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In accord with the standard Earth accretion scenario, the late accretion
supervened the last collision with a massive proto-planet, segregation of the
core, and (partial) solidification of the magma ocean. These processes took
place =~ 40 Ma after Sun formation or somewhat later. Traces of the processes
and respective materials have been preserved as specific elemental and isotopic
abundances in the earth’s mantle. Three groups of chemical elements, showing
rather different behavior, allow the principal processes and materials to be
restored: (i) involatile siderophile elements and the 'S?Hf-182W and '°Pt—
I8TRe-186.187()g isotopic systematics highlight the time scale of core formation,
the late veneer materials, and post-core-formation interactions between the
mantle and the core; (ii) involatile lithophile incompatible elements and
the 7Sm-1*3Nd isotopic systematics indicate the early differentiation of
the silicate Earth; "Lu-'"SHf one recorded the early crustal processes;
(iii) highly volatile elements, noble gases, and the 23¥U-23*U-?2Th-He-Ne
and 24Pu-23¥U-129-Xe systematics trace the accreting materials and the
rate of mantle mixing and degassing. Recently proposed interpretations of
this last systematics appear to be precarious and are particularly discussed
in this contribution. During the late accretion a terrestrial regolith, including
chondritic and solar-wind-irradiated materials, was rapidly accumulating on
the surface of the early thick basaltic crust, enriched in incompatible elements.
This early crust had not been preserved. Its overturn(s) into the mantle
during several 100th Ma after Sun formation and (partial) isolation from the
mantle convection allow all principal observations, related to the informative
systematics mentioned above, to be satisfied, providing the transfer of the
crust&regolith “cake” was not accompanying by fractionation and degassing,
in contrast to present-day slab subduction. KEYWORDS: Noble metals; noble
gases; rare earth elements; isotope systematics; Earth; accretion; differentiation;
degassing.
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1. Introduction

!Geological Institute, Kola Science Center of the
Russian Academy of Sciences, Apatity, Murmansk Re-
gion, Russia

1.1. The Accreting Materials

This work is based on the standard model of ac-
Copyright 2018 by the Geophysical Center RAS. cretion of terrestrial planets, which includes the
http://rjes.wdcb.ru/doi/2018ES000614-res.html following stages: (a) the ordered growth of the
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planet’s embryos, (b) the faster growth of the more
massive proto-planets, and (c) the formation of
the Earth through collisions with massive (up to
the size of Mars) impactors [ Vityazev et al.,
Wetherill, Weidenschilling, .

There are many different arguments supporting
the close-to-chondrite abundances of the Earth’s
refractory constituents [e.g., Bond et al.,
Brandon et al., Dauphas et al., , even
though alternative hypotheses about the Earth’s
matter, different from the chondritic composition,
are also discussed in the literature [Kostitsyn, .
A discussion of the proto-terrestrial matter is be-
yond the scope of this work. Chondrites are re-
peatedly used as unique carriers of elements and
isotopes important for this contribution (see, for
example, Sections . Probably the chon-
drite material was the only one able to be formed
in the earth’s feeding zone. Therefore I accepted
the “chondrite” Earth model.

Studies of meteorites show a clear correlation
between the volatiles content and the heliocentric
distance of the parental bodies; planetesimals in
the Earth feeding zone were initially depleted in
volatile components [Albarede, Morbidelli et
al., . Numerous collisions of growing plan-
ets, including collisions with massive impactors
of the lunar (or even Mars’s) size, induced irre-
versible losses of volatiles and led to formation of
extremely degassed terrestrial planets towards the
end of accretion. Even if volatile-rich planetesimals
were transferred from the asteroid belt (and/or
from farther segments of the solar nebulae) to the
Earth feeding zone, subsequent accretion processes
(collisions, melting, degassing) minimized a resid-
ual contribution of their volatiles. The term “dry
proto-earth” used in recent paper by Caracausi et
al. , probably also means a substantially de-
gassed planet.

1.2. ¥2Hf-182W Chronometry of the Core
Formation

The main accretion phase was completed by a gi-
ant collision and subsequent moon formation and

core segregation [Canup and Asphaug, Kleine
et al., Stevenson, . 182 82W data
indicate ~ 40 Ma long time interval between for-
mation of the Ca-Al-rich inclusions (CAI) in mete-
orites and the Earth’s core. This interval could be
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somewhat longer, and the above minimum value
corresponds to the following scenario [Jacobsen,

2005 Kleine et al., [2002] [2009; Tolstikhin and
Kramers, [2008].

e At this time the proto-Earth collided with a
massive protoplanet.

e The energy, released by the collision, resulted
in almost complete melting and partial va-
porization of the planetary matter, partition-
ing of siderophile elements (including W) into
the metal phases, rapid segregation of these
phases into the core, and depletion of the sil-
icate Earth with siderophile elements, includ-
ing W, yielding a high Hf/W ratio in this
reservoir.

e A subsequent “late” slow accretion had not
affected the isotopic compositions of Hf, W
and Hf/W ratio in the mantle.

The giant collision and the final phase of core for-
mation could take place somewhat later if: (i) the
late accretion was sufficient to change the above
parameters, (ii) mixing of the matter after the gi-
ant collision was not complete, or (iii) partitioning
of siderophile elements into the metal phase(s) was
not equilibrium [Kramers, .

1.3. The Ancient Crust

After the giant impact and (partial) cooling of
the magma’s ocean, mantle temperatures signifi-
cantly exceeded the present-day values, and as a
result a thick, stagnant (the lifetime ~ 100th Ma)
dominantly mafic crust was formed. Hf isotope
compositions in the most ancient (older than 4 Ga)
zircons indeed indicate formation of the host rocks
from such a crust [Griffin et al., . Con-
tinuing melting of the crust along with fraction-
ation of the primary magmas could produce the
hydrated magnesium-poor basalts, sources of the
early tonalite-trondhjemite-granodiorite melts.

The base of the magnesium-rich crust was denser
than the underlying complementary residual man-
tle and therefore gravitationally unstable at mantle
temperatures greater than ~ 1500°C. Such a crust
would drip down into the mantle [Johnson et al.,
and its fragments could reside in the man-
tle. A stable crust slowed convection and thus pro-
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vided a continued conservation of mantle hetero-
geneities, revealed, for example, as small deviations
of "W and 2Nd isotope abundance from the av-
erage mantle composition [e.g., Walker, .
This scenario is shared by most researchers of

the earliest Earth’s tectonics [Griffin et al., [2014]
Johnson et al., O’Neill and Debaille, [2014]

Van Hunen and Moyen, Van Thienen et al.,
. The differences arise mainly in the choice
of crust destruction processes and quantitative as-
sessments (a crustal thickness, a composition, a life
time, etc.).

Modeling of the late accretion shows that plan-
etesimals, formed at greater distances from the Sun
than the terrestrial planets (for example, in the
asteroid belt), could cross the Earth’s orbit and
impact the Earth, thus delivering the “late” accre-
tion materials, including those similar to chondrites
[Angor et al., Morbidelli et al., . Later
on these materials, the “terrestrial regolith”, could
be transported into the mantle by a submerging
crust.

1.4. Terrestrial Reservoirs

The following main reservoirs of the Earth are
considered in this paper. The bulk silicate earth
(abbreviation BSE) is the silicate fraction of the
Earth after the giant impact and the main stage
of the core segregation, before differentiation of
the silicate Earth and contribution of extrater-
restrial matter during the “late accretion”. The
depleted with incompatible elements and gases
mantle (DMM) is the main silicate reservoir of
the Earth, a source of: (i) mid-ocean ridge
basalts (MORB), feeding the oceanic crust (OCR);
(ii) magmatic rocks in arc environments, feeding
the continental crust (CCR); (iii) gases, including
radiogenic isotopes of noble gases, which are trans-
ferring into the atmosphere (ATM). The depleted
mantle, the crust and the atmosphere-hydrosphere
are usually referred to as “accessible” reservoirs. A
hypothetical isolated from mantle convection reser-
voir (DDP) could also occur in the mantle and con-
tribute materials to the deep mantle plumes, form-
ing ocean island basalts (OIB).

The main objective of this contribution is se-
lection of “necessary and sufficient” geochemical
observations that should be considered in order
to understand the post-giant-impact evolution of
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solid Earth and to discuss the respective materi-
als and processes. These observations should high-
light the early history from different points of view
and therefore include refractory siderophile, refrac-
tory lithophile and highly volatile elemental and
isotopic systematics. Also important is to develop
a relatively simple scenario, trying to follow the
Occam’s razor and avoid speculative hypothetical
approaches. The sources and processes responsible
for delivery of major volatile elements, mainly con-
centrated in the atmo-hydrosphere, are not consid-
ered here and the readers can find the respective
data and discussions in recent papers by Marty
, Albarede et al. [2013], Dauphas and Mor-

bidelli [2014], Marty et al. [2016}, 2017], Fischer-
Godde and Kleine [2017].

2. Results and Discussion

2.1. Noble Metal Abundances in the
Mantle

Among geochemical observations, directly re-
lated to the problems discussed in this contribu-
tion, one of the most important is chondrite-like
relative abundances of noble metals (NM), i.e., re-
fractory highly siderophile elements, in the earth’s
mantle . This is in contrast to the
expectations from rather different and very large
metal/silicate NM partition coefficients. The chon-
dritic NM relative abundances also follow from
190pt187TRe-186:187 g isotopic systematics [Meisel
et al., Walker, . This feature of the
mantle NM abundances is known since long [e.g.,
Wanke et al., and is repeatedly discussed in
the literature [Holzheid et al., Kramers,
Maier et al., Walker, Recently it was
emphasized, that the Hadean Os isotopic signature
was preserved in the convecting mantle due to high
recycling efficiencies for Os [Jackson et al., .

The most popular explanation envisages addi-
tion of NM by a chondritic late veneer (arrived af-
ter core formation was ceased), which material was
transferred into the mantle and mixed therein. Ab-
solute chondritic contents of NM were “diluted” via
mixing within the mantle, which had already lost
NM (during the main stage of core segregation),
but the relative chondritic concentration pattern
was preserved.
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Figure 1. Normalised (to carbonaceous chondrites C1 and an involatile element, e.g., Al,
Ir) abundances of highly siderophile elements (Noble Metals, NM) in the Earth’s mantle.

(a)

Notice almost a chondrite-like concentration pattern in spite of the much lower

concentrations compared with those in chondrites. However, the observed concentrations
still (by orders of magnitude) exceed those, expected from equilibrium metal/silicate
partitioning; moreover, such partitioning should result in rather different concentrations,

in contract to those observed. Modified after Righter and Drake [2000].
between terrestrial and chondritic abundances of noble metals. N

enstatite chondrites are most similar to the

al. [2015).

To supply NM into the mantle, a contribution of
the chondritic material =~ 0.5% of the Earth mass is
required [Walker, 2015]. The relative abundances
of NM seen in [Figure 1p imply enstatite-like chon-
drites to be carriers of these species and thus a prin-
cipal component of the late veneer. Study of the
nucleosynthetic isotope anomalies showed a min-
imal difference between these meteorites and ter-
restrial rocks: the late veneer was derived from
the inner Solar system material with a slightly
higher contribution of the s-process nuclides com-
pared with E-chondrites [ Bermingham and Walker,
Burkhardt et al., Fischer-Gédde and
Kleine, . Ruthenium presents a clear isotopic
evidence for an inner Solar System origin of the
late veneer . Important constrain from
the nucleosynthetic data is that the late veneer
material could hardly source volatile elements for
the Earth’s atmo-hydrosphere, providing carbona-
ceous chondrites were the principal carriers of the
volatiles. These new nucleosynthetic data are in
contrast to proposals by e.g., Lecuyer et al. ,
Robert , Kramers , Marty . Also

along with NM the chondrite like late veneer ma-

(b) A comparison
concentrations in
terrestrial values. Modified after Walker et

terial should transfer into the mantle volatile ele-
ments, such as iodine (Section [2.4.2]).

2.2. Planetary Xenon in the Mantle

Further supporting evidence on a contribution
of chondrite like material during the late Earth’s
accretion follows from completely different group of
elements, the noble gases (NG), i.e., highly-volatile
chemically-inert elements. Even though chemical
behavior of NM and NG is completely different,
their common feature is very low abundances in the
Earth’s mantle, so that both groups are “sensitive
detectors of the minor events”.

The first precise measurement of the isotopic
composition of mantle Xe by Phinney et al.
revealed a contribution of meteoritic unfraction-
ated Xe and '?%Xe(I). The sample was collected
from COg9 well gas (Harding County, New Mexico,
USA) formed due to degassing of a basalt intrusion.
The accuracy of their analysis was not high enough
to distinguish between SOLAR-Xe and planetary
Q-Xe components. Later on these results were sup-
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ported by Smith and Reynolds [1981]. Caffee et al.
11999] and Ballentine and Holand [2008| observed a

meteoritic Xe component in several COy gas sam-
ples and Holland et al. discovered a mete-
oritic component of Kr. Recently Caracausi et al.
analyzed noble gases of the mantle plume
(Eifel, Germany) and identified the meteoritic Xe
component as “planetary” (Q) xenon .

Carbonaceous chondrites (CC) are meteorite
with the highest content of volatile elements, in-
cluding planetary Xe and Kr [Busemann et al.,
. According to the transport geochemical
Earth’s model [see Chapter 28 in Tolstikhin and
Kramers, , the minimal mass of the CC mate-
rial, required to maintain Xe flux through the man-
tle during the whole Earth’s history, approaches
~ 5 x 1074 of the Earth’s mass. This is by a factor
of & 10 less than the mass of the late veneer, which
is needed to supply the Earth’s mantle with noble
metals. Because of such a small contribution, CC
could be still their carriers even taken into account
the nucleosynthetic constraint discussed in Section
2.1l Also Xe and I concentrations in some enstatite
chondrites, e.g., in South Oman [Pepin, are
only slightly (by a factor of ~ 3) below those in CC
and Xe isotopic compositions in these two mete-
orite groups are similar [Crabb and Anders, ;
hence, the enstatite-like chondrite material could
carry both NM and Xe (and '?I) constituents of
the late veneer. It should be noted that Q-Xe could
not be captured by the Earth from a hypothetical
solar-gas atmosphere (Section .

2.3. Nucleogenic Xenon Isotopes in the
Mantle

Precise measurements of the isotopic compo-
sition of Xe in mantle rocks and gases allowed
136Xe(Pu) and 1%6Xe(U) to be distinguished in
samples of mantle plume and mid-ocean ridge
basalts, but also in carbon dioxide gases [Ballentine
and Holand, Caracausi et al., Parai and
Muk:hopadhy The parent isotopes, 1291
and 2%4Pu, are short-life, so that they had decayed
into the daughter species, 12?Xe(I) and '35Xe(Pu),
during the early Earth’s evolution. Caracausi et
al. and Parai and Mukhopadhyay
showed that this early generated ratio in MORB,

129Xe(I) /135X e(Pu)~ 8, is somewhat higher than
in the plume rocks, = 2.
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Figure 2. Contribution of the s-process iso-

tope 10Ru, e!'Ru, increases with decreasing
distance (in astronomical units, AU) from
the Sun. More reduced materials like en-
statite and ordinary chondrites have less neg-

ative €!%Ru compared to more oxidized and
volatile-rich materials, such as carbonaceous

chondrites formed at greater heliocentric distance.
100 100R

ElOORu:].O, OOOX{[(W)MET/(m)STAND] — ].}
Modified after Fischer-Géddde and Kleine [2017].

Interpreting these data, Caracausi et al. [2016]
used a simple two-stage degassing model, based on
the assumption of total losses of radiogenic isotopes
of Xe(I, Pu) from a Deep-seated Distinct mantle
reservoir (source of the Plume, hereafter DDP), un-
til time tppp, when its degassing ceased and it was
“closed” to Xe loss until the total decay of the par-
ent isotopes, 12T and ***Pu:

topp = [1/(A244 — A129)] X
In[(**Xe(I) /130 Xe(Pu))ppp X

(238U/127IDDP,0) « (244Pu/238UDDP,0) X

(""1/*Ippp o) x Bass X Yol (1)

Parameters in are: the initial concentration
of 22Uppp =2*®Upsg = 1.6 x 107% mol g~! [see
Table 17.1 in Tolstikhin and Kramers, [2008]; the
ratios of 12°Xe(I) /13¢Xe(Pu)ppp = 2.1

1277 /12975 pp o = 9090 [see Figure 11.9 in Tolstikhin
and Kramers,[2008] and references therein]; the de-
cay constants Aogq = 8.41 Ga™!, A\jgg = 44.1 Ga™!;
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Figure 3. Xe isotope in mantle derivates.
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(a) Isotope composition of Xe from

Victoriaquelle gas (Eifel, Germany), presented relative to air Xe: §'Xe = 1000 x
{[(*Xe /13X e)sampLE/ Xe/13Xe)a1r] — 1}, parts per mil (%,). For comparison a three-
component model of mantle Xe is presented, which includes: (1) subducted unfraction-
ated air Xe (84%); (2) carbonaceous chondrite Q-Xe (16%); this mixture is shown by
rhombs; (3) radiogenic 29Xe(I) and fission '3'~136Xe(Pu) isotopes are shown by ar-
rows. Modified after Caracausi et al. [2016]. (b) The radiogenic Xe isotope ratios in
mantle rocks and gases, calculated relative to 1sotope composition of the average carbona-
ceous chondrite xenon after Parai and Mukhopadhyay and Caracausi et al. .

These authors considered the different 29Xe(I)/!36Xe(Pu) ratios in MORB-source and
PLUMR-source materials as indication of different formation and evolution of the re-
spective mantle reservoirs. The interpretation proposed in this contribution takes into
account rather different “initial” 12Xe(I)/13Xe(Pu) ratios in the terrestrial regolith
and the early crust (Section and on this ground envisages some heterogeneity of
the PLUME-source reservoir, in accord with data of the U-Th-He isotope systematics

(Section [2.5.3)).

the branching ratio Boys = 1.25 x 1073; the yield
Y (136Xe)o4s = 5.6 x 1072, Caracausi et al. [2016]
varied a poorly known content of 2"Ippp from
2.4 x 107" mol g7t to 1 x 1071° mol g~! and
obtained from the “closure” time of the DDP
75 < tppp < 120 Ma after CAI formation.

Because of several reasons I doubt validity of this
time estimate.

2.3.1. There is a discrepancy between (i) the
assumption on the complete losses of radiogenic
isotopes 29Xe(I) and '3%Xe(Pu) from DDP be-
fore tppp and (ii) the retention of planetary Q-Xe

seen in [Figure 3h. An additional assumption is

required: after the complete decay of the parent
isotopes (about 4200 Ma ago or later on) 12Xe(I)
and 35Xe(Pu) were released from DDP and mixed
with Q-Xe in a hypothetical reservoir, which did
not contain the radiogenic species.

2.3.2. The above discrepancy  be-
tween the chronological interpretation of the
129Xe(I) /135X e(Pu)ppp ratio and the observation
on planetary Xe is not the only one. Substitution
of a higher value of 29Xe(I)/*¥%Xe(Pu)pnum
(Figure 3p) into had led to another paradox:
topp < tpmm, i.e., an isolated PLUME-source
reservoir had already been “opened” for degassing,
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while a MORB-source depleted mantle, including
DDP, was still closed.

To overcome this second contradiction, Cara-
causi et al. abandoned the two-stage model
for the depleted mantle and suggested “an increase
in the I/Pu ratio due to the gradual addition of
volatile rich components to the initially dry proto-
earth.” This dualistic interpretation envisages “two
late veneers”, separated by time and required dif-
ferent interaction(s) between the veneers and the
Earth’s materials.

2.4. Materials with Different '?°1/?**Pu and
129X e(I) /135X e(Pu) Ratios

A much more simple and self-consistent inter-
pretation implies mixing of two materials, the late
veneer and the early crust, after their transfer into
the mantle (Section . To simplify the estimates
presented below, I assume a single transfer of the
materials from the Earth’s surface to its interior,
about 80 million years after CAI (about one half-
life of 2#*Pu and five half-lives of '2°T). This as-
sumption will not affect the conclusions (Section
2.4.3).

2.4.1. According to Sections and
the late veneer included chondrite material (CH),
carrier of volatile components. The maximum
129X e (1) /135X e(Pu) ratio in this material can be
calculated assuming a total retention of radiogenic
Xe isotopes. Indeed, a large number of chondrites
of various classes (including E-chondrites, Sec-
tion retained a significant fraction of 129Xe()
to the present [see Figure 11.9 in Tolstikhin and
Kramers, . During the time scale discussed
here, the retention of Xe should be better, be-
cause some fraction could have been lost dur-
ing a 4500 Ma long evolution of chondrite par-
ent bodies. Substituting the initial abundances
of T and ?*Pu, which determine the yield of
radiogenic isotopes of Xe, ie. ?"Icy = 3.4 x
1072 mol g~ 1, 121/127[g = 1.1 x 1074; 28Ucy =
6.7x107 " mol g=t, 24Pu/?*¥Ucy = 0.007 [see Ta-
bles 3.3 and 11.2 inTolstikhin and Kramers, [2008]
into ([2) gives, after complete decay of these short-
lived nuclides,

129X e(1) /130X e(Pu)cy =

1291(}1{/(]3244 X Y244 ><244 PUCH) =11 x 103 (2)
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It should be noted that the value calculated in
is the upper limit and can be somewhat de-
creased by using another set of parameters in-
volved. Thus, new estimate of the average io-
dine concentration in carbonaceous chondrites,

127e = 4.5 x 1071% mol g=! [Clay et al., [2017],
gives 129Xe(I) /13Xe(Pu)cy = 1.5 x 103, which is
quite a large value still.

2.4.2. To estimate the 129T/244Py ratio in an-
other material of interest, the early Earth’s crust
composed by basalts or komatiites, I take the io-
dine content in mantle peridotites of the bulk sil-
icate Barth '?"Iggg = 1 x 1072 g g~!. There are
three independent reasons for choosing such a low
concentration of iodine.

(a) Investigation of a one-reservoir mantle de-
gassing model based on xenology [Tolstikhin et al.,
showed that the solutions can be found for
Ppeg > 2 x 1072 g ¢!, the content of Upgg
and Pu/U ratio from Section and the ratio of
129%e(1) /135 Xe(Pu)pyy = 23 4+ 5 in the present
day depleted mantle [Pepin and Porcelli, [2006].
The low value of 29Xe(I) /136 Xe(Pu)pyy ~ 8 (Fig

ure 3b), proposed in Caracausi et al. [2016], allows

a solution for the above ?"Iggg concentration to
be obtained as well.

(b) After the transfer into the mantle the chon-
drite material amount, required by the NM abun-
dances (Section , the 27T concentration in this
reservoir increased by ~ 2 x 107 g g~ !; then
the post-veneer iodine concentration would be =
3x107% g g7!, i.e., the value, used as a lower limit
by Caracausi et al. [2016]. Regarding the abun-
dance and source of terrestrial iodine, it should be
noted that to provide the planet with volatile com-
ponents, it is necessary to add &~ 0.015x MgarTH

of a chondrites-like material [Clay et al.,
Kramers, Marty, . Such an amount cor-
responds to ?"Iggg ~ 10 x 1072 g g~!, which is
close to the maximum value used by Caracausi et
al. [2016]. Thus, it is possible that “surface ma-
terials” were an important source of halogens on
the Earth and their concentrations in the mantle
could be (partially) provided by transporting these
elements from near-surface reservoirs into the man-
tle, similar to air Xe [Holland and Ballentine,
Tolstikhin and Marty, .

(c) Considering that I, U and Pu are all incom-
patible elements and taking into account their ini-
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tial concentrations in mantle peridotites, >"Ipgg ~
1 x107° g g, 28Upgg = 38 x 1072 g g1,
then, after 80 Ma passed by, 2**Pupsg ~ (1/2) x
0.007x238Upgg = 5.6 x 10713 mol g~ !; PIpgp ~
(1/32) x 1.1 x 107*x2"Iggg = 3 x 10717 mol g~ !,
and after their decay, the ratio of the daughter Xe
isotopes in the early crust turns out to be

129Xe(I)/136Xe(Pu)CRUST ~

Terust/(Baaa X Yauu x> Pucrust) = 0.7 (3)

It should be noted that the above estimate does
not take into account the degassing of iodine from
mantle melts in the course of crust formation [Bu-
reau et al., [2016]: the iodine condensation tem-
perature, ~ 400°C, is significantly lower than the
temperature of silicate melts &~ 1400°C. This again
confirms the correct choice of a low concentra-
tion of 1?"Ipgy, and, accordingly, the low value of
129X e(1) /136 Xe(Pu) cRusT-

2.4.3. The ratio 29Xe(I)/!¥%Xe(Pu) in the
coexisting materials, the ancient crust and the
chondrite-like regolith on its surface (see and
(3)) could differ by ~ 10,000 times (!). This
impressive difference is the maximum and it can
be somewhat reduced. However, taking into ac-
count the fundamentally different behavior of the
parent elements, I and Pu, as well as the com-
position and evolution of the two transfer ma-
terials, their '2°I/244Pu and '2?Xe(I)/!36Xe(Pu)
ratios will always remain very different and the
mixing proportions would cover a wide range of
129X (1) /135X e(Pu) ratios, from < 1 to ~ 10,000.

Because of this wide range, a plume source (after
~ 4500 Ma long evolution) could preserved some
heterogeneity (rather small relative to the initial
one) and thus supply the DMM with Xe character-
ized by slightly different 12Xe(I)/136Xe(Pu). This
is in accord with observations on the plume-derived
light noble gases (Section .

Also, because of the very different behavior of
the parent elements and different evolution of their
carriers before they were mixed in the mantle
reservoir(s), 129Xe(I)/!36Xe(Pu) observed in man-
tle rocks and gases do not contain any information
about the “closure time” of any terrestrial (extra-
terrestrial) reservoir, in contrast to the proposals
by Awice and Marty and Caracausi et al.

B0I;)
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Instead, abundances of Xe isotopes in the mantle
recorded:

(a) a flux of chondrite-like material that trans-
ferred highly volatile Xe and I into the mantle at
the late stages of accretion;

(b) a rate of convection (which governs mix-
ing) in mantle reservoirs, including the depleted
MORB-source mantle and the apparently isolated
mantle reservoir-source of PLUME noble gases;

(c) fluxes (of materials and /or species) from these
reservoirs;

(d) transfer of volatile elements from the man-
tle reservoirs into the atmosphere and hydrosphere
(degassing);

(e) transfer of atmospheric noble gases into the
mantle.

It should be emphasized that all these mass
fluxes were time-dependent. The first of them (a)
can be considered as a global injection of an isotope
tracer, which allows modeling other mass/atom
fluxes. Many aspects of the above interpretation
are also valid for the light noble gases (Section [2.5)).

2.5. Sources of the Light Noble Gases in
the Mantle

Regarding the light noble gases (He and Ne) of
extraterrestrial origin in the Earth’s mantle, it was
suggested that they were captured from the nebular
atmosphere “during the early stages of terrestrial
accretion before gas dissipation” [Caracausi et al.,
Tucker and Mukhopadhyay, . Such a
proposal is in contrast with (i) the nebula life time
(2.5.1)); (ii) the light noble gas abundances available
in meteorites “before gas dissipation” and thus ap-
plies to yet unknown processes ; (iii) discov-
ery of mantle Q-Xe, which cannot be captured from
solar gas atmosphere (Section . Meanwhile an-
other well known source of the light extraterrestrial

noble gases is available ([2.5.3]).

2.5.1. The dissipation time of the solar neb-
ula is determined by the age of the chondrules,
major constituents of chondrite meteorites: chon-
drules had been produced in the gas/dust nebula
and their formation ceased along with the neb-
ula dissipation. The time intervals of the chon-
drule formation are measured by isotope chronome-
ters, including the short-lived isotope systemat-
ics, first of all 26 A1-26Mg, and the long-lived ones,
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2381J-23517206,207p}, - According to both chronome-
ters, these intervals are within 4 Ma after the CAI
formation [see Amelin et al., Krot et al.,
Figures 11.7, 13.1 and 13.2 in Tolstikhin and

Kramers, 2008].

2.5.2. During this short interval, the chon-
drites captured minor amounts of the light noble
gases from the (shielded from the solar wind) solar
nebula [Fugster et al., Scherer and Schultz,
: 4He< 5 x 10719 mol g~!. Such a low con-
tent is comparable to the accumulation of radio-
genic ‘He(!).

2.5.3. In contrast, high concentrations of the
light noble gases are observed in NG-rich mete-
orites (both chondrites and achondrites), which are
the most suitable carriers of the light NG onto
the early Earth. These meteorites were irradiated
by the solar wind after the dissipation of the gas-
dust nebula. “The presence of an implanted so-
lar wind is usually considered a sign of a mat-
ter occurred on the surface of the meteorite par-
ent bodies” [Beyersdorf-Kuis et al., or other
bodies (e.g. regolith on the lunar surface). Con-
centrations of He and Ne in such “solar-gas-rich”
materials are very high [Eugster et al., Pe-
droni and Begemann, Scherer and Schultz,
2000], *Hegw =~ 5 x 1077 mol g~!, and up to
~ 5 x 107 mol g~! in the lunar regolith [Benkert
et al., . Such concentrations could occur in
terrestrial regolith, especially taking into account
that during the time period under consideration
the accretion was still continuing and the solar-
wind-irradiated regolith could be quickly accumu-
lating on the surface of the early crust.

Again there are two different materials: a so-
lar wind irradiated regolith with implanted so-
lar wind He, 3He/*Herpg = 4.3 x 1074, and a
crustal basalt with gradually accumulating radio-
genic He, 3He/*Henorp ~ 2 x 1078, and the dif-
ference, ~ 10,000, is of the same order as for
129X e (1) /135X e(Pu) ratios. In PLUME rocks and
gases 3He/4HepLUME ratios generally vary within
(> 1 to ~ 6) x 1075 [Graham, Jackson et
al., , i.e., by a factor of about 6, similar to
that for Xe isotopes in mantle materials (Figure 3).
Some ocean island hotspots, such as Réunion, show
relatively constant distinct *He/4He ratios during
long time intervals, up to 10% years. These observa-
tions “suggest the possibility of deep mantle reser-
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voirs having variable 3He/4He” [Graham, or
“different time integrated (U and Th)/3He ratios
in different regions of the DDP” [Tolstikhin and
Hofmann, ; these conclusions are in accord
with interpretation of Xe data presented in Section
12.4.9l

It should also be mentioned that isotope compo-
sitions of Ne in the solar wind and the Sun (or So-
lar nebula) are similar, 2°Ne/?2Ne ratios are within
13.5 to 13.8 [Heber et al., , and can hardly be
distinguished by the study of terrestrial samples.
However these ratios in the natural targets (solar
wind irradiated meteorites or lunar regolith) are
systematically lower, varying around 12.5; similar
values are typical for mantle samples [Moreira and
Charnoz, Peron et al., : the SW irradi-
ated “natural targets” are the most suitable carrier
of the light noble gases onto the Earth, as it was
proposed earlier by [Tolstikhin and Hofmann,
see Figure 3 in their paper]. The *He/??Negy ratio,
4.2 [Heber et al., , is slightly below that ob-
served in the MORB-source depleted mantle, ~ 7.
This discrepancy is discussed in Section below.

2.6. He/Ne Ratios in the Mantle and in the
Solar Wind

The ratio of the extraterrestrial light noble gas
isotopes in mantle rocks and gases, *He/??Negxr,
correlates (with a slope ~ 1) with the nucle-
ogenic ‘He/ 2INef o ratio within almost 4 orders
of magnitude; both ratios vary in the course of
recent partial melting/degassing processes [Honda
and Pattrson, . Within the frame of this
correlation a projection of the known mantle pro-
duction ratio *He/?'Ne* = 2.2 x 107 [Yatsevich
and Honda, onto the 3He/??NegxT axis cor-
responds to He/22NeEXT ~ 7, same as mea-
sured in the popping rocks (gas rich MORB basalt
glasses). In PLUME derived materials, rocks
and gases, lower ratios are generally observed,
0.1 <3He/22NeEXT7pLUME < 7; in contrast, en-
hanced values, 7 §3He/22NeEXT’MORB < 100 are
typical for MORB glasses [Graham, Honda
and Patterson, [[999 Moreira et al., Tucker
and Mukhopadhyay, @ﬂ

The mantle values should be compared with those
observed in the solar wind. SW-irradiated foils
on the Earth’s satellites show 3He/22NeSW = 4.2
[Heber et al., . In natural materials these
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ratios are usually somewhat lower; for example,
3He/*?Negw ~ 3 in chondrite Acfer 111 [Pedroni
and Begemann, , ~ 1.4 in samples of lunar
ilmenite [Palma et al., . The difference re-
sults from a preferential loss of readily migrating
He during the long evolution of natural targets.

Considering these relationships, Tucker and
Mukhopadhyay put forward a fantastic pro-
posal: “The increase in the ratio 3He/??Ne... in
the depleted mantle requires at least two episodes
of atmospheric outburst and degassing of magmatic
oceans associated with giant collisions during on-
going earth accretion.” Without going into the dis-
cussion of this dramatic scenario, I note that the
increased ratios of 3He/??Negxt (relative to SW
values) in MORB-source mantle can be explained
without invoking any new hypothesis, in full accord
with the Ockham’s rule.

As a solar-noble-gas rich plume (having similar
to SW 3He/??NegxT =~ 4) ascends, the mobile He
is expected to migrate from the plume into the sur-
rounding (depleted and degassed) MORB-source
mantle much faster than Ne. This specific behav-
ior of He atoms in silicate rocks (minerals) increases
3He/*?Negxr in the mantle. However, some frac-
tion of PLUME can be mixed with mantle mat-
ter, which process surves to set in the mantle the
SW-value. Another PLUME fraction is degassed
nearby the earth’s surface. Within the frame of this
simple concept the “average” (corrected for subse-
quent fractionation [Honda and Pattrson, [1999])
3He/22NeEXT,MORB ~ 7 could result from some
“natural balance” of these processes.

A rough estimate below illustrates this explana-
“The diffusion coefficients of He in quartz
are 5—7 orders of magnitude greater than those for
Ne in the temperature range up to 400°C” [Shus-
ter and Farley, . Estimates of the He diffu-
sion coefficient in olivine vary widely up to D(He)
~ 1073 cm? s~! at magmatic temperatures, 1350°C
[Trull and Kurz, , similar to He diffusion
through basaltic melts [Luz, . Unfortunately,
data on Ne diffusion rate in mantle materials at
magmatic temperature are not available, and I as-
sume that Ne migrates much slower than the He.
A plume rise time (from the core/mantle boundary
to the Earth’s surface) ~ 10 Ma [Zharkov, [1983)],
and the above diffusion coefficient give the diffu-
sion radius &~ 5 km or &~ 1/20 of the plume radius

tion.
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[Sleep, . According to these estimates, an ap-
preciable part of the plume material can lose He by
diffusion. Studies of the mobility of He and Ne at
“magmatic” temperatures in minerals typical for
the Earth’s mantle will allow us to check this sim-
ple explanation, and also to use such data to model
the evolution of plumes.

According to this brief discussion, the implanted
solar wind appears to be the most adequate source
of light noble gases in the Earth’s mantle. The
minimal mass of the SW-irradiated material, re-
quired to maintain *Hegw flux through the mantle
during the whole Earth’s history, is similar to that
obtained for Xe isotopes, ~ 10~* of the Earth’s

mass (Section [2.2)).

2.7. Radiogenic Nd Isotope Inventory in
Terrestrial Reservoirs

The late veneer, transferred NM and NG, first
interacted with the massive ancient crust (Sec-
tions , which formation and evolution
was recorded by involatile incompatible lithophile
elements, of all "7Sm-143Nd isotope systematics.
Comparison of the abundances of Nd isotopes in
the earth’s silicate reservoirs within the frame of a
chondritic earth’s model shows that all these reser-
voirs are depleted with Nd, which is more incom-
patible than Sm.

The balance of radiogenic *3Nd* in silicate reser-
voirs is determined by the equation [Allegre, :

Mccr['**Nd*|cer + Mpyvm [ Nd* | pavu =

(Mccr + Mpym) [M*Nd*]gse (4)

Usually the contribution of 3Nd* in reservoir

[153})

i” is expressed as

143Nd 143Nd
144Nd)1/(144Nd)BSE] - 1.
(5)
Substituting into and taking into account
that within the frame of the chondritic earth model
e3Ndpgg = 0 reduce (@) to

eM3Nd=10, 000x{[(

Mpa [Nd]panve **Ndpaw =

— Mcer[Nd]ocre®*Ndeer

(6)
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Substituting the mass of the continental crust
Mccr = 2.26 x 10?5 g, the (average for the reser-
voirs) concentrations of [Nd]cor = 22x107% g g1,
[INdlpmm = 0.7 x 1076 g g7!, and the e-values,
8143NdCCR = —17, 8143NdDMM =9 [see Fig—
ure 27.18 and Tables 17.1 and 28.2 in Tolstikhin
and Kramers, , into @, as small mass Mpyum
is derived as ~ 1.2 x 10%” g, which is ~ 30% of the
mass of the silicate Earth. To ensure the balance
of the 147Sm-143Nd isotope systematics, a comple-
mentary reservoir is required, either a large (=~ 2/3
of the silicate Earth) with chondritic isotope abun-
dances of Sm and Nd, or a smaller one, consisting
of an enriched material (for example, the ancient
crust) isolated from the mantle convection of [e.g.,
Tolstikhin and Hofmann, [2005].

2.8. The Late Accretion

Three specific features of the late accretion are
required in order to explain all different observa-
tions considered in Sections 2.IH2.7 impacts of
the late veneer bodies with the Earth as
well as transfer of the early Earth’s crust along
with the chondrite-like and solar wind irradiated
regolith into the mantle were not accompa-
nied by fractionation of noble metals and degassing
of noble gases; some fraction of the transferred ma-
terial was mixed with the mantle rocks, while an-
other one was isolated from mantle convection and

mixing (2:8.3).

2.8.1. The models of the late accretion are
to be developed and at present there is no consen-
sus about size(s) of impactors constituting the late
veneer and the post-impact processes. In case of
meter-scale sizes [Rivera-Valentin and Barr,
Schlichting et al., , fallout of small debris
did not cause their melting, fractionation, and de-
gassing, by analogy with meteorites collected on
the Earth’s surface at present. Such a proposal
envisages preservation of both NM and NG in the
regolith material. Future modeling should show
whether the flow of such debris would be intense
enough to transfer a sufficient mass of an unfrac-
tionated and un-degassed regolith on the surface of
the early crust.

In case of large (up to ~ 103 km) impactors [Ray-
mond et al., melting and evaporation of im-
pactor, crustal and mantle materials are the prin-
cipal processes [Kraus et al., . To prevent
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fractionation of NM, special additional features of
these processes are considered. For example, evap-
oration was followed by condensation of the cooling
matter and its deposition on the surface of the an-
cient crust; it is assumed that these processes do
not fractionate the NM [Albarede et al.,[2013]. An-
other possibility is that impact-generating melting
(of the impactor’s core and mantle along with the
earth’s crust and mantle) resulted in “atomization”
of NM in the melt. Subsequent mixing with (al-
most) NM-free mantle was fast enough to prevent
the segregation of metal [Puchtel et al., .

The two “end-member” proposals are not com-
pletely incompatible, especially taken into account
the different contributions of the late veneer mate-
rials, required to supply NM (& 5x 1073 x Mg ARTH)
and NG (= 5 x 107* x Mgagrrn). The heavy im-
pacts caused explosions and (partially) disintegrate
colliding materials; small debris, produced by dis-
integration (e.g., “earth-earth meteorites”), could
preserve the noble gases and even be SW irradi-
ated.

2.8.2. The transfer of the ancient crust with
NM- and NG-rich regolith on its surface into
the mantle without melting, fractionation and de-
gassing has not been studied yet. The simplest
assumption proposed by Tolstikhin and Hofmann
envisaged the early (subduction-like) trans-
fer when water was absent on the earth surface.
However recent models of the early crust indicate
its relatively long life time (Section 1.3). Thus, Mo-
jzsis et al. studied ancient (up to 4300 Ma
old) zircons and postulate that they were formed
from “magmas containing a significant component
of re-worked continental crust that formed in the
presence of water near the Earth’s surface.” These
data are therefore consistent with the presence of
a hydro-sphere =~ 4300 Ma ago.

The mechanisms of transfer of the early crust
(occurred before ~ 4000 Ma) into the mantle
could have no analogues with those operated dur-
ing the “geological history”. For example, Marchi
et al. considered flux of extraterrestrial
bodies, early terrestrial impacts, and their effects
on the crustal growth and evolution. The sur-
face of the Hadean Earth was widely reprocessed
by impacts through mixing and burial of impact-
generated melts. Existing oceans would have re-
peatedly boiled away into steam atmospheres as a
result of large collisions.
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2.8.3. Within the convective depleted mantle
the sunken crust + regolith were (i) partially mixed
with the mantle materials, thus providing the oc-
currence of NM in the Earth’s mantle in chon-
dritic relationships [Walker, R016]; (ii) partially
preserved as an isolated mantle reservoir [Jackson
et al., Tolstikhin and Hofmann, , thus
providing the contributions of solar He, Ne [Gra-
ham, 2002], 129Xe(T), ¥5Xe(Pu), Q-Xe [Caracausi
et al., Parai and Mukhopadhyay, R015] and
meteoritic Kr [Holland et al.,[2009] in mantle rocks
and gases.

3. Concluding Remarks

Sinking of the ancient crust with the chondritic
and solar-wind-irradiated regolith into the man-
tle allows several independent observations (on the
concentrations and isotopic compositions of volatile,
lithophile and siderophile elements in the observ-
able terrestrial reservoirs) to be explained, provid-
ing this process was not accompanied by fraction-
ation and degassing of the respective species.

Following this scenario transport models, based
on evolution of the radioactive and radiogenic iso-
topes in the Earth’s principal reservoirs, allow esti-
mates of the fluxes of masses and species between
and within the reservoirs. Thus, the rate of par-
tial melting of mantle rocks through time, i.e., the
degassing flux, constrains the convection in the sil-
icate Earth, and also the time of Earth’s atmo-
sphere closure to Xe loss. The validity of the trans-
port models should be verified by more complicated
physical modeling.

Regarding the late Earth’s accretion, the most
important problems, to be studied by physical
modeling, are: (i) the accumulation of sufficient
amounts of undegassed and unfractionated chon-
drite and SW-irradiated materials (the late veneer)
on the early crust; (ii) transfer of these materials
along with the early crust into the mantle without
fractionation and degassing; (iii) the mechanism(s)
and degree(s) of mixing of the transferred crust
with terrestrial regolith within mantle reservoir(s).
Solution of these problems would help to under-
stand the post-giant-impact evolution of the Earth,
and respective observations, including difference in
129X e (1) /135Xe(Pu) in MORB and PLUME rocks
and fluids.
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