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Iodine—plutonium—xenon isotope systematics have
been used to re-evaluate time constraints on the
early evolution of the Earth-atmosphere system
and, by inference, on the Moon-forming event. Two
extinct radionuclides (I, Ty 2 =15.6Ma and 244py,
T12 =80Ma) have produced radiogenic '*’Xe and
fissiogenic 131-13¢Xe, respectively, within the Earth,
the related isotope fingerprints of which are seen
in the compositions of mantle and atmospheric Xe.
Recent studies of Archaean rocks suggest that xenon
atoms have been lost from the Earth’s atmosphere
and isotopically fractionated during long periods
of geological time, until at least the end of the
Archaean eon. Here, we build a model that takes
into account these results. Correction for Xe loss
permits the computation of new closure ages for the
Earth’s atmosphere that are in agreement with those
computed for mantle Xe. The corrected Xe formation
interval for the Earth-atmosphere system is 401'%8 Ma
after the beginning of Solar System formation. This
time interval may represent a lower limit for the age
of the Moon-forming impact.

1. Introduction

The age of the Solar System is well established at 4.568 Ga
[1-3]. Extant and extinct radioactive series indicate
that not only primitive bodies but also differentiated
planetesimals and planetary embryos, including Mars,
formed within a few million years after the beginning of
condensation in the Solar System (inferred from the age
of calcium-aluminium-rich inclusions, CAIs, in primitive
meteorites). By contrast, the formation age of the Earth—
Moon system is uncertain and is presently debated
within a time interval of 30-200Ma after CAI (this
issue). Deciphering the details of the early chronology of
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the Earth requires the development of adequate extinct radioactivity chronometers. Because
the Earth’s interior has been well mixed by mantle convection over 4.5Ga, most of the early
reservoirs have been rehomogenized, even if some remnants of past heterogeneities might still
be present [4-7]. However, information on ancient reservoirs is still held at the Earth’s surface, in
old terranes, and, in the case of noble gases, in the terrestrial atmosphere.

Xenon, the heaviest noble gas, has a large number (nine) of isotopes, and extant and extinct
radioactivity products have contributed several of them. Iodine-129 decays with a half-life of
15.7 Ma into 1Xe [8], resulting in 129% e excesses in primitive meteorites relative to the potential
primordial Xe isotopic compositions [9]. Atmospheric Xe presents a monoisotopic excess of 1>?Xe
(compared with adjacent 28Xe and 13%Xe isotopes) of about 7% [10] attributed to the decay of
extinct 12°1. Some natural gases and mantle-derived rocks [11-13] have 129X e /130X e ratios (where
130Xe is a stable isotope of xenon that is used for normalization) higher than the atmospheric
value. Altogether, these observations demonstrate that the Earth formed and differentiated while
1291 was still present, thus within a few tens of millions of years. Most (more than 80% of)
terrestrial Xe is now in the atmosphere ([11] but see [14] for an alternative view), so that
atmospheric Xe is to first order representative of total terrestrial Xe. Consequently, a '21-12Xe
age of the Earth can be constrained from estimates of the initial abundance of iodine, inferred from
the present-day abundance of the stable isotope 1271 [15]. Although the latter is not well known
(probably no better than a factor of 2, see below), the exponential nature of radioactive decay
makes the result less sensitive to this uncertainty. Thus, the I-Xe age of the Earth’s atmosphere,
which is in fact the time interval Atqp9 of reservoir closure, can be expressed as

1 129IINI
stm= i ) .

where A129 is the decay constant of 1297 (4.41 x 1072 Ma 1), and Iy is the initial 12T abundance
in the reservoir. The latter is computed from the (1291/127T) 1\ initial ratio from meteorite data
(1.1 x 107%) [16] and estimates of terrestrial 1>’ abundance (greater than 3 ppb, up to 13 ppb, see
§2). 129Xe(I) represents the 129X e excess resulting from the decay of 1297 in the atmosphere (2.8 x
101 mol of 22Xe(I) [10]). Within these assumptions, the Earth would have become closed for Xe
isotope loss at 100-120 Ma after CAI, this range depending mostly on the initial abundance of
iodine (for further discussion of these parameters, see reviews [10,15,17-19]). This is the classical
‘age’ of the atmosphere found in textbooks.

The other short-lived nuclide of interest here is 2#4Pu (half-life of 80 Ma [20]) which, in addition
to a-decay, presents a weak (0.125%) branch for spontaneous fission and produces 131132134136 ¢
isotopes (represented hereafter by 13*Xe(Pu)). These heavy Xe isotopes are also produced in the
Earth by the spontaneous fission of extant 228U. However, the contribution of 233U fission to Xe
isotopes was minor compared with that of 2**Pu during the periods of time characterizing the
Earth’s formation and its early evolution. Contrary to iodine, plutonium has no stable isotope,
so that the initial abundance of 2#4Pu is inferred from comparison with U in meteorites and the
Earth [21], because both are refractory and lithophile elements. Fissiogenic Xe from 2**Pu has
been found in the Earth’s interior [4,12,22]. The detection of fissiogenic Xe in the atmosphere is,
however, not straightforward, as the original composition of atmospheric xenon is not directly
measurable. In fact, atmospheric xenon is isotopically fractionated by 3-4% per atomic mass
unit relative to potential primordial candidates [23]. Furthermore, even after correction for such
mass-dependent isotope fractionation, neither chondritic nor solar Xe can be directly related
to atmospheric Xe, because both chondritic and solar Xe are rich in the heavy Xe isotopes
(13%Xe and 136Xe) compared with ‘unfractionated” atmospheric Xe [24]. Takaoka [25] and Pepin
& Phinney [26] extrapolated, from meteorite data, a primordial Xe component (labelled Xe-U
by Pepin & Phinney [26]), from which atmospheric Xe could be derived by mass-dependent
isotopic fractionation. Xe-U has an isotope composition close to solar Xe for its light masses but is
depleted in 3*Xe and '3¢Xe. This U-Xe component has still not been found in meteorites, possibly
because of the presence of superimposed components of nucleosynthetic origin. Indeed, xenon
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trapped in different meteoritic phases presents variations in its s-, p- and r-process isotopes (e.g.
the P3, P6 and HL components trapped in nanodiamonds [27,28]). Thus, the heavy Xe isotope
difference between potential Xe ancestors and solar Xe could be the result of different mixes
of nucleosynthetic Xe isotopes in primitive reservoirs, with the possibility that solar Xe was
contributed more by s-process isotopes than by other Xe primordial progenitors [29]. Whatever
the composition of the progenitor of atmospheric Xe, this reservoir appears poor in 244py-derived
Xe isotopes.

Estimates of 1%°Xe excess in the atmosphere due to the contribution of extinct >**Pu vary
between 4.6% and 2.8%, according to Pepin & Phinney [26] and Igarashi [30], respectively.
136X e(Pu) gives another possibility to estimate closure ages for the Earth-atmosphere system.
Both the I-Xe and Pu—Xe systems can be combined, yielding an I-Pu—Xe time interval At129-244
of

At129-244 = (1.2)

1 Xe(D)/1*Xe(Pu) 134,
A244 — M29 (121244 Pu)in “
where 144 is the decay constant of 24Dy (8.45 x 1073 Ma 1), and 130Y,y, is the production yield
of 13*Xe from 2**Pu fission (7 x 107°) [31]. The ?’Xe(I)/!3¢Xe(Pu) ratio of the atmosphere has
been estimated to be 4.6 [32], which yields an atmospheric At129-244 closure time of about 100 Ma
after CAI, consistent with the I-Xe age. The fact that these two closure ages are comparable is not
merely a coincidence, because At129-244 depends in large part on the residual amount of 129% (1)
in the Earth’s atmosphere (of the order of 1%) rather than on that of 13¢Xe(Pu) in this time interval,
given the much shorter half-life of ?°T compared with that of 2**Pu. A more interesting constraint
arises from a direct comparison of the amount of 136Xe(Pu) left in the Earth (atmosphere) with
that potentially produced by initial ?**Pu. Although the latter also has a significant uncertainty,
it appears that a large fraction of 130Xe(Pu) (greater than or equal to 70%) is missing in the
present-day Earth’s atmosphere [17,32-34]. Given the half-life of 2*4Pu of 80 Ma, this discrepancy
suggests that Xe was lost from the atmosphere after the giant impact phase of the Earth’s
accretion [17,33].

Atmospheric xenon not only is isotopically fractionated (enriched in heavy isotopes by 3—4%
per atomic mass unit) compared with potential primordial Xe, but also is elementally depleted
by one order of magnitude relative to other noble gases (e.g. Kr) compared with the abundance
pattern of meteoritic noble gases. These dual characteristics, known for a long time as the “xenon
paradox’ (elementally depleted in heavy elements, isotopically enriched in heavy isotopes), have
not yet found a satisfactory explanation. The Xe depletion and the lack of Pu-produced Xe
isotopes in the atmosphere suggest that, after a last giant impact event, there might have been
more xenon in the atmosphere, which would have been lost through a process that fractionated
Xe isotopes (if both features were related). Therefore, the I-Pu—Xe ages should be corrected for
Xe loss, and the scope of the correction would depend on the timing of loss relative to I and Pu
decays. The apparent deficiency of 136X e(Pu) in the atmosphere (see previous paragraph) may
indeed be a consequence of prolonged selective loss of atmospheric Xe.

Recent studies of noble gases in Archaean (3.5-3.0 Ga old) rocks may provide a solution to
the xenon paradox. Isotopically fractionated Xe has been found in Archaean barite [35,36] and
hydrothermal quartz [37,38]. The Xe isotopic spectrum is intermediate between the primordial
and the modern atmospheric Xe isotope patterns, and the isotopic fractionation (relative to the
modern composition) tends to decrease with decreasing age (figure 1). Together with Xe data
from ancient basement fluids of presumed Proterozoic age [40], the evolution of Xe isotopic
fractionation with time is consistent with a Rayleigh distillation in which Xe has been lost
from the atmosphere with an instantaneous fractionation factor of about 1.1% per atomic mass
unit [38]. The magnitude of the latter is in agreement with experimental studies of Xe isotope
fractionation upon ionization [41]. The exponential decrease of Xe isotope fractionation with
time is qualitatively consistent with that of the far-UV light (FUV) flux from the evolving Sun
with time ([39]; figure 1), suggesting that Xe was selectively ionized and lost from the atmosphere
to space through time [42,43] at a rate that followed the declining FUV flux.
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Figure 1. Relationship between the evolution of the solar EUV flux with time and the progressive isotopic fractionation of
atmospheric xenon. (a) Evolution of the solar flux with time. Figure and data are from [39]. The wavelength of ionization of
Xe atoms corresponds to the range 9201200 A. (b) Progressive isotopic fractionation of atmospheric Xe from cosmochemical
components [10] to modern atmosphere [31]. Ancient rocks record intermediate isotopic compositions: 3.5 Ga-old barites [35,36];
quartz samples [37,38]; Proterozoic deep fracture fluids [40].

In this study, we investigate the possibility to reproduce the current features of atmospheric
Xe (elemental and isotopic compositions), taking into account this long-term escape. We develop
a three-box model (solid Earth, atmosphere, space) that allows us to correct the abundances of
radiogenic/fissiogenic Xe isotopes for Xe loss. Previous computed ages are therefore not valid any
more and their values and meaning have to be revisited. Doing so, we follow Podosek & Ozima
[17], who predicted that “if allowance is made for the possibility that most of the Xe, including
radiogenic Xe, that should be in the atmosphere, has somehow be removed or hidden, the I-Xe
and Pu-Xe formation interval could be reduced to perhaps 60 Ma’. We now have observational
evidence for such Xe loss through geological time. Because the atmosphere is probably very
sensitive to impact-driven erosion [44,45], corrected closure ages may be related to the end of
the giant impact epoch that led to the formation of the Moon [46].

2. Building of the model

The model consists of three reservoirs: the silicate Earth, the atmosphere and outer space
(figure 2). We aim to estimate the closure time of the atmosphere At, defined here as the time
after CAI when the atmosphere became closed to volatile loss (except for Xe preferentially
lost during the Hadean and Archaean eons). Between time 0 (CAI) and At, volatile elements
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Figure 2. (a) Schematic explanation of the model and evolution of the budget of atmospheric Xe over time. The model is built
with three boxes: solid Farth, atmosphere and space. Some Xe isotopes are produced by radioactive decay of I, #Pu and
B8 (see text). After a time interval At (40 Ma, one outcome of the model), the Earth begins to retain its volatile elements
and accumulates xenon degassed from the solid Earth to the atmosphere without isotopic fractionation. Xenon atoms escape
from the atmosphere to outer space with isotopic fractionation. The evolution of the budget of atmospheric xenon shows
the progressive escape of Xe atoms with time. The escape lasts until the end of the Archaean eon (t = 2 Ga). At this time,
the abundance has almost reached the current abundance of xenon in the atmosphere. The process is completed by further
degassing of the xenon atoms. (b) Isotopic spectrum of xenon relative to the current isotopic composition of the Earth’s
atmosphere using Xe as a reference isotope. Xe—U is the starting isotopic composition (circles). The fractionated Archaean
atmosphere (around 1% amu~") is shown with squares and the ‘artificial’ current isotopic composition of the reference solution
is shown with stars. The current isotopic composition is reproduced within 0.7% or better.

are contributed to the proto-Earth by accreting bodies, and partially lost through collision and
atmospheric erosion. Between At and present, only Xe is lost to space, the other volatile elements
being conservative in the atmosphere. We correct for this secondary Xe loss using the depletion
of xenon relative to other noble gases in the atmosphere.
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Xenon is degassed without isotopic fractionation from the Earth’s interior to the atmosphere
through magmatism. Between At and the end of the Archaean eon, xenon escapes from the
atmosphere to outer space, and is isotopically fractionated during this escape. Three radioactive
series are involved: 2?Xe produced by the B-decay of 1291 (T4 2 =15.6Ma), and 131,132,134,136 X o
from the fission of 2#Pu (T4 2 =80Ma) and 28U (1 2 =4.47Ga). As 136X, compared with other
xenon isotopes (131'132134Xe), is a major product from the fission of 24Py, it will be considered as
a proxy for the entire fission component in the following discussion.

The following mass balance exemplifies the evolution of the atmospheric 129X e atm (mol)
with time:

d129X
%M(t) = 012 XemanT(t) — AL + tesc) P Xearm(t). @1

Here 12Xe ATM (f) is the abundance of 129X in the atmosphere at time ¢; 129Xel\/[AI\rr(t) represents
the abundance of 12?Xe atoms in the mantle at time #; ¢(t) and B(t) are the degassing and escape
parameters, respectively; and aesc is the isotopic fractionation factor described below (equation
(2.4)). The evolution of the mantle 12?XeyanT (mol) with time is expressed by

d®Xe t
LN 112 Xenaan () + 11252100 (2)

where ¢(t) is the degassing parameter at time f, A129 is the decay constant of '?°T into 1??Xe, and
1291(¢) is the abundance of iodine-129 in the mantle at time ¢. Similarly, equations for 1247136 Xe
are defined taking into account the decays of the different radioactive nuclides (3*Puy, 238U). For
example, for 136XeM ANT, the equation is

d'30XepanT(t)

T = — (1) XemaNT(b) + 1244B244130 Y244 * 4 Pu(t) + r23sB2ss 20 Y2352 U(t), (2.3)

where 3 XepanT(#) is the abundance of 130Xe in the mantle at time , 2##Pu(t) and 238U(t) are the
abundances of parent nuclides in the mantle at time #, Bogg (1.25 X 1073) and Bosg (5.45 x 1077)
are the branching ratios for 244py and 238U, respectively, and 136Y,544 (6.3%) and 130Y 535 (5.6%) are
the yields of fission [31].

Equations are resolved with 1 Ma step using an original code written with the MATHEMATICA
programming language. Results of the model comprise, for each temporal step, the amount of
each stable isotope in each reservoir plus the amount of each radiogenic/fissiogenic isotope
(e.g. 136Xe in the atmosphere coming from the fission of 2#4Pu).

(a) Degassing from the Earth’s interior

The rate of Xe degassing (¢(f) in equations (2.1)—(2.3)) from the Earth’s interior through time
can be anticipated from thermal and geochemical considerations. Having a constant degassing
parameter ¢(t) through Earth’s history would result in a too severe Xe loss from the mantle.
We have tested different functions for ¢(f), and the model results that best fit the data are
those obtained using three different values (g1 > @2 > ¢3) for the respective intervals of time
[At, 100Ma], [100Ma, 1000 Ma], [1000 Ma, 4500 Ma] (table 1). An exponential decrease of ¢(t)
could also fit the data but not as well as this stepped function.

The choices of these steps and of the related time intervals have some physical grounds. Owing
to a higher thermal regime of the solid Earth, the degassing rate during the Hadean eon was
probably an order of magnitude higher than the modern one [18,47-49]. During the Archaean
eon, the degassing rate was also probably higher than at present, as indicated for example by
the ubiquitous presence of komatiitic lavas, presumably originating from a mantle hotter than
today (although some authors argue that a hotter mantle does not necessarily imply a higher
convection rate [14,50]). Isotopic fractionation of xenon during magma generation and degassing
could only be kinetic, if any, and is neglected here. The model is built in such a way that the mantle
is degassing Xe into the atmosphere from the time of Earth’s accretion, which is mathematically
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Table 1. Input parameters of the model. Italicized values are adjusted parameters using multiple runs of the model.

parameter literature adjusted value

equivalent, during the short time interval of a few tens of millions of years, to adding Xe from
impacting bodies directly to the atmosphere.

(b) Loss of xenon to outer space

As introduced above, Archaean rocks of surficial origin contain mass-fractionated Xe
isotopically intermediate between chondritic/solar and modern atmospheric (figure 2).
Data are scarce because they are extremely difficult to obtain (owing to the need to
date confidently the host phases). Available data are consistent with a time evolution
of the Xe isotopic fractionation, presumably in the ancient atmosphere. This evolution
can be fitted with a Rayleigh distillation model in which Xe isotopes are escaping from
the atmosphere through time with mass-dependent instantaneous isotopic fractionation.
The exponential evolution of the isotopic composition of atmospheric xenon with time
predicted by Rayleigh distillation is consistent with the decline of FUV light flux from
the ancient Sun (figure 1), suggesting that interactions between atmospheric Xe and FUV
light from the Sun played a role in Xe escape. The Rayleigh distillation equation can be
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written as

(Hl Xe/'Xe)i=456 Ga, today

Uese—1
- - = f%esc™ ~1.035, 24
(1Xe/Xe)i=o f ¢4

where the factor 1.035 relates to the isotopic difference between solar/chondritic and modern
air and f is the depletion factor of Xe in modern air corresponding to a factor of ~20 relative to
carbonaceous chondrites (CCs) [23]. The instantaneous fractionation factor aegc is then ~1.011%
per atomic mass unit. This isotope fractionation is large for an inert gas with such a high
mass. Thus, either Xe isotopic fractionation resulted from a specific process during atmospheric
escape, which is not yet documented, or it involved ionization of xenon, which, from laboratory
experiments, has been shown to yield isotopic fractionation of the order of 0.8-1.6% per atomic
mass unit [41,51-55]. Among most volatile species that were potentially present in the ancient
atmosphere (e.g. noble gases, CO, CO,, Np, CHy, .. .), xenon has the lowest ionization potential.
Hébrard & Marty [42] have investigated the possible behaviour of atmospheric Xe, taking into
account the inferred distribution of FUV light wavelengths of the ancient Sun. Hébrard & Marty
proposed that Xe was ionized at an atmospheric height comparable to that of organic haze
formation in the Archaean atmosphere, so that ionized heavy Xe isotopes were preferentially
retained in the lower atmosphere, whereas ionized light Xe isotopes could escape from the upper
atmosphere. This possibility is certainly not unique, and other processes may be explored, but,
whatever the origin of this isotopically fractionating Xe loss, it remains firm that Xe isotopically
intermediate between primordial Xe and modern atmospheric Xe has been found trapped in
Archaean rocks.

In our model, we use an instantaneous fractionation factor aesc allowed to vary within 1.0-1.5%
per atomic mass unit. The rate of escape of xenon atoms is scaled using FUV decay curves
corresponding to the wavelength at which xenon atoms are ionized (102.3 nm) [39]. The intensity
of escape (B(t) in Ma~1) with time ¢t is given by

BO=1(bx 1Y, 25)

where b and ¢ are constant parameters from [39] and d is an adjusted constant. Parameter values
are shown in table 1, and the decay of atmospheric Xe with time is shown in figure 2.

3. Key parameters

The key parameters of the model are either taken directly from the literature (e.g. (1% 1)
when the value is widely accepted or are adjusted testing a range of values when the value
is badly known (e.g. Iing). Table 1 contains canonical values for parameters of the model and
adjusted values.

(@) lodine content of the Earth

Because of its volatility, the precise iodine content of the Earth, and thus 129711, is not well known.
A large range between 3 and 13 ppb is proposed in the literature [56-58]. The lower value of 3 ppb
is computed with iodine data from the depleted mantle [58], which, by definition, is poor in
incompatible elements such as iodine. Thus, it represents a lower limit of the iodine budget of
the Earth. Here, we use a value of 6.4 ppb in our reference solution, which gives model results
consistent with observed Xe data, and permits a good match between the two chronometers
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(I-Xe and I-Pu—Xe). The range of I;nj values is used as an uncertainty and is propagated in
the age calculation. An abundance of 6.4 ppb for 1271 together with the initial 1291 /1271 ratio of
1.1 x 10~* obtained from meteorite data [16] yields an initial amount of terrestrial 1291 (12911p)
of 3.8 x 1012 mol.

(b) U—Pu content of the Earth

The range of present-day abundances for 23U is between 16 and 20 ppb [18], corresponding
to initial values, 4.57 Ga ago, between 33 and 41 ppb. Here, we take a value of 38 ppb for the
initial 238U content as in [18]. The average value of 6.8 x 1073 for (3***Pu/238U)ny is derived from
the analysis of meteorites [21,59] and is consistent with data obtained from ancient terrestrial
zircons [18,60-62].

() Initial amount and isotopic composition of xenon

Xenon is under-abundant in the terrestrial atmosphere relative to other noble gases by a factor of
23 £ 5 relative to Kr [23]. Thus, the present-day atmospheric inventory (6.15 x 101 mol of 130Xe
[31]) can be corrected for selective escape of xenon atoms by multiplying the current abundance
by this factor, which leads to an initial 13*Xe amount of 1.41(+0.36) x 10'3 mol. It is beyond the
scope of this study to evaluate the starting isotopic composition of primordial xenon and we refer
to discussions elsewhere [17,26,32]. The U-Xe [23] is, so far, the only initial isotopic composition
that permits the reproduction of the current isotopic composition of atmospheric Xe, including
fissiogenic and radiogenic contributions [63], and its composition is adopted as a starting isotopic
composition for the model.

(d) Optimization of the parameters

The model is constrained using the initial Xe amount for the Earth and the U-Xe composition,
on the one hand, and the present-day amount and composition of atmospheric Xe and, for
some of the isotopic ratios, of mantle Xe, on the other. The silicate Earth contents of parent
elements (I and Pu) are additional parameters that can be adjusted within a plausible range of
values. The model must yield ancient Xe isotopic compositions that are consistent with data from
Archaean rocks.

Key parameters from the literature are 1B0Xernt, 21/1271) i1, 28U g, (B*4Pu/238U) N and the
starting isotopic composition (U-Xe). Other parameters are adjusted following multiple runs.
130Xe, the stable isotope of reference, is used to scale the degassing and escape rates over time. The
different degassing rates ¢1, ¢ and ¢3 (table 1) are fitted in order to respect the 130xe depletion
over time and to take into account variations in the degassing rate of the mantle. The ¢, ¢2
and ¢3 values that best fit the data are 890, 15 and 1 times the modern rate between At and
100Ma, 100Ma and 1Ga, and 1Ga and present, respectively. The variation of the atmospheric
Xe escape rate (equation (2.5)) is scaled to the variation of the FUV light flux over time. Once
the degassing and escape rates of 3°Xe are scaled, it is possible to optimize other key parameters,
such as the instantaneous fractionation factor aesc and the initial iodine abundance IjNg. The aim of
this final step of optimization is to reproduce the modern and the Archaean isotopic compositions
of atmospheric Xe to better than 1% (figure 2).

(e) Outcomes of the model

In addition to optimization of the degassing and escape parameters, the model allows one to
determine the atmospheric closure time At that best fits the observations. Time At corresponds
to the time after CAI when the atmosphere became closed (except for Xe, whose escape to space
continued over eons).
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Table 2. Reference solution of the model compared to values from the literature.

parameter dimension literature reference solution

Xeamm mol 1.537 x 10° a 1.5184 x 108

2The total inventory and isotopic ratios of Xe are from [31].

bAmount of " Xe in the atmosphere coming from the decay of ™| and corrected for loss.
CRatio of radioactivity products uncorrected for loss from [64].

dRatio corrected for loss.

4. Discussion

The long-term escape affects the global budget of xenon atoms in the Earth’s atmosphere
and therefore the amount of radioactive products, which have to be corrected as shown
in table 2.

(a) Corrected I-Xe age of the Earth—atmosphere system

The I-Xe closure age of the atmosphere, corrected for long-term escape of atmospheric Xe,
becomes 41 Ma after CAI, instead of 110 Ma, with our reference I content of 6.4 ppb. For a
possible range of 3-13ppb for terrestrial iodine [56-58], the range of closure age becomes
21-62Ma (see ranges of solutions in figure 3). It must be noted that the I abundance of 3 ppb
[57] and the corresponding closure age of 21Ma after CAI are likely to be lower limits, so
that a possible range of ~30-60Ma, corresponding to a terrestrial I content of 6-13 ppb, is
preferred.
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Figure 3. (a) Evolution of the atmospheric content of "’ Xe derived from the decay of | with time. The non-corrected amount
gave a closure age of 98 Ma for the I-Xe system. After correction for subsequent loss, the age becomes 41 Ma. (b) Evolution with
time of the ratio of radioactive products in the atmosphere (’Xe(l) and ™*Xe(Pu)). The non-corrected ratio gave a closure age
of 66 Ma for the I-Pu—Xe system. After correction, the age becomes 34 Ma, in agreement with the time of closure of the |-Xe
system and with the closure age of the mantle given by the mantle samples [4,32].

(b) 1-Pu—Xe closure age

The I-Xe closure age given above is in fact a mass balance between the residual amount of
radiogenic 129Xe in the atmosphere and the amount of initial 1291 with the underlying assumption
that the former derived from the latter. In fact, the whole amount of 12°Xe(I) could have been
added to a ‘dead’ Earth (i.e. an Earth closed after the complete decay of '?°T) by an accreting
primitive body formed just after CAls and having therefore a high 2?Xe(I)/I ratio. In such an
extreme case, the ‘closure” age based on I-Xe would not have any chronological meaning for
the Earth. Here, it becomes interesting to make use of the I-Pu—Xe system in addition to the
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I-Xe system. The (129Xe(I) /130 Xe(Pu)) ATM,CORR ratio depends on two decay constants having
contrasting values. Thus, this ratio is time-dependent and decreases with age. In the example
given above, the (122Xe(1) /130 Xe(Pu)) ATM,CORR Tatio should yield a very young age, contrary to
the I-Xe chronometer. In other words, the two chronometers all together have the faculty to give,
or not, ‘concordant” closure ages.

The atmospheric 129X e(1) /130 Xe(Pu) ratio, corrected for Xe escape, becomes 21.7 instead of 4.6
(table 2), yielding a closure age of 34 Ma using equation (1.2), with a possible range of 13-58 Ma.
However, the lower time limit is based again on an unrealistically low terrestrial amount of iodine.
This range is ‘concordant’ with the I-Xe range of 30-60Ma and both methods converge to a
revised closure age of MLOJjg Ma for the atmosphere, instead of about 100 Ma previously thought
(figure 3). Interestingly, the 129X e(1) /130 Xe(Pu) ratio has also been estimated for the mantle from
the precise Xe isotope analysis of mantle-derived CO»-rich gases [32]. Estimates of this ratio vary
between 20 and 64, depending on the parameters (e.g. I/Pu/U ratios, primordial Xe isotopic
composition) chosen to derive them. This range of values leads to a possible interval of 20-50 Ma
for a major episode of mantle degassing [32]. Thus, it is tempting to link such an event to a major
catastrophic impact that affected the interior of the proto-Earth and its atmosphere and that led
to the formation of the Moon. However, it must also be noted that Xe isotope data for mid-
ocean ridge basalts (MORBs) seem to define lower 129%e(1) /130 Xe(Pu) ratios around 6-10 [4,5],
which could represent another giant event [32], or, in our opinion, fractionation of volatile iodine
with respect to refractory plutonium/uranium for the mantle source of MORBs, during Earth’s
building episodes.

The range of closure ages (30-60 Ma after CAI) is consistent with hafnium—-tungsten (Hf-W)
model ages for the Moon’s formation predicting an ancient fractionation (25-50Ma) from the
W isotope difference between chondrites and the Earth [65-68]. However, it is only marginally
consistent with those based on the similarity of the W isotope ratios between the Earth and
the Moon, which requires the Moon formation event to have taken place 60 Ma or more after
CAIs [69]. The former case would reinforce the link between the last episode of major loss of the
atmosphere and the formation of the Moon.

(c) Physical significance of closure ages and the epoch of the formation
of the Earth—Moon system

The model presented here permits the xenon budget of the Earth’s atmosphere to be corrected
for long-term escape to space. This correction leads to a reconstruction of the xenon isotopic
composition of the atmosphere just after the last episode of major loss. After correction, the
I-Xe and the I-Pu-Xe systems converge towards a common range of closure ages within 30-60 Ma
after CAI, suggesting that they have indeed recorded common catastrophic event(s). In fact, the
closure ages estimated here probably result from the integration of a suite of events occurring
during the accretion and where primitive and differentiated bodies with variable volatile contents
contributed to the building of the proto-Earth.

The fraction of the proto-atmosphere removed during a giant impact is debated [45,70]. New
modelling results based on the Moon-forming scenario with a fast-spinning Earth [71] suggest
that a large part (if not the whole) of the atmosphere could have been removed during this major
event [72]. Our reconstructed Xe budget indicates that about 23% of the total 129X e(T) produced
by terrestrial 12°T was left in the atmosphere after completion of the Earth. The possibility that
~77% of initial volatile elements would have been lost before the atmosphere’s closure is not
unreasonable in regard to possible atmospheric erosion during terrestrial accretion [45]. This
mass balance implies that the proto-Earth could have hosted a factor of ~4 more volatiles than at
present, if these volatiles were supplied before the last giant impact event. Because the present-
day terrestrial inventory of volatile elements is estimated to be equivalent to about 2 + 1% of
CC material [73], this mass balance suggests that the proto-Earth could have been contributed
by up to ~10% CC material before the last giant impact. Alternatively, terrestrial volatiles could
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have been supplied from bodies having Xe/I ratios higher than those observed presently in CC
(e.g. cometary material?).

The conclusions drawn here have to be taken carefully, as there all still too many shady areas in
the early accretional history of the Earth. Our model does not pretend to describe such accretional
processes, which will require a continuous accretion/degassing simulation. The main result of
this study is nevertheless that the age of the terrestrial atmosphere appears closer to ~40Ma
rather than to 100 Ma as previously thought.

5. Conclusion

The I-Pu—Xe system gives useful, yet not fully understood, time constraints ‘on establishment of
global chemical inventories’ [17] for the Earth and, presumably, for the Moon. After geological loss
of Xe from the atmosphere, the closure ages derived from the I-Xe and I-Pu-Xe systematics are
more ancient than previously proposed and suggest major forming events around 40 Ma (range
30-60 Ma) after CAIL. A more comprehensive approach of this chronology will need to integrate
the I-Pu-Xe system into n-body simulations of terrestrial accretion, parametrized with gain and
loss of volatiles, especially during the giant impact epoch.

Acknowledgements. David Stevenson and Alex Halliday, organizers of the ‘Origin of the Moon’ Discussion
Meeting, are gratefully acknowledged, as well as other participants of the meeting, for fruitful discussions.
Remarks from Maia Kuga and Eric Hébrard helped to build this model. We are grateful to Allessandro
Morbidelli, Seth Jacobson and Patrick Michel for sharing exciting ideas on the accretion of terrestrial planets,
and to Jamie Gilmour and Sujoy Mukhopadhyay for constructive reviews.

Funding statement. This work was supported by the European Research Council under the European
Community’s Seventh Framework Programme (FP7/2007-2013 grant agreement no. 267255 to B.M.). This
is CRPG contribution no. 2308.

References

1. Patterson C. 1956 Age of meteorites and the Earth. Geochim. Cosmochim. Acta 10, 230-237.
(doi:10.1016/0016-7037(56)90036-9)

2. Amelin Y, Krot AN, Hutcheon ID, Ulyanov AA. 2002 Lead isotopic ages of chondrules and
calcium-aluminume-rich inclusions. Science 297, 1678-1683. (d0i:10.1126/science.1073950)

3. Bouvier A, Wadhwa M. 2010 The age of the Solar System redefined by the oldest Pb—Pb age
of a meteoritic inclusion. Nat. Geosci. 3, 637-641. (d0i:10.1038 /nge0941)

4. Mukhopadhyay S. 2012 Early differentiation and volatile accretion recorded in deep-mantle
neon and xenon. Nature 486, 101-104. (d0i:10.1038 /nature11141)

5. Tucker JM, Mukhopadhyay S, Schilling J-G. 2012 The heavy noble gas composition of the
depleted MORB mantle (DMM) and its implications for the preservation of heterogeneities in
the mantle. Earth Planet. Sci. Lett. 355-356, 244-254. (doi:10.1016/j.epsl.2012.08.025)

6. Parai R, Mukhopadhyay S, Standish JJ. 2012 Heterogeneous upper mantle Ne, Ar and
Xe isotopic compositions and a possible Dupal noble gas signature recorded in basalts
from the Southwest Indian Ridge. Earth Planet. Sci. Lett. 359-360, 227-239. (doi:10.1016/
j-epsl.2012.10.017)

7. Pet6 MK, Mukhopadhyay S, Kelley KA. 2013 Heterogeneities from the first 100 million years
recorded in deep mantle noble gases from the Northern Lau Back-arc Basin. Earth Planet. Sci.
Lett. 369-370, 13-23. (d0i:10.1016/j.epsl.2013.02.012)

8. Katcoff S, Schaeffer OA, Hastings JM. 1951 Half-life of iodine-129 and the age of the elements.
Phys. Rev. 82, 688-690. (d0i:10.1103 /PhysRev.82.688)

9. Reynolds JH. 1960 Determination of the age of the elements. Phys. Rev. Lett. 4, 8-10.
(doi:10.1103/PhysRevLett.4.8)

10. Porcelli D, Ballentine CJ. 2002 Models for distribution of terrestrial noble gases and evolution
of the atmosphere. Rev. Mineral. Geochem. 47, 411-480. (doi:10.2138 /rmg.2002.47.11)

11. Staudacher T, Allegre CJ. 1982 Terrestrial xenology. Earth Planet. Sci. Lett. 60, 389-406.
(doi:10.1016/0012-821X(82)90075-9)

Wt 2y St


http://dx.doi.org/doi:10.1016/0016-7037(56)90036-9
http://dx.doi.org/doi:10.1126/science.1073950
http://dx.doi.org/doi:10.1038/ngeo941
http://dx.doi.org/doi:10.1038/nature11141
http://dx.doi.org/doi:10.1016/j.epsl.2012.08.025
http://dx.doi.org/doi:10.1016/j.epsl.2012.10.017
http://dx.doi.org/doi:10.1016/j.epsl.2012.10.017
http://dx.doi.org/doi:10.1016/j.epsl.2013.02.012
http://dx.doi.org/doi:10.1103/PhysRev.82.688
http://dx.doi.org/doi:10.1103/PhysRevLett.4.8
http://dx.doi.org/doi:10.2138/rmg.2002.47.11
http://dx.doi.org/doi:10.1016/0012-821X(82)90075-9

12

13.
14.
15.
16.
17.

18.

19.
20.

21.

22.
23.
24.
25.
26.
. Huss GR, Lewis RS. 1995 Presolar diamond, SiC, and graphite in primitive chondrites:
28.
29.
30.
31

32.

33.

34.
35.

36.

37.

. Caffee MW, Hudson GB, Velsko C, Huss GR, Alexander EC, Chivas AR. 1999 Primordial

noble gases from Earth’s mantle: identification of a primitive volatile component. Science 285,
2115-2118. (d0i:10.1126/science.285.5436.2115)

Marty B. 1989 Neon and xenon isotopes in MORB: implications for the Earth-atmosphere
evolution. Earth Planet. Sci. Lett. 94, 45-56. (d0i:10.1016/0012-821X(89)90082-4)

Padhi CM, Korenaga J, Ozima M. 2012 Thermal evolution of Earth with xenon degassing: a
self-consistent approach. Earth Planet. Sci. Lett. 341-344, 1-9. (d0i:10.1016 /j.epsl.2012.06.013)
Wetherill GW. 1975 Radiometric chronology of the early solar system. Annu. Rev. Nucl. Sci. 25,
283-328. (doi:10.1146/annurev.ns.25.120175.001435)

Hohenberg CM, Podosek FA, Reynolds JH. 1967 Xenon-iodine dating: sharp isochronism in
chondrites. Science 156, 233-236. (doi:10.1126/science.156.3772.233)

Podosek FA, Ozima M. 2000 The xenon age of the Earth. In Origin of the Earth and Moon (eds
RM Canup, K Righter), pp. 63-72. Tucson, AZ: University of Arizona Press.

Tolstikhin I, Marty B, Porcelli D, Hofmann A. 2014 Evolution of volatile species in
the Earth’s mantle: a view from xenology. Geochim. Cosmochim. Acta 136, 229-246.
(doi:10.1016/j.gca.2013.08.034)

Allegre CJ, Staudacher T, Sarda P, Kurz MD. 1983 Constraints on evolution of Earth’s mantle
from rare gas systematics. Nature 303, 762-766. (d0i:10.1038 /303762a0)

Alexander EC, Lewis RS, Reynolds JH, Michel MC. 1971 Plutonium-244: confirmation as an
extinct radioactivity. Science 172, 837-840. (doi:10.1126/science.172.3985.837)

Hudson GB, Kennedy BM, Podosek FA, Hohenberg CM. 1989 The early solar system
abundance of 244Pu as inferred from the St. Severin chondrite. In Proc. 19th Lunar and Planetary
Science Conf., Houston, TX, 14-18 March 1988 (eds G Ryder, VL Sharpton), pp. 547-557.
Cambridge, UK: Cambridge University Press.

Kunz J, Staudacher T, Allegre CJ. 1998 Plutonium-fission xenon found in Earth’s mantle.
Science 280, 877-880. (d0i:10.1126 /science.280.5365.877)

Pepin RO. 1991 On the origin and early evolution of terrestrial planet atmospheres and
meteoritic volatiles. Icarus 92, 2-79. (d0i:10.1016/0019-1035(91)90036-S)

Pepin RO. 2000 On the isotopic composition of primordial xenon in terrestrial planet
atmospheres. Space Sci. Rev. 92, 371-395. (doi:10.1023/ A:1005236405730)

Takaoka N. 1972 An interpretation of general anomalies of xenon and the isotopic composition
of primitive xenon. Mass Spectrosc. 20, 287-302. (d0i:10.5702/massspec1953.20.287)

Pepin RO, Phinney D. 1978 Components of xenon in the solar system (unpublished preprint).

abundances as a function of meteorite class and petrologic type. Geochim. Cosmochim. Acta
59, 115-160. (d0i:10.1016/0016-7037(94)00376-W)

Gilmour JD. 2010 ‘Planetary’ noble gas components and the nucleosynthetic history of solar
system material. Geochim. Cosmochim. Acta 74, 380-393. (d0i:10.1016/j.gca.2009.09.015)
Crowther SA, Gilmour JD. 2013 The genesis solar xenon composition and its relationship
to planetary xenon signatures. Geochim. Cosmochim. Acta 123, 17-34. (doi:10.1016/j.gca.
2013.09.007)

Igarashi G. 1995 Primitive xenon in the Earth. AIP Conf. Proc. 341, 70-80. (d0i:10.1063/1.48751)
Ozima M, Podosek FA. 2002 Noble gas geochemistry, 2nd edn. Cambridge, UK: Cambridge
University Press.

Pepin RO, Porcelli D. 2006 Xenon isotope systematics, giant impacts, and mantle
degassing on the early Earth. Earth Planet. Sci. Lett. 250, 470-485. (d0i:10.1016/j.epsl.2006.
08.014

Tolstik)hin IN, Marty B. 1998 The evolution of terrestrial volatiles: a view from helium,
neon, argon and nitrogen isotope modelling. Chem. Geol. 147, 27-52. (doi:10.1016/S0009-
2541(97)00170-8)

Yokochi R, Marty B. 2005 Geochemical constraints on mantle dynamics in the Hadean. Earth
Planet. Sci. Lett. 238, 17-30. (d0i:10.1016 /j.epsl.2005.07.020)

Srinivasan B. 1976 Barites: anomalous xenon from spallation and neutron-induced reactions.
Earth Planet. Sci. Lett. 31, 129-141. (d0i:10.1016/0012-821X(76)90104-7)

Pujol M, Marty B, Burnard P, Philippot P. 2009 Xenon in Archean barite: weak decay of
130Ba, mass-dependent isotopic fractionation and implication for barite formation. Geochim.
Cosmochim. Acta 73, 6834-6846. (d0i:10.1016/j.gca.2009.08.002)

Pujol M, Marty B, Burgess R, Turner G, Philippot P. 2013 Argon isotopic composition of
Archaean atmosphere probes early Earth geodynamics. Nature 498, 87-90. (doi:10.1038/
nature12152)

et sty o s g Sosusnsianoiorss [


http://dx.doi.org/doi:10.1126/science.285.5436.2115
http://dx.doi.org/doi:10.1016/0012-821X(89)90082-4
http://dx.doi.org/doi:10.1016/j.epsl.2012.06.013
http://dx.doi.org/doi:10.1146/annurev.ns.25.120175.001435
http://dx.doi.org/doi:10.1126/science.156.3772.233
http://dx.doi.org/doi:10.1016/j.gca.2013.08.034
http://dx.doi.org/doi:10.1038/303762a0
http://dx.doi.org/doi:10.1126/science.172.3985.837
http://dx.doi.org/doi:10.1126/science.280.5365.877
http://dx.doi.org/doi:10.1016/0019-1035(91)90036-S
http://dx.doi.org/doi:10.1023/A:1005236405730
http://dx.doi.org/doi:10.5702/massspec1953.20.287
http://dx.doi.org/doi:10.1016/0016-7037(94)00376-W
http://dx.doi.org/doi:10.1016/j.gca.2009.09.015
http://dx.doi.org/doi:10.1016/j.gca.2013.09.007
http://dx.doi.org/doi:10.1016/j.gca.2013.09.007
http://dx.doi.org/doi:10.1063/1.48751
http://dx.doi.org/doi:10.1016/j.epsl.2006.08.014
http://dx.doi.org/doi:10.1016/j.epsl.2006.08.014
http://dx.doi.org/doi:10.1016/S0009-2541(97)00170-8
http://dx.doi.org/doi:10.1016/S0009-2541(97)00170-8
http://dx.doi.org/doi:10.1016/j.epsl.2005.07.020
http://dx.doi.org/doi:10.1016/0012-821X(76)90104-7
http://dx.doi.org/doi:10.1016/j.gca.2009.08.002
http://dx.doi.org/doi:10.1038/nature12152
http://dx.doi.org/doi:10.1038/nature12152

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Pujol M, Marty B, Burgess R. 2011 Chondritic-like xenon trapped in Archean rocks:
a possible signature of the ancient atmosphere. Earth Planet. Sci. Lett. 308, 298-306.
(doi:10.1016/j.epsl.2011.05.053)

Ribas I, Guinan EF, Glidel M, Audard M. 2005 Evolution of the solar activity over time and
effects on planetary atmospheres. I. High-energy irradiances (1-1700 A). Astrophys. J. 622,
680-694. (d0i:10.1086/427977)

Holland G, Lollar BS, Li L, Lacrampe-Couloume G, Slater GF, Ballentine CJ. 2013 Deep
fracture fluids isolated in the crust since the Precambrian era. Nature 497, 357-60.
(doi:10.1038 /naturel2127)

Marrocchi Y, Marty B, Reinhardt P, Robert F. 2011 Adsorption of xenon ions onto defects in
organic surfaces: implications for the origin and the nature of organics in primitive meteorites.
Geochim. Cosmochim. Acta 75, 6255-6266. (d0i:10.1016/j.gca.2011.07.048)

Hébrard E, Marty B. 2014 Coupled noble gas-hydrocarbon evolution of the early Earth
atmosphere upon solar UV irradiation. Earth Planet. Sci. Lett. 385, 40-48. (doi:10.1016/j.
epsl.2013.10.022)

Zahnle K, Arndt N, Cockell C, Halliday A, Nisbet E, Selsis F, Sleep NH. 2007 Emergence of a
habitable planet. Space Sci. Rev. 129, 35-78. (doi:10.1007 /s11214-007-9225-z)

Chen GQ, Ahrens TJ. 1997 Erosion of terrestrial planet atmosphere by surface motion after a
large impact. Phys. Earth Planet. Inter. 100, 21-26. (doi:10.1016,/S0031-9201(96)03228-1)

Genda H, Abe Y. 2005 Enhanced atmospheric loss on protoplanets at the giant impact phase
in the presence of oceans. Nature 433, 842-844. (d0i:10.1038 /nature03360)

Canup RM, Agnor CB. 2000 Accretion of the terrestrial planets and the Earth-Moon system. In
Origin of the Earth and Moon (eds RM Canup, K Righter), pp. 113-130. Tucson, AZ: University
of Arizona Press.

Blichert-Toft J, Albarede F. 1994 Short-lived chemical heterogeneities in the Archean
mantle with implications for mantle convection. Science 263, 1593-1596. (doi:10.1126/
science.263.5153.1593)

Coltice N. 2005 The role of convective mixing in degassing the Earth’s mantle. Earth Planet.
Sci. Lett. 234, 15-25. (d0i:10.1016/j.epsl.2005.02.041)

Gonnermann HM, Mukhopadhyay S. 2009 Preserving noble gases in a convecting mantle.
Nature 459, 560-563. (d0i:10.1038 /nature08018)

Korenaga J. 2003 Energetics of mantle convection and the fate of fossil heat. Geophys. Res. Lett.
30, 1437. (d0i:10.1029/2003GL016982)

Frick U, Mack R, Chang S. 1979 Noble gas trapping and fractionation during synthesis of
carbonaceous matter. In Proc. 10th Lunar and Planetary Science Conf., Houston, TX, 19-23 March
1979 (ed. RB Merrill), pp. 1961-1972. New York, NY: Pergamon.

Bernatowicz TJ, Fahey AJ. 1986 Xe isotopic fractionation in a cathodeless glow discharge.
Geochim. Cosmochim. Acta 50, 445-452. (d0i:10.1016/0016-7037(86)90197-3)

Bernatowicz TJ, Hagee BE. 1987 Isotopic fractionation of Kr and Xe implanted in solids at very
low energies. Geochim. Cosmochim. Acta 51, 1599-1611. (doi:10.1016/0016-7037(87)90341-3)
Ponganis K, Graf T, Marti K. 1997 Isotopic fractionation in low-energy ion implantation.
J. Geophys. Res. 102, 19 335-19 343. (doi:10.1029/97JE01686)

Hohenberg CM, Thonnard N, Meshik A. 2002 Active capture and anomalous adsorption:
new mechanisms for the incorporation of heavy noble gases. Meteorit. Planet. Sci. 37, 257-267.
(d0i:10.1111/j.1945-5100.2002.tb01108.x)

Déruelle B, Dreibus G, Jambon A. 1992 Iodine abundances in oceanic basalts: implications for
Earth dynamics. Earth Planet. Sci. Lett. 108, 217-227. (d0i:10.1016 /0012-821X(92)90024-P)
Armytage RMG, Jephcoat AP, Bouhifd MA, Porcelli D. 2013 Metal-silicate partitioning of
iodine at high pressures and temperatures: implications for the Earth’s core and !*%*Xe
budgets. Earth Planet. Sci. Lett. 373, 140-149. (doi:10.1016/j.epsl.2013.04.031)

Waiénke H, Dreibus G, Jagoutz E. 1984 Mantle chemistry and accretion history of the Earth. In
Archaean geochemistry (eds A Kroner, GN Hanson, AM Goodwin), pp. 1-24. Berlin, Germany:
Springer. (doi:10.1007 /978-3-642-70001-9_1)

Lugmair GW, Marti K. 1977 Sm-Nd-Pu timepieces in the Angra dos Reis meteorite. Earth
Planet. Sci. Lett. 35, 272-284. (d0i:10.1016/0012-821X(77)90131-5)

Honda M, Nutman AP, Bennett VC. 2003 Xenon compositions of magmatic zircons in 3.64
and 3.81 Ga meta-granitoids from Greenland — a search for extinct 2*4Pu in ancient terrestrial
rocks. Earth Planet. Sci. Lett. 207, 69-82. (d0i:10.1016 /S0012-821X(02)01147-0)

Wt 2y St


http://dx.doi.org/doi:10.1016/j.epsl.2011.05.053
http://dx.doi.org/doi:10.1086/427977
http://dx.doi.org/doi:10.1038/nature12127
http://dx.doi.org/doi:10.1016/j.gca.2011.07.048
http://dx.doi.org/doi:10.1016/j.epsl.2013.10.022
http://dx.doi.org/doi:10.1016/j.epsl.2013.10.022
http://dx.doi.org/doi:10.1007/s11214-007-9225-z
http://dx.doi.org/doi:10.1016/S0031-9201(96)03228-1
http://dx.doi.org/doi:10.1038/nature03360
http://dx.doi.org/doi:10.1126/science.263.5153.1593
http://dx.doi.org/doi:10.1126/science.263.5153.1593
http://dx.doi.org/doi:10.1016/j.epsl.2005.02.041
http://dx.doi.org/doi:10.1038/nature08018
http://dx.doi.org/doi:10.1029/2003GL016982
http://dx.doi.org/doi:10.1016/0016-7037(86)90197-3
http://dx.doi.org/doi:10.1016/0016-7037(87)90341-3
http://dx.doi.org/doi:10.1029/97JE01686
http://dx.doi.org/doi:10.1111/j.1945-5100.2002.tb01108.x
http://dx.doi.org/doi:10.1016/0012-821X(92)90024-P
http://dx.doi.org/doi:10.1016/j.epsl.2013.04.031
http://dx.doi.org/doi:10.1007/978-3-642-70001-9_1
http://dx.doi.org/doi:10.1016/0012-821X(77)90131-5
http://dx.doi.org/doi:10.1016/S0012-821X(02)01147-0

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Turner G, Harrison TM, Holland G, Mojzsis SJ, Gilmour J. 2004 Extinct 24Py in ancient
zircons. Science 306, 89-91. (doi:10.1126/science.1101014)

Turner G, Busfield A, Crowther SA, Harrison M, Mojzsis SJ, Gilmour ]J. 2007 Pu—Xe, U-Xe,
U-Pb chronology and isotope systematics of ancient zircons from Western Australia. Earth
Planet. Sci. Lett. 261, 491-499. (doi:10.1016/j.epsl.2007.07.014)

Porcelli D, Pepin RO. 2000 Rare gas constraints on early Earth history. In Origin of the Earth
and Moon (eds RM Canup, K Righter), pp. 435-458. Tucson, AZ: University of Arizona Press.

Porcelli D, Turekian KK. 2003 The history of planetary degassing as recorded by noble
gases. In Treatise on geochemistry (eds HD Holland, KK Turekian), vol. 4, The atmosphere
(ed. RF Keeling), pp. 281-318. Amsterdam, The Netherlands: Elsevier. (doi:10.1016/
B0-08-043751-6/04181-5)

Yin Q, Jacobsen SB, Yamashita K, Blichert-Toft ], Télouk P, Albarede F. 2002 A short timescale
for terrestrial planet formation from Hf~W chronometry of meteorites. Nature 418, 949-952.
(d0i:10.1038 /nature00995)

Righter K, Shearer CK. 2003 Magmatic fractionation of Hf and W: constraints on the timing
of core formation and differentiation in the Moon and Mars. Geochim. Cosmochim. Acta 67,
2497-2507. (doi:10.1016 /S0016-7037(02)01349-2)

Halliday AN. 2004 Mixing, volatile loss and compositional change during impact-driven
accretion of the Earth. Nature 427, 505-509. (d0i:10.1038 /nature02275)

Kleine T, Palme H, Mezger K, Halliday AN. 2005 Hf-W chronometry of lunar metals
and the age and early differentiation of the Moon. Science 310, 1671-1674. (doi:10.1126/
science.1118842)

Touboul M, Kleine T, Bourdon B, Palme H, Wieler R. 2007 Late formation and prolonged
differentiation of the Moon inferred from W isotopes in lunar metals. Nature 450, 1206-1209.
(doi:10.1038 /nature06428)

Genda H, Abe Y. 2003 Survival of a proto-atmosphere through the stage of giant impacts: the
mechanical aspects. Icarus 164, 149-162. (d0i:10.1016/50019-1035(03)00101-5)

Cuk M, Stewart ST. 2012 Making the Moon from a fast-spinning Earth: a giant impact followed
by resonant despinning. Science 338, 1047-1052. (doi:10.1126/science.1225542)

Lock SJ, Stewart ST. 2013 Atmospheric loss during high angular momentum giant impacts.
In Proc. 44th Lunar and Planetary Science Conf., The Woodlands, TX, 18-22 March 2013, Abstract
2608. See http:/ /www.lpi.usra.edu/meetings/Ipsc2013/pdf/2608.pdf.

Marty B. 2012 The origins and concentrations of water, carbon, nitrogen and noble gases on
Earth. Earth Planet. Sci. Lett. 313-314, 56—66. (doi:10.1016/].eps1.2011.10.040)

Wt 2y St


http://dx.doi.org/doi:10.1126/science.1101014
http://dx.doi.org/doi:10.1016/j.epsl.2007.07.014
http://dx.doi.org/doi:10.1016/B0-08-043751-6/04181-5
http://dx.doi.org/doi:10.1016/B0-08-043751-6/04181-5
http://dx.doi.org/doi:10.1038/nature00995
http://dx.doi.org/doi:10.1016/S0016-7037(02)01349-2
http://dx.doi.org/doi:10.1038/nature02275
http://dx.doi.org/doi:10.1126/science.1118842
http://dx.doi.org/doi:10.1126/science.1118842
http://dx.doi.org/doi:10.1038/nature06428
http://dx.doi.org/doi:10.1016/S0019-1035(03)00101-5
http://dx.doi.org/doi:10.1126/science.1225542
http://www.lpi.usra.edu/meetings/lpsc2013/pdf/2608.pdf
http://dx.doi.org/doi:10.1016/j.epsl.2011.10.040

	Introduction
	Building of the model
	Degassing from the Earth's interior
	Loss of xenon to outer space

	Key parameters
	Iodine content of the Earth
	U--Pu content of the Earth
	Initial amount and isotopic composition of xenon
	Optimization of the parameters
	Outcomes of the model

	Discussion
	Corrected I--Xe age of the Earth--atmosphere system
	I--Pu--Xe closure age
	Physical significance of closure ages and the epoch of the formationof the Earth--Moon system

	Conclusion
	References

