited time interval yields only a portion of the sigmoid shape, such that 
the initial 130Xed values may be greater than 0, and the present-day 130Xed 
values are lower than or equal to the carrying capacity, Xe130

d
k. The growth 

rate is allowed to vary between 10−10 Gyr-1 and 10−8 Gyr-1, with small α 
corresponding to slow growth. The inflection time is allowed to vary 
between 0.08 Gyr and 10 Gyr after the formation of the Solar System, and 
the carrying capacity ranges from 0 to an upper bound of 5 × 108 atoms 
130Xe per gram (Methods). Extended Data Fig. 3 shows examples of 
exponential 130Xed time series for comparison. A sigmoidal functional 
form enables testing of a wide variety of regassing histories, including 
near-linear, near-exponential and step functions.
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determined by randomly drawing values for the parameters that 
define 130Xed as a function of time (Methods, Extended Data Table 1). 
A diverse assortment of regassing histories are tested using a sigmoidal 
130Xed functional form (Fig. 2; see Extended Data Fig. 3 for exponential 
130Xed examples).

Over a given time step, the net change in mantle 130Xe concentration 
represents the balance between 130Xe lost by degassing of the mantle 
mass processed by partial melting and 130Xe gained by regassing via a 
corresponding downwelling mass with concentration 130Xed (Fig. 1). 
Regassing of 128,131,132,134,136Xe is computed on the basis of 130Xed and 
the instantaneous atmospheric 128,131,132,134,136Xe/130Xe composition. 
Fissiogenic production is calculated using the instantaneous concen-
trations of 238U and 244Pu in the convecting mantle (Methods). The 
model thus tracks how the 130Xe concentration and Xe isotopic compo-
sition in the mantle (128Xe/130Xe, 128Xe/132Xe, 130Xe/132Xe, 131Xe/132Xe, 
134Xe/132Xe and 136Xe/132Xe) respond to degassing, regassing and fis-
siogenic production. Xe isotopic evolution paths corresponding to 
four potential regassing histories illustrate how the mantle Xe isotopic 
composition changes over time in response to model forcings (Fig. 3). 
A model realization is successful if two criteria are met: (1) the pres-
ent-day concentration of 130Xe in the mantle falls within the estimated 
range of 4.3 × 105 to 9.2 × 105 atoms of 130Xe per gram (Methods) and 
(2) the present-day mantle Xe isotopic composition falls within the 
estimated convecting mantle composition field11,14,16,23 (Fig. 3c, d, 
Extended Data Table 2).

Successful model realizations indicate that the concentration of 
regassed Xe retained in downwellings must have remained low (much 
lower than the mantle Xe concentration) until after about 2.5 Gyr ago 
(Fig. 4). Solutions correspond to a limited set of regassing histories, 
bounded by curves similar to C and D in Fig. 3: a near-zero 130Xed 
that increases rapidly to a modest final 130Xed in the last several hun-
dred million years, and near-zero 130Xed that increases to a sustained 
low magnitude over the past ~2 Gyr (Fig. 4a). On the basis of this 
analysis, the mantle shifted from net degassing to net regassing after 
about 2.5 Gyr ago (Fig. 4b, c). Accordingly, 130Xed concentrations were 
low relative to the convecting mantle 130Xe concentration until the 
Proterozoic at the earliest. Sustained low-magnitude 130Xed (curve D in 
Fig. 3, light-blue curves in Fig. 4) yields an earlier shift to net regassing, 
whereas regassing histories with a late increase in 130Xed yield a late shift 
to regassing and rapid recent change in mantle Xe isotopic composi-
tion (curve C in Fig. 3, dark-blue lines in Fig. 4, Extended Data Fig. 4). 
Constraints on Xe isotopic compositions in mantle-derived rocks over 
time would distinguish between viable regassing histories. We note that 
the results are robust among solutions derived using different initial 
mantle 130Xe concentrations, mantle processing parameters and 130Xed 
functional forms (Extended Data Figs. 5–7). In all successful model 
realizations, we find that the dominance of the modern atmospheric 
Xe isotopic signature in present-day mantle sources requires limited 
early regassing of ancient atmospheric Xe into the mantle (scenario 
(a) above).

Previous studies have shown that hydrous minerals in subducting 
lithologies carry Xe5,24,25 and that the abundance pattern of heavy noble 
gases in the mantle reflects incorporation of noble gases associated 
with hydrous minerals into the mantle5,26,27. Because hydrous minerals 
carry Xe, H2O cannot be regassed into the mantle without also regas-
sing some Xe into the mantle. Limited early regassing of Xe therefore 
provides a constraint on early regassing of H2O. The ratio of chemically 
bound H2O to Xe varies among serpentinites, altered oceanic crust 
and sediments. If we take the distribution of 130Xed values at 3 Gyr ago 
from successful model realizations and estimate the H2O/130Xe ratio of 
serpentinite (a high H2O/Xe lithology) as 1.2 × 1013 (13 wt% H2O and 
3.7 × 108 atoms 130Xe per gram5), then the median H2O concentration 
in downwellings at 3 Gyr ago is ~0.61 p.p.m. H2O and 95% of solutions 
have between ~0 and 62 p.p.m. H2O. This range suggests very dry 
conditions compared to the estimated ~400–1,000 p.p.m. H2O con-
centration in present-day slabs subducting beyond depths of magma 
generation9,10,28. If some Xe were regassed via materials with relatively 

low H2O/Xe, such as sediments, then the amount of water in Archaean 
downwellings would have been even lower. We note that as pressure 
and temperature increases, diffusion and advection of fluids released by 
hydrous mineral breakdown may alter H2O/Xe ratios in downwellings. 
If advection via hydrous-breakdown fluids removes Xe, then H2O and 
Xe may remain coupled through subduction. Previous work indicates 
that dehydration of hydrous minerals may actually lower H2O/Xe 
ratios: dry olivine–enstatite residues formed by antigorite breakdown 
preserve Xe concentrations hundreds of times higher than that of the 
ambient upper mantle27. If Xe is primarily carried in fluid inclusions, 
diffusion may explain this observation: H+ is expected to diffuse out 
of inclusions more readily than Xe, potentially leading to preferential 
loss of H2O relative to Xe at high pressures and temperatures5,27. Low 
H2O/Xe ratios after the breakdown of hydrous minerals or dessication 

Fig. 3 | Mantle isotopic evolution curves. a, b, Four different regassing 
histories (A,B,C and D) are tested assuming an initial mantle 130Xe 
concentration of 3.2 × 108 atoms per gram, a convecting mantle reservoir 
that is 90% of the mass of the whole mantle and 8 mantle-reservoir masses 
processed over Earth history. c, d, The corresponding mantle isotopic 
evolution curves (rainbow-coloured according to time) show how the 
mantle 128,130,132,136Xe composition responds to degassing, regassing and 
fissiogenic production over time. The initial mantle composition is average 
carbonaceous chondrite (AVCC, brown diamond). The present-day mantle 
field is represented by a dark-grey box (Extended Data Table 2). Successful 
regassing histories yield a present-day mantle Xe isotopic composition and 
130Xe concentration within the field constrained by mantle Xe data. The 
atmosphere starts with a composition that is mass-fractionated by 39‰ 
per atomic mass unit relative to the modern atmosphere (similar to  
U-Xe17–19, which is an estimate of the primordial atmospheric 
composition; orange square) and follows a Rayleigh mass-fractionation 
trend (dashed grey curve) to reach the modern atmospheric composition 
(light-blue circle) at 2.5 Gyr ago (Extended Data Fig. 1). Degassing 
drives mantle Xe isotope ratios towards Pu-fission and U-fission Xe 
compositions defined in Extended Data Table 2. Regassing drives mantle 
Xe isotope ratios towards the instantaneous atmospheric Xe composition. 
Strong regassing (curves A, B) puts too much atmospheric Xe in the 
mantle, so that the Xe isotopic composition of the mantle largely reflects 
the evolving atmospheric composition, despite fissiogenic production. 
The present-day mantle composition is achieved with regassing histories 
that have limited regassing until ~2.5 Gyr ago: either with negligible 
regassing through most of Earth history, increasing to modest regassing 
in the past few hundred million years (curve C), or with near-constant 
low-magnitude regassing over the past few billion years (curve D). Curves 
C and D represent the extremes of the successful regassing histories 
illustrated in Fig. 4a.
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of fluid inclusions would further limit the concentration of H2O that 
could have been regassed with Xe early in Earth history. Therefore, 
we suggest that on the basis of Xe isotopic constraints, downwellings 
before 2.5 Gyr ago were dry compared to modern-day subducting slabs.

We note that there is evidence for the initiation of subduction before 
the Proterozoic: eclogitic inclusions appear in diamonds 3.0 Gyr old 
and younger29, and Hadean zircon thermobarometry suggests that 
magma production in convergent margin-like environments occurred 
as early as 4.2 Gyr ago30. If plate tectonics and plate subduction were 
initiated before 2.5 Gyr ago, then early subducted material was either 
hydrated to a lesser extent at the surface than today, or volatiles were 
more efficiently expelled from Archaean slabs at shallow depths and 
returned to the surface. If high-temperature alteration of relatively 

thick Archaean crust in a Xe-rich early atmosphere promoted high 
initial 130Xe concentrations in surface-altered materials, then the latter 
effect must have dominated in order to yield low 130Xed concentrations. 
Independent of these physical factors, our results indicate that the con-
vecting mantle experienced net degassing during the Archaean and 
transitioned to a net regassing regime after 2.5 Gyr ago.

Online content
Any Methods, including any statements of data availability and Nature Research 
reporting summaries, along with any additional references and Source Data files, 
are available in the online version of the paper at https://doi.org/10.1038/s41586-
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Fig. 4 | Xe regassing is limited early in Earth history. a–c, Time series 
showing regassing histories, 130Xed, for successful model realizations (a), 
the corresponding mantle 130Xe concentrations over time (b) and the 
net flux between the convecting mantle and atmosphere over time (c). 
Successful model realizations indicate minimal 130Xe in downwelling 
material until ~2.5 Gyr ago. Line colour in all panels reflects the present-
day 130Xed concentrations from a: darker blue indicates higher present-
day 130Xed. Successful realizations with relatively high present-day 130Xed 
concentrations are associated with regassing onset times in the past few 
hundred million years (dark blue), whereas regassing histories with earlier 
onset times (1–2 Gyr ago) have very low present-day 130Xed concentrations 
(light blue; see Extended Data Fig. 4). Successful model realizations 
indicate that the mantle shifted from a net degassing regime to a net 
regassing regime about 2.5 Gyr ago or later: 130Xed concentrations were low 
relative to the convecting mantle 130Xe concentration until the Proterozoic 
at the earliest (b, c; Extended Data Fig. 8). The successful model regassing 
histories with the lowest and highest present-day 130Xed values (lightest 
and darkest blue curves, respectively) correspond to curves C and D 
in Fig. 3. Model results reflect an initial mantle 130Xe concentration of 
3.2 × 108 atoms per gram, a convecting mantle reservoir that is 90% of the 
mass of the whole mantle, 8 mantle-reservoir masses processed over Earth 
history and the continental crust growth model 1 (see Methods). Other 
parameter combinations and Xe fluxes are illustrated in Extended Data 
Figs. 5–7 and emphasize that regassing must have been limited early in 
Earth history.
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Methods
Linear least-squares fits of mantle source Xe using Archaean atmosphere. 
Mantle source 130,131,132,134,136Xe compositions are modelled as four-component 
mixtures of initial mantle Xe, recycled atmospheric Xe, Pu-fission Xe and U-fission 
Xe using the method outlined in ref. 16. We test two end-member scenarios: the 
regassed atmospheric Xe is either entirely modern or entirely ancient in its isotopic 
composition. We estimate the 130,131,132,134,136Xe isotopic composition of Archaean 
atmosphere based on constraints from fluid inclusions in ancient rocks2. We take 
the present-day atmospheric Xe composition and apply Rayleigh mass-dependent 
fractionation of 20‰ per atomic mass unit (amu). The resulting composition is 
consistent with the atmospheric composition determined for Barberton samples 
after correction for fission production after closure of the fluid inclusions2. The 
20‰ amu−1 fractionated model Archaean atmospheric Xe composition used for 
comparing the goodness of fit for the convecting mantle source composition is 
given in Extended Data Fig. 2e.

A sum of squared residuals of zero indicates that the mantle source composi-
tion can be fitted perfectly by mixing the four end-member components. Sums 
of squared residuals greater than zero indicate the sigma-normalized error in the 
best fit to the mantle source composition. If modern atmospheric Xe is taken as 
the recycled atmospheric Xe component, sums of squared residuals are zero or 
near-zero. If 20‰ amu−1 mass-fractionated ancient atmosphere is the recycled 
component, then the sums of squared residuals are much higher than zero, indi-
cating that mantle source compositions cannot be explained by recycling of only 
ancient atmospheric Xe (Extended Data Fig. 2).
Model initialization. The concentration and isotopic composition of Xe in the 
mantle is tracked over time in a numerical forward model of mantle degassing, 
regassing and fissiogenic production. The initial concentration of 130Xe represents 
the primordial Xe component delivered and retained throughout accretion. Initial 
mantle 130Xe concentrations corresponding to Xe contributions from carbonaceous 
chondrites in a late veneer of 0.1%, 0.5% and 1% of the Earth’s mass are tested. 
Figures 3, 4 correspond to model runs with a late veneer equivalent to 1% of the 
Earth’s mass with a carbonaceous chondrite 130Xe concentration (based on the 
average of Murchison and Orgueil21). The initial mantle Xe isotopic composition 
is taken to be that of average carbonaceous chondrite18,22. Results for a late veneer 
corresponding to 0.1% and 0.5% of the Earth’s mass are illustrated in Extended Data 
Figs. 6, 7. The initial atmospheric Xe isotopic composition is mass-fractionated 
with respect to modern atmosphere by 39‰ amu−1.
Xe concentrations in downwellings over time. We use a Monte Carlo method to 
explore two functional forms for the concentration of 130Xe in downwelling mate-
rial over time. The first is a sigmoidal function based on the generalized logistic 
function:

=
 + α β− −tXe ( ) Xe

1 e
(1)t

130
d

130
d
k

( )

where Xe130
d
k is the carrying-capacity 130Xe concentration in downwellings, α is 

the growth rate and β is the sigmoid inflection point. Figure 2 illustrates an exam-
ple array of sigmoidal 130Xed functions tested with the model. Each sigmoid is 
sampled over a limited time interval and thus yields only a portion of the sigmoid 
shape. Therefore, the initial 130Xed values may be greater than 0 and the present-day 
130Xed values are lower than or equal to the carrying capacity, Xe130

d
k.

The second functional form is an exponential form:

= τ −tXe ( ) Xe e (2)t T130
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where T is the age of the Earth (4.568 Gyr) and the two free parameters are  
Xe130

d
final and a time constant, τ. Time constant values between 10−11 Gyr−1 and 

5 × 10−8 Gyr−1 are explored. Extended Data Fig. 3 illustrates a coarse array of 
exponential 130Xed functions tested with the model. For both functional forms, we 
use a Monte Carlo numerical method to achieve good coverage of the free para
meter space.

The present-day 130Xed concentrations tested range from zero to 5 × 108 atoms 
per gram. We reiterate that regassing refers to the influx of volatiles that are trans-
ported beyond depths of magma generation and mixed into the convecting mantle. 
We place a broad upper limit on the present-day amount of 130Xe in downwelling 
material to constrain the collection of 130Xed time series tested with our model. 
Using 130Xe concentration data from serpentinite, altered oceanic crust and sedi-
ments5,24,25,27,31–35, we compute an upper limit on present-day regassing of Xe from 
constraints on regassing of water beyond depths of magma generation. We assume 
that serpentinite has 13 wt% H2O, altered oceanic crust has 1.2 wt% H2O36 and 
average subducting sediment has 7.3 wt% H2O37. On the basis of mantle outgassing 
estimates and sea level constraints, ref. 10 determined an upper-limit H2O flux of 
7.0 × 1014 g yr−1 beyond depths of magma generation, corresponding to a sea 
level decrease of 360 m over the Phanerozoic. If this full upper limit is carried in 

sediments with 7.3 wt% H2O, then this flux corresponds to 9.6 × 1015 g yr−1 of sedi-
ment. Using the maximum sedimentary 130Xe concentration of 3.2 × 1010 atoms per 
gram, we compute an upper-limit present-day 130Xe flux beyond depths of magma 
generation of 3.0 × 1026 atoms 130Xe per year. This flux is then distributed over the 
present-day mass of downwelling per year (6.1 × 1017 g yr−1) to yield a maximum 
present-day bulk downwelling 130Xe concentration of 5.0 × 108 atoms per gram. 
Because the maximum present-day 130Xed in successful model realizations is much 
lower (<4 × 107 atoms per gram for sigmoidal 130Xed and <2 × 108 atoms per gram 
for exponential 130Xed), we note that this estimated upper limit only helps to define 
our 130Xed parameter search windows.
Time evolution. Degassing occurs during partial melting of upwelling convecting 
mantle, and regassing occurs via the corresponding downwellings (presently at 
mid-ocean ridges and subduction zones, respectively). We test an exponentially 
decreasing mantle processing rate. The mantle processing rate is tied to the pres-
ent-day ridge processing rate, Qp (6.1 × 1017 g yr−1, assuming 10% partial melting 
to produce 21 km3 yr−1 of crust at mid-ocean ridges, with a crustal density of 
2,900 kg m−3)38:

= η −Q t Q( ) e (3)T t
p

( )

where T = 4.568 Gyr. To test different mantle processing histories with our model, 
we test discrete values of η corresponding to whole numbers of mantle reservoir 
masses processed over Earth history (for example, η = 8.1 × 10−10 corresponds to 
Nres = 8 with Mres = 90%). We test values from η = 1.6 × 10−10 to η = 9.9 × 10−10 
(2–15 mantle reservoir masses ranging from 50% to 90% of the whole mantle). A 
linearly decreasing mantle processing rate yields similar final results. Thus, our 
broad conclusions are not sensitive to the functional form of the mantle process-
ing-rate history.

For each time step, the mass of mantle (dM) processed between time tlast and 
tnow is given by:

η
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The normalized mass processed per time step is dM/Mres, where Mres is the mass 
of the convecting mantle. Results shown in the main-text figures are obtained by 
taking Mres to be 90% of the mass of the mantle, or 3.6 × 1027 g. Sensitivity to the 
mass of the convecting mantle is shown in Extended Data Figs. 5–7.

Over a given time step, the net change in mantle 130Xe concentration corre-
sponds to the balance between the 130Xe lost by degassing of dM by partial melting 
and the 130Xe gained by regassing via a corresponding mass of downwelling mantle 
with Xe concentration 130Xed (Fig. 1, Extended Data Fig. 8). The concentration of 
130Xe in the mantle thus evolves according to:
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where the superscript m denotes the concentration in the convecting mantle and 
the superscript d denotes the concentration in the downwelling material (Figs. 1, 2).  
The mantle 128Xe concentration evolves similarly and is coupled to 130Xe via the 
instantaneous 128Xe/130Xe ratios of the mantle and atmosphere (Extended Data 
Fig. 1):
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Expressions for 131,132,134,136Xe must additionally account for in situ produc-
tion by spontaneous fission of 244Pu and 238U in the mantle. Bulk upper-mantle 
abundances of incompatible lithophile elements changed over Earth history in 
association with the growth of the continental crust. To model the depletion of 
the convecting mantle over time (extraction via partial melting, offset by recycling 
via downwellings), net U and Pu loss from the mantle at each time step tracks 
continental crustal growth over time (Extended Data Fig. 3).

We use three continental crust growth models (CCs) to test a range of growth 
rates similar to those proposed in the literature39–41 (Extended Data Fig. 3). Two 
sigmoidal growth curves are adopted: one with relatively rapid growth (CC = 1) 
and one with more protracted crustal growth (CC = 2). The third growth model 
(CC = 3) builds the continental crust at a constant rate (linear growth), beginning 
300 Myr after the formation of the Solar System. We assume that the extraction of 
U and Pu is directly proportional to the extraction of continental crust from the 
convecting mantle reservoir over time. For each combination of Mres and CC, we 
solve for the unique scaling factor X that yields a present-day U concentration42 of 
1.3 p.p.m. in the continental crust reservoir (mass of 2.2 × 1025 g)40,42, given a total 
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bulk (depleted convecting mantle plus continental crust) U concentration equal 
to the bulk silicate Earth value of 21 p.p.b. U43,44. We assume that Pu and U are not 
fractionated from one another by crustal extraction; thus, Pu extraction tracks U 
extraction using the atomic ratio of the two radioactive species at any given time. 
On the basis of the continental crust model, which gives the mass of the continental 
crust over time (normalized to 1 at the present; Extended Data Fig. 3), we derive 
the expression for the reduction in 238U concentration in the convecting mantle 
over a given time step:

 = −dCC CC CC (7)now last

= ×U Xd dCC (8)CC

where X is the scaling factor for 238U extraction for a given Mres and CC. The 
expressions for the concentration of U and Pu in the convecting mantle then reflect 
decay and the decrease in the 238U concentration over a given time step due to 
crustal extraction, dUCC (in atoms per gram):
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where λ244 = 8.6643 × 10−9 yr−1and λ238 = 1.5514 × 10−10 yr−1. The model is 
very weakly sensitive to the continental crust growth model (Extended Data 
Fig. 7).

The time evolution of a fissiogenic xenon isotope ψXe can thus be broken down 
into four equations, reflecting the primordial mantle (p.m.) budget, regassed man-
tle (r.m.) budget, Pu-fissiogenic budget and U-fissiogenic budget, respectively:
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where ψ = {131, 132, 134, 136}.
The fission yield of 136Xe from 244Pu Y( )136

Pu  is taken to be 7 × 10−5, and the 
fission yield of 136Xe from 238U Y( )136

Pu  is taken to be 3.43 × 10−8 (ref. 45). Yields for 
the other fission isotopes of Xe, calculated on the basis of fissiogenic Xe spectra, 
are given in Extended Data Table 2. The initial 244Pu/238U ratio is taken to be 0.0068 
(ref. 46).

The diverse half-lives of tracked radioactive species (129I, 244Pu and 238U) neces-
sitate a tailored time step scheme: the time step must be fine enough to accurately 
capture the radioactive decay of short-lived 244Pu early in Earth history, but after 
~1 Gyr, a very fine time step is not required for accuracy and imposes a high 
computational cost. We carried out convergence tests to determine the optimal 
time resolution scheme that accurately captures the decay of 244Pu and 238U to at 
least three significant figures. On the basis of this analysis, the time step is 0.1 Myr 
from the time when accretion is completed until 200 Myr after the formation of 
the Solar System, 1 Myr from 4.368 Gyr ago until 3.3 Gyr ago, and 5 Myr through 
the rest of Earth history to the present.
Model success criterion 1: present-day convecting mantle 130Xe concentration. 
The present-day concentration of 130Xe in the convecting mantle is estimated using 
the 3He mantle outgassing flux, the model present-day mantle processing rate and 
the 130Xe/3He ratio of the mid-ocean ridge basalt mantle source. Estimates of the 
mantle outgassing flux vary, and a range of 400‒850 moles of 3He per year covers 
recent estimates47–49. Our model present-day mantle processing rate is based on 
21 km3 yr−1 of oceanic crust production38, assuming an average crustal density of 

2.9 g cm−3 and 10% partial melting to produce oceanic crust on average50. The con-
vecting mantle 130Xe/3He ratio is estimated to be 1.1 × 10−3 based on a robust fit of 
129Xe/130Xe versus 3He/130Xe data from the popping rock 2ΠD43 (ref. 51) and taking 
the mantle source 129Xe/130Xe ratio12 to be 7.8. Using these values, we determine a 
convecting mantle 130Xe concentration range of 4.3 × 105 to 9.2 × 105 atoms 130Xe 
per gram. This estimate is about two times lower than another recent estimate21. 
However, Marty21 uses a higher ridge 3He outgassing flux of 1,000 ± 250 moles 
per year52 to constrain the absolute concentration of 130Xe in the upper mantle. 
Halliday53 also provides an estimate of mantle 130Xe concentration, but this is an 
estimate of the bulk mantle based partially on data from plume-derived samples. 
Model realizations that produce present-day convecting mantle 130Xe concentra-
tions between 4.3 × 105 and 9.2 × 105 atoms per gram are considered successful.
Model success criterion 2: present-day convecting mantle Xe isotopic compo-
sition. The primordial mantle Xe isotopic composition is taken to be chondritic22. 
In successful model realizations, the mantle Xe isotopic composition evolves from 
average carbonaceous chondrite17,18 to the present-day mantle range via the addi-
tion of Xe derived from Pu fission and U fission, regassing of atmospheric Xe that 
evolves as a function of time (Extended Data Fig. 1) and degassing. Constraints 
on the convecting mantle 128Xe/130Xe ratio are based on measurements in well 
gases and mantle-derived basalts. 128Xe/130Xe ratios up to ~0.478 are measured 
in well gases11. Model realizations that produce present-day mantle 128Xe/130Xe 
ratios between 0.475 and 0.478 are considered successful. Constraints on the 
132Xe-normalized Xe isotope ratios are based on measurements of mantle-derived 
basalts14,16 and well gases11,23. Extended Data Table 2 gives the present-day range of 
mantle Xe isotopic compositions used to determine successful model realizations.
Code availability. A Matlab code for modelling mantle Xe isotopic evolution is 
available from the authors upon reasonable request.
Data availability. The data that support the findings of this study are available 
from the corresponding author upon reasonable request.
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Extended Data Fig. 1 | Atmospheric Xe mass fractionation relative 
to the modern composition over time. Figure adapted from ref. 2. Xe 
measured in Archaean barites, fluid inclusions in quartz from Archaean 
cherts and deep crustal fluids of various age are shown with associated 
2σ uncertainties1,2,20,41,54,55. The blue line shows the model atmospheric 
Xe mass fractionation over time. We assume that the initial Xe isotopic 
composition of the atmosphere is Rayleigh-mass-fractionated by 
~39‰ amu−1 relative to the modern atmosphere and that the degree 
of mass fractionation decreases linearly until 2 Gyr ago (Ga), when the 
atmosphere reaches its present composition.
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Extended Data Fig. 2 | Sum of squared residuals from least-squares 
fitting of mantle source compositions using either modern or ancient 
atmospheric Xe. Mantle source 130,131,132,134,136Xe compositions are 
modelled as four-component mixtures of initial mantle Xe, recycled 
atmospheric Xe, and Xe from the fission of Pu and U. A sum of squared 
residuals of zero indicates that the mantle source composition can be 
fitted perfectly by mixing the four end-member components. Sums of 
squared residuals greater than zero indicate the sigma-normalized error 
in the best fit compared to the mantle source composition. Using modern 
atmospheric Xe as the regassed atmospheric Xe component, sums of 
squared residuals are zero or near-zero. Using ancient atmosphere, sums 
of squared residuals are much higher than zero, indicating that mantle 

source compositions cannot be explained by regassing of only ancient 
atmospheric Xe. The ancient atmospheric Xe composition used here 
corresponds to 20‰ amu−1 Rayleigh fractionation applied to the modern 
atmospheric composition and agrees with fission-corrected ancient 
atmosphere derived from fluid inclusions in Archaean rocks2.  
a–e, Mantle source compositions for Equatorial Atlantic depleted  
mid-ocean ridge basalt (MORB)14 (a), Southwest Indian Ridge Eastern 
Orthogonal Supersegment MORB16 (b), Harding County well gas23 
(c) and Bravo Dome well gas11 (d) are fitted using the Monte Carlo 
method (n = 10,000) described in ref. 16, with average carbonaceous 
chondrite as the initial mantle composition22, and either modern or 
20‰ amu−1fractionated atmosphere (e) as the recycled component.
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Extended Data Fig. 3 | Continental crust growth models and 
exponential 130Xed time series examples. a, 238U (and a small amount of 
244Pu) extraction from the mantle by partial melting is offset by recycling 
of sediments at subduction zones at each time step. We model net 
extraction of U and any extant Pu from the mantle as directly tracking 
continental crust growth over time (Methods). Three CCs are adopted: two 
sigmoidal curves that approximate literature continental crust growth 
curves (‘CC = 1’ and ‘CC = 2’) and one linear growth curve (‘CC = 3’)39–41. 
b, Example of exponential 130Xed time series tested with our forward 
model of mantle Xe evolution. Two parameters describe the exponential 
function (Methods): Xe130

d
final, the final 130Xe concentration in 

downwellings, and τ, the exponential time constant. Grey lines represent a 
collection of exponentials with discrete variation in Xe130

d
final and τ. A 

subset with a constant Xe130
d
final and varying τ is highlighted in red. The 

time constant τ is varied from 10−11 Gyr−1 to 5 × 10−8 Gyr−1, with small τ 
corresponding to slow growth. Examples for nine different Xe130

d
finalvalues 

are shown, with an upper bound of 5 × 108 atoms 130Xe per gram 
(Methods).
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Extended Data Fig. 4 | Characterization of successful regassing 
histories. Diverse regassing history shapes are generated by sampling a 
limited time interval for a variety of growth rates and inflection times 
(Fig. 2). To provide a common point of comparison for the evolving 
conditions within downwellings, we sort results by the time when 130Xed 
has increased by 10% between its initial and final values (time of 10% rise). 
a, Times of 10% rise for successful regassing histories. Most successful 
model realizations have a time of 10% rise later than 2.5 Gyr ago.  
b, Model realizations with high present-day 130Xed values are uniformly 
characterized by late 10% rise times, indicating that in these model 
realizations downwelling Xe concentrations remain very low throughout 
most of Earth history. c, Variation in sigmoidal growth rates (parameter α) 
allows testing of near-linear (low α, sampling for a limited time interval) 
or near-step (high α) functions. Near-linear model realizations have a time 
of 50% rise that is about five times the time of 10% rise (dashed light-grey 
line), whereas step functions approach a 1:1 line (solid dark-grey line). 
Successful regassing histories with late times of 10% rise are characterized 
by rapid growth, approaching a step function, to a relatively high present-
day 130Xed.
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Extended Data Fig. 5 | Successful regassing histories for varying model 
parameters. a–d, To test model sensitivity to the input parameters, we 
vary the number of mantle reservoir masses processed (Nres), convecting 
mantle reservoir mass (Mres), initial 130Xe concentration (LV) and 
continental crust model (CC), and collect all successful 130Xed (a, c) 
and mantle 130Xe concentrations (b, d) over time. For sigmoidal 130Xed, 
solutions are found for Nres = {5, 6, 7, 8, 9}, Mres of 50%, 75% and 90% of 
the whole mantle mass, LV of 0.1%, 0.5% and 1% chondritic late veneers, 
and all three CCs. Extended Data Figs. 6, 7 illustrate trade-offs between 

individual parameters; for instance, high Nres values generate solutions 
only with high LV. For all sigmoidal solutions, regassing is limited early 
in Earth history, and the mantle shifts from net degassing to net regassing 
after ~2.5 Gyr ago. For exponential 130Xed, solutions are found for 
Nres = {5, 6, 7, 8, 9}, Mres of 50%, 75% and 90% of the whole mantle mass, 
LV of 0.1%, 0.5% and 1% chondritic late veneers, and all three CCs. For all 
solutions, regassing is limited early in Earth history, and the mantle shifts 
from net degassing to net regassing after ~2.5 Gyr ago.
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Extended Data Fig. 6 | Sensitivity of 130Xe and 128Xe/130Xe to model 
parameters. Present-day mantle 130Xe concentration and the ratio of 
two primordial stable isotopes, 128Xe and 130Xe are shown for different 
model parameter combinations. Four parameters are explored: those 
affecting the mantle processing-rate history (Mres and Nres), LV (initial 
130Xe concentrations corresponding to a late veneer fraction between 
0.1% and 1%) and CC (Extended Data Fig. 3). In each panel, three of 
these parameters are held constant and the other is varied to illustrate 
model sensitivity to the varied parameter. Each cloud of points represents 
the range of present-day 130Xe and 128Xe/130Xe generated by different 
regassing histories for the specified Nres, Mres, LV and CC. The red 
rectangle indicates the estimated present-day mantle 130Xe concentration 
and 128Xe/130Xe range. Dots that fall within the red rectangle represent the 
family of regassing histories that successfully reproduce the present-day 
mantle composition for each parameter combination. The reference case 
shown in Figs. 3, 4 (Mres = 90%, Nres = 8, LV = 1%, CC = 1) is shown as 

a cloud of black points in all panels. a, A higher mantle processing rate 
(Nres = 10) results in low 130Xe concentrations for successful 128Xe/130Xe 
ratios, and 128Xe/130Xe ratios that are too low for successful 130Xe 
concentrations. b, Higher late-veneer fractions correspond to higher initial 
130Xe concentrations in the mantle. For the same mantle processing-rate 
history, LV = 0.1% yields present-day mantle 130Xe concentrations that 
are too low given successful 128Xe/130Xe ratios. The effect of low LV can be 
offset by lowering Nres and thus decreasing the total amount of degassing 
over Earth history; thus, Nres and LV can be co-varied to find solutions.  
c, The effect of Mres is minimal because degassing is parameterized 
through the number of reservoir masses processed over Earth history. 
Some difference is evident at high present-day mantle 130Xe abundances 
because the same 130Xed regassing rate parameter space is explored against 
different absolute degassing rates. d, The continental crust model has no 
effect on budgets of primordial Xe isotopes.
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Extended Data Fig. 7 | Sensitivity of fissiogenic Xe to model 
parameters. Present-day outcomes are shown in 128Xe–132 Xe–136Xe 
isotopic space for different model parameter combinations. Four 
parameters are explored: parameters affecting the mantle processing-
rate history (Mres and Nres), the initial mantle 130Xe concentration 
(LV = 0.1%–1%), and CC (Extended Data Fig. 3). In each panel, three of 
these parameters are held constant and the other is varied to illustrate 
model sensitivity to the varied parameter. Each cloud of points represents 
the range of present-day 128Xe/132Xe and 136Xe/132Xe generated by different 
regassing histories given the specified Nres, Mres, LV and CC. The red 
rectangle indicates the estimated present-day mantle 128Xe/132Xe and 
136Xe/132Xe range. Dots that fall within the red rectangle represent the 
family of regassing histories that successfully reproduce present-day 

mantle composition for each parameter combination. The reference case 
shown in the main-text figures (Mres = 90%, Nres = 8, LV = 1%, CC = 1) is 
shown as a cloud of black points in all panels. The orange square is U-Xe, 
the brown diamond is average carbonaceous chondrites (AVCC) and the 
blue circle is the modern atmosphere. a, Higher mantle processing rates 
push present-day compositions towards fissiogenic Xe components.  
b, Lower late-veneer fractions correspond to present-day compositions 
closer to fissiogenic Xe components. c, A relatively low mass of the 
convecting mantle means that the mantle must be more depleted in U 
to satisfy mass balance with the continental crust (Methods). Thus, for 
low Mres, the impact of fission is muted compared to high Mres. d, The 
continental crust model has a limited effect on present-day Xe isotopic 
compositions.
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Extended Data Fig. 8 | See next page for caption.
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Extended Data Fig. 8 | 130Xe fluxes over time in successful model 
realizations. a–l, Regassing fluxes (a–c), degassing fluxes (d–f), 
net fluxes (g), 130Xed concentrations (h, i), mass flux (j) and mantle 
130Xe concentrations (k, l) are illustrated for an initial mantle 130Xe 
concentration of 3.2 × 108 atoms per gram (LV = 1%), a convecting 
mantle reservoir that is 90% of the mass of the whole mantle, and 
8 mantle reservoir masses processed over Earth history. Fluxes are 
reported in moles per year and concentrations are reported in moles per 
gram. Panels in the left column show results from all successful model 
realizations (same results as those shown in Figs. 3, 4) and illustrate the 
130Xe regassing flux (a), 130Xe degassing flux (d), 130Xe net flux (g) and 
mass flux over time (j). Panels in the central column show zoomed-in 
windows with only low-130Xed successful model realizations (light-blue 
lines), as these largely overlap with each other and are difficult to resolve 
in the full-scale panels. The right column replicates the central column 
with semi-logarithmic axes. The regassing 130Xe flux time series (a–c) is 

the product of the downwelling mass flux time series (j; exponentially 
decreasing with time) and the 130Xed concentration over time (sigmoidally 
increasing; h, i). Time series for 130Xe regassing fluxes with high present-
day 130Xed (darkest-blue lines in a) start near zero owing to near-zero 130Xe 
concentrations and then rapidly rise as the 130Xed concentration increases 
faster than the modest decline in mass flux later in Earth history. 130Xe flux 
time series with low present-day 130Xed (lightest-blue lines in a–c) start 
a protracted, low-magnitude rise relatively early in Earth history. These 
translate to regassing flux time series that start near zero, rise and then 
decline with the exponentially decreasing mass flux (b, c). Time series for 
130Xe degassing fluxes (d–f) are the product of the downwelling mass flux 
time series (j) and the mantle 130Xe concentration over time (k, l), which 
responds to both degassing and regassing. The net flux over time (g) is the 
difference between the regassing flux and degassing flux at any given time. 
The mantle shifts from net degassing to net regassing at some time after 
2.5 Gyr ago.

© 2018 Springer Nature Limited. All rights reserved.



LetterRESEARCH

Extended Data Table 1 | Notation
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Extended Data Table 2 | Xe isotopic compositions

min, minimum; max, maximum; n/a, not applicable.
*Limits derived from refs 11,14,16,23.
†Error-weighted average of data from refs 46,56,57.
‡Error-weighted average of data from refs 58–61.
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