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Abstract

Advances in seismic tomography and mantle convection modeling have led to the convincing conclusion of whole-mantle
convective flow, so that compositional differences between upper and lower mantle could not have been preserved over the age of
the earth. Nevertheless, there is compelling geochemical evidence favoring the occurrence of an ancient apparently isolated
reservoir. We propose this reservoir is located in the core—mantle transition (termed D”). It was formed during the late stages of
Earth accretion via subduction of primitive mafic to ultramafic crust along with a terrestrial regolith composed (partially) of
chondritic and solar—wind-implanted material. To investigate this scenario we develop a quantitative geochemical model
envisaging accretion of the Earth from chondrite-like material, formation and evolution of the principal terrestrial reservoirs
(the mantle, core, D", continental crust) via mass fluxes that include rare gas and respective parent isotopes, also Sm, Nd, Lu, Hf,
Rb, Sr, W isotopes and siderophile elements. The solution shows that such a model, with a D” mass of ~ 2x 10?° g and a regolith
proportion of ~ 1/4, allows the apparent conflict between geophysical and geochemical observations to be resolved.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction ities especially those formed early in Earth history are

unlikely to have been preserved (van Keken et al.,

The advances in high-resolution seismic tomogra-
phy and mantle convection modeling have led to the
conclusion that convective flow encompasses the
whole mantle and thus this reservoir is efficiently
mixed (Grand, 1994; Christensen, 1995; van der
Hilst et al., 1997; Puster and Jordan, 1997; Bunge et
al., 1998; van Keken and Zhong, 1999; Montelli et al.,
2004). This means that large-scale mantle heterogene-
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2002). Much more vigorous convection is furthermore
expected in early Earth evolution, at least during the
first ~500 Ma after Earth accretion, and this further
reinforces the above conclusion (Tolstikhin and Marty,
1998, see Section 7.2).

Geochemical data discussed briefly in Section 2 are
in apparent conflict with this outcome of geophysical
observations and models. In an attempt to outline a
unified Earth model capable of resolving this conflict,
it has been proposed that a small core-mantle transition
zone (formed during late stages of Earth accretion from
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subducted basaltic crust along with terrestrial chon-
drite-like regolith) could be a geochemically important
reservoir (Tolstikhin and Hofmann, 2005). In this
contribution we develop a simple transport balance
model and apply it to the proposed scenario. Even
though such models do not generate a unique solution,
they can illustrate whether a solution is plausible,
which parameters are important, and constrain poorly
known or unknown parameters.

Our modeling strategy is based on distinct reser-
voirs. Here we differ from Meibom and Anderson
(2003) who support the view “that statistical distribu-
tions of lithologic components and sampling theory
should replace the concept of distinct isolated geochem-
ical reservoirs, and extensive convective stirring prior
to sampling”. Rather, two approaches are possible. One
is the investigation, generally performed within the
frame of a steady state approximation, of the fine
structure of a reservoir, sources and scales of its hetero-
geneities and reasons why these heterogeneities are
preserved. Another is the study of when and how a
given reservoir could have been formed and developed.
Here the average compositions of reservoirs can be
used.

Three types of chemical evolutionary models may be
distinguished (in order of increasing complexity): (1)
transport models envisaging distinct homogeneous
reservoirs and applying mainly mass balance considera-
tions (e.g., O’Nions et al., 1979; Jacobsen and Wasser-
burg, 1979); (2) transport chemical models envisaging
the temporal preservation of chemical and isotopic
heterogeneities, which highlight the behaviour of spe-
cies within each reservoir considered (Kellogg et al.,
2002); (3) physical models with chemical tracers in
them (Christensen and Hofmann, 1994; van Keken et
al., 2002; Samuel and Farnetani, 2003).

Such models are best applied progressively, increas-
ing complexity only when simpler approaches and their
deficiencies are understood. In this contribution we aim
to make a start by applying a simple transport model to
multiple isotope and trace element systems in order to
study an initially chondritic whole-mantle-convective
Earth. The model includes two major stages of Earth
history, accretion and post-accretion evolution. The rel-
evant geochemical and isotopic systems are: 'S?Hf
—182W, refractory moderately and highly siderophile
elements, ***Pu—Xe (Pu), '*’I-'*?Xe(I), **K—*°Ar, U-
Th-He (Ne), '*’Sm—"**Nd, '°Lu—"'"°Hf, and *’Rb-*"Sr.

Only one reference solution of the model is pre-
sented. The importance of the parameters and how
their variations influence the solution are to be dis-
cussed in later contributions. Problems related to the

composition and evolution of the terrestrial atmosphere
are marginally relevant in this contribution, and we
refer to observed atmospheric abundances of species
of interest only where these are important for the bal-
ance in the solid earth.

2. Geochemical indicators for the occurrence of an
early-formed, apparently isolated reservoir

There is diverse geochemical evidence for an an-
cient apparently isolated reservoir. Most of this evi-
dence has been widely discussed in the literature and
we only briefly review it here. The isotopic signatures
of rare gases in the mantle are especially important
and convincing: rare gas abundances in meteoritic and
potential prototerrestrial materials are many orders of
magnitude below the solar abundance (a direct conse-
quence of rare gas “nobility”). Therefore noble gas
isotopic anomalies are readily seen above the terres-
trial background.

2.1. Paradox of radiogenic xenon isotopes

Xe includes a radiogenic isotope, '*’Xe, resulting
from the decay of extinct '*°I (half-life 15.7 Ma) and
fissiogenic isotopes, particularly '*°Xe, resulting from
fission of 2**U (4.47 Ga) and extinct ***Pu (80 Ma). The
original abundances of the extinct parent isotopes in the
Earth can be estimated with reasonable confidence (see
Table 1) and would result in a '**Xe (I)/**Xe (U) ratio of
~3000 and a **Xe (Pu)/"**Xe (U) ratio of ~40 if no loss
of Xe had occurred at all. However, the ratios observed
in mantle Xe are '**Xe(I)/"**Xe(U) =3 and '**Xe
(Pu)/"**Xe(U) <0.4, lower than the closed system
values by factors of 1000 and >100, respectively. A
first conclusion is that loss of both '**Xe(I) and '**Xe
(Pu) has occurred early in Earth history. Further, if the
solid Earth is modeled as a single reservoir, a paradox
arises: Fitting the observed value for '**Xe (I)/ **Xe (U)
requires a much shorter degassing time scale than that
needed for reconciling '**Xe (Pu)/'**Xe (U) (see Kunz
et al., 1998).

A present-day ratio of '**Xe(I)/'**Xe(U) = 3, sim-
ilar to that observed, results from a model in which it is
assumed that Xe was almost completely lost up to about
4.47 Ga ago and that no significant further loss oc-
curred subsequently. The short-lived parent isotope '*°I
would have been almost completely decayed by the
time its daughter isotope '*’Xe(I) was lost, while
13¢Xe(U) would continue to be produced by fission
of long-lived ***U. Only a small portion of '**Xe(U)
was generated and lost before 4.47 Ga ago, so that the
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early Xe loss did not substantially affect the amount of
136X¢e (U) in the reservoir.

However, this model of closure at 4.47 Ga yields a
136X e (Pu)/'**Xe(U) ratio about 50 times larger than
observed. In order to obtain a good fit for '*°Xe (Pu)/
136xe (U), a much later closure of the system, at ~4 Ga,
must be invoked. By this time ~99% of ***Pu would have
been decayed, and the remaining 1% would subsequent-

Table 1
Input parameters: mass and composition of prototerrestrial materials
and respective decay constants

Parameter Dimensions Value Notes
Mass of reservoir Gram 5.98 x 10?7 1
Metal/total mass ratio Ratio 0.3275 1
Chondrite/basalt ratio Ratio 0.2 1
22Th Atoms/g 1.57x 10" 2
22Th /38U Atomic 2.41 2
25y /38y 0.316

244py /238y Atomic 0.01 3
1271232 Atomic 0.206 4
12911271 0.0001 5
40g /238y Atomic 52 6
144Nd 8.40E+14 7
1SNd/*Nd 0.506673 8
1478 m/1*Nd Atomic 0.202665 8
144N d/Nd Atomic 0.23794 8
7THE Atom/g 1.21x10" 9
176R£/ 17 THE 0.27982 10
76w/ THE Atomic 0.03615 10
THE/HE Atomic 0.18599 10
86gr Atoms/g 9.15x 10" 11
87Sr/3%Sr 0.69876 12
87Rb/%6Sr Atomic 0.0864 13
Co, Ni, Mo, Ir, Re, Au Norm. ratio 0.6725 14
184y Norm. ratio 0.6725 15
182y /184y 0.8643 16
180 £/ 184y Atomic 1.33 16
182p1£/ 1801 £ 0.00014 16
“He/*Hegy 2310 17
35Ar/*Hesmy 0.066 18
YOAr/30Argin 0.01 18
130Xe/*Hegny 1.6E-07 18
*He/"*"Xeq 0.323 19
“He/"*"Xeq 2300 19
*Ar/B%%e 470 19
H0Ar/Xeq 4.7 19
129Xe/ X eq 6.31 19
36Xe/ " Xeq 1.95 19
Jiran Ga™! 8.41 20
Ji3g Ga ! 0.155125

235 Ga™! 0.98485

232 Ga ! 0.049475

J1so Ga™! 77.01635

J176 Ga~! 0.01865

147 Ga™! 0.00654

J120 Ga ! 44.15

g7 Ga™! 0.01402

J.a0 Ga ! 0.5543

ly have produced the observed '*Xe(Pu)/'**Xe(U)
ratio. Needless to say, no measurable '**Xe(I) would
now have been present on Earth with such a late closure
time.

The traditional explanation, or solution, of this man-
tle xenon paradox (since the early inspiring paper by
Butler et al., 1963) makes use of two reservoirs: (1) an
ancient reservoir, which became isolated very early in

Notes to Table 1:

(1) First two rows: same as for the present-day Earth; third row: this
proportion of chondrite-like material is enough to increase the mean
basalt+regolith density by 7% and to stabilize this mixed material at
the bottom of the convective mantle (Kellogg, 1997).

(2) Corresponds to U=19 ppb and Th/U=3.9 in the present-day BSE
(Rocholl and Jochum, 1993).

(3) Meteoritic mean (see compilation by Azbel and Tolstikhin, 1993).
This is close to the upper limit of the canonical ratio ***Pu/
238U =0.0068 + 0.003 (Hudson et al., 1982).

(4) Corresponds to 10 ppm of ' in the BSE (Deruelle et al., 1992;
Muramatsu et al., 2001; Muramatsu and Wedepohl, 1998).

(5) Meteoritic mean (e.g., Swindle and Podosek, 1988).

(6) Corresponds to the present-day mass ratio K/Uggg=12,000
(Jochum et al., 1983).

(7) Corresponds to 1250 ppb of Nd in BSE (McDonough and Sun,
1995).

(8) Chondritic systematics (Jacobsen and Wasserburg, 1980a; Jacob-
sen et al., 1984; Wasserburg et al., 1981).

(9) From McDonough and Sun (1995).

(10) After Blichert-Toft and Albaréde (1997).

(11) After McDonough and Sun (1995).

(12) After Wasserburg et al. (1977).

(12, 13) After Hofmann (1988) and McDonough and Sun (1995);
corresponds to present-day K/Rb=400 and *’Sr/*Srpgr=0.7041.
The latter is slightly below the value of 0.7045 (Jacobsen and Wasser-
burg, 1979), which is widely used but not really constrained (Blichert-
Toft and Albarede, 1997).

(14) Chondritic abundances normalized to C1 and Al that give =1 in
the mantle if siderophile elements would not have been sequestered
into the core.

(15) In the case of tungsten, '3*W stands instead of element because it
is the reference isotope for 'S?Hf-"**W systematics.

(16) Similar to Kleine et al. (2002), Schoenberg et al. (2002), Yin et
al. (2002).

(17, 18) The solar implanted nuclide (SIN) abundances could be
different from solar wind (SW) and/or solar energetic particles
(SEP) because of much more intense solar radiation during the first
~100 Myr after solar system (SOS) formation (see Wood et al., 2002).
Also the astrophysical environment in which the implantation oc-
curred is unknown. To highlight this possible difference we have used
another abbreviation. The value listed for note 17 is after Pedroni and
Begemann (1994), values for note 18 are assumed to be similar to the
implanted solar wind (Anders and Grevesse, 1989). The isotope
composition of Xegy is not important because Xeq is by far the
major Xe component (see Section 5).

(19) After Busemann et al. (2000).

(20) Decay constants and *°K —*°Ar branching ratio 0.1048 (after
Villa and Renne, 1998). The fission branching ratios and '**Xe yields
are 5.45x 10~ 7 and 0.063 for **U and 0.00125 and 0.056 for ***Pu,
respectively (Ozima and Podosek, 2002).
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Earth history, and contains most of terrestrial '**Xe(I),
and (2) the convecting, continuously degassed mantle,
which communicates with the atmosphere through vol-
canism and subduction. The first reservoir is envisaged
to be incompletely closed, and the observed '**Xe(I)/
136X ¢ (U) ratio would result from “leakage” of 129%e (1)
into the second reservoir. In principle a single-reservoir
degassing model can also be reconciled with the ob-
served abundances of mantle and atmospheric xenon
(to be published elsewhere). However, some of the
consequences of this model generate new problems.
For instance, this model would require very late loss
of xenon from the Earth’s atmosphere, at ~3.8 Ga ago,
but fingerprints of this dramatic event have not yet been
discovered in the geological record and respective
geochemical systematics (e.g., K—Ar). Therefore the
2-reservoir-model is still by far the most plausible
solution for the mantle xenology paradox.

2.2. Primordial solar He and Ne; heat fluxes

The “He/*He and >'Ne/?*Ne ratios in some plume-
derived rocks and fluids (e.g., Fig. 1 in Tolstikhin and
Hofmann, 2005, see also Dixon et al., 2000; Moreira et
al., 2001) are much lower than the relatively uniform
ratios in mid-ocean ridge basalt (MORB) samples and
require low time-integrated (U, Th)/*He and (U,
Th)/**Ne ratios in a respective source reservoir. Previ-
ously, modeling of light noble gas characteristics of the
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Fig. 1. The terrestrial ¢ (Hf) versus ¢ (Nd) array (Vervoort et al., 1999,
2000). The three regression lines for the mantle- and crustal-derived
sub-sets and for the complete data set are very similar and all pass by
about +3 ¢ (Hf) units above chondritic ¢(Nd)—¢ (Hf) values for the
bulk silicate earth. Circles are the average ¢ values derived from the
reference solution of the model for the three reservoirs involved. The
model-derived mantle—crust connection (thick gray line) is indistin-
guishable from the regressions of the data (see references for data-
sources in these contributions).

upper mantle has been based on the concept of influx
from a large reservoir, the lower mantle (O’Nions and
Oxburgh, 1983: Kellogg and Wasserburg, 1990; Porcelli
and Wasserburg, 1995). Further, O’Nions and Oxburgh
(1983) pointed out that heat and helium fluxes from the
Earth’s mantle are “most readily compatible with a
convecting upper mantle, which loses its small amount
of radiogenic heat and helium efficiently but which is
isolated from a lower mantle reservoir” which generates
the major portion of the terrestrial radiogenic heat.
Recently van Keken et al. (2001) reviewed this problem
and confirmed the validity of the above conclusion.

2.3. Lithophile mass balances

The rare earth elements are particularly suitable for
addressing problems of the Earth’s chemical inventory:
They are all involatile and lithophile, so that their initial
BSE abundances can be reliably restored from meteor-
itic data. They are also (in most cases) incompatible,
and their behavior in terrestrial fractionation processes
is relatively simple and well understood. Further, iso-
topic systematics are available along with the chemical
data. Therefore REEs and especially the '*’Sm—'**Nd
isotope systematics have been widely used to model
terrestrial fractionation processes as well as the evolu-
tion and present-day structure of the Earth.

The isotopic record of Sm—Nd systematics shows
that it is difficult to reconcile the present-day bulk
silicate Earth (BSE) inventory of refractory non-side-
rophile elements with the chondritic initial abundances
if the elements are distributed between two complemen-
tary reservoirs: the depleted MORB-source mantle
(DM) with mass Mpy and Nd concentration Ndpyy,
and the continental crust (CC, Mcc, Ndcc). The mass
balance (e.g., Allegre, 1997) dictates:

MceNdee S(Nd)CC + MDMNdDMS(Nd) DM

= (Mcc + Mpm)e(Nd) gep (1)

where ¢(Nd)=10000 x (("*Nd /" Nd)rgs/ (***Nd /
"Nd)gsg — 1) refers to the Nd isotope composition in
a given reservoir relative to the bulk silicate earth,
which is assumed to be of chondritic composition.
Hence ¢ (Nd)gsg =0 and

Mpm = — (MccNdecéce /Ndpmépm)- (2

Substituting in (2) Ndpy=0.9 ppm (McKenzie and
O’Nions, 1991) and epy=9 (well defined, Section 6.2)
along with the upper limit for Ndcc=26 ppm (e.g.,
Wedepohl, 1995) and lower limit for ecc=—21 (Fig.
1) gives a maximum depleted mantle mass of ~0.4 X total
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mantle. A primitive or enriched reservoir is thus re-
quired to store a considerable portion of Nd (as well
as all other refractory lithophile trace elements). Early
evolutionary models by O’Nions et al. (1979), Jacobsen
and Wasserburg (1979, 1980b), DePaolo (1980) and
Azbel and Tolstikhin (1988) led to very similar conclu-
sions and corroborated a layered mantle concept.

2.4. Lu—Hf and Sm—Nd misfit

A combined inventory of terrestrial Lu—Hf and Sm—
Nd systematics (including mantle and crustal rocks,
both magmatic and sedimentary) gives a coherent
& (Hf) versus ¢ (Nd) array with ¢ (Hf) data-points lying
about +3 ¢ (Hf) units above the chondritic value, con-
sidered to also represent the BSE (Fig. 1). Chase and
Patchett (1988) proposed an explanation for this dis-
crepancy: early formed mantle melts were in equilibri-
um with garnet and therefore left behind a residual
mantle with enhanced Lu/Hf ratio; these melts formed
an early crust, which was subducted and isolated from
the convecting mantle. This scenario, discussed in sev-
eral later contributions (e.g., Blichert-Toft and Albarede,
1997; Blichert-Toft and Arndt, 1999), reconciles the
super-chondritic Hf isotopic composition (as observed
in the terrestrial array) and an initially chondritic bulk
silicate earth. Recent re-investigation of Lu—Hf isotope
systematics in chondritic meteorites by Patchett et al.
(2004) has shown that both '7°Hf/'”’Hf and
76Lu/"7"Hf ratios vary substantially and therefore it is
difficult to constrain the BSE parameters precisely.
However, on the whole the meteoritic data still lead to
€ (Hf)gsg somewhat below the terrestrial HF-Nd array.

To explain these observations several proposals have
been put forward. All of these have deficiencies. (i)
Most proposals consider only some of the observations
(e.g., mantle rare gases, Albarede, 1998; Porcelli and
Halliday, 2001; Trieloff and Kunz, 2005; Class and
Goldstein, 2005). (ii) Layered-mantle models proposed
to account for the geochemical observations invoke
large lower mantle reservoirs that have not been ob-
served in seismic tomography (e.g., Kellogg et al.,
1999). (iii) It has not been suggested as yet when and
how a long-lived distinct mantle reservoir could have
been formed and stabilized (e.g., van Keken et al.,
2002; Samuel and Farnetani, 2003).

3. The proposal: D" as an early-formed apparently
isolated geochemically important reservoir

Recently Tolstikhin and Hofmann (2002, 2005) pro-
posed that the region at the base of the mantle (termed

D’”, the abbreviation DDP is used in suffixes) constitu-
tes the largely isolated reservoir containing the missing
components of the terrestrial budget. The present mass
of this layer, from seismic data, is 2.31 X 10%¢ g, (see
discussion in Tolstikhin and Hofmann, 2002, 2005). A
recent exciting discovery by Boyet and Carlson (2005)
may lend support to this proposal: They reported
2N d/"*Nd analyses on 6 chondritic meteorites and
showed these to be consistently below the terrestrial
value, with an average offset of —20 ppm. Within the
frame of the chondritic Earth model this means that the
known silicate Earth as a whole became LREE-depleted
when '**Nd (half-life 103 Ma) was still significant. In
other words, a LREE-enriched reservoir must have
become permanently separated from it. The explanation
suggested by Boyet and Carlson (2005) is that relative-
ly LREE-enriched mafic crust, formed by mantle partial
melting, was sequestrated in the D” layer in earliest
Earth history.

Tolstikhin and Hofmann (2002, 2005) envisaged that
this layer was formed as a result of the loading of an
early terrestrial mafic to ultramafic crust with a late
accretion “veneer” of average chondritic composition,
which made it intrinsically denser than silicate mantle
material so that it could sink and reside stably at the
base of the mantle. This proposal has a basis in models
for the formation of the terrestrial planets that include
the effect of Jupiter and Saturn on the asteroid belt
(Chambers and Wetherill, 2001; Morbidelli et al.,
2000). On the one hand, models predict that collisions
with planet-sized bodies (such as gave rise to the
Moon) form the dominant contribution to late Earth
accretion (Angor et al., 1999). On the other hand,
resonances between the giant planets and the asteroid
belt would have caused scattering and collisions in this
belt, causing most of its mass to be lost from it. If the
original eccentricity of the orbits of Jupiter and Saturn
was low, this “clearing” could have happened tens of
Ma after the start of solar system formation, at a time
when the Earth was almost fully accreted (Chambers
and Wetherill, 2001). It is reasonable to assume that at
this stage small planetesimals, collision-related frag-
ments and dust collided with the Earth (Morbidelli et
al., 2000).

Whether material arrived in large or in small impacts
greatly affected how it was incorporated in the Earth.
The kinetic energy of large impactors was deposited at
some depth below the Earth’s surface. It caused melt-
ing, degassing and even vaporization, vigorous convec-
tion and mixing of impactor and target materials
(Pierazzo and Melosh, 1999). Then metal/silicate frac-
tionation and metal transfer into the core followed,
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leaving behind metal- and siderophile element-free
degassed silicate material. The silicate melts formed
an early basaltic to komatiitic crust. In contrast, smaller
bodies would merely load the crust, contributing to a
terrestrial regolith.

The late accreting matter probably would have in-
cluded differentiated as well as chondrite-like material,
and its average composition may have been close to
chondritic, with a volatile component retained in part of
it. Because the solar nebula was transparent at that time,
solar emissions irradiated their surfaces gardened by
collisions; therefore the thickness of the solar-gas-rich
regolith may have been considerable. As these bodies
fell on the Earth and loaded the early crust, the rare-gas-
rich material could have survived atmospheric ablation
and preserved appreciable amounts of initially trapped
Q and implanted solar gases, as demonstrated today by
solar-rare-gas-rich meteorites, Q-gas-rich chondrites
and meteorites bearing sub-solar rare gases (Poupeau
et al., 1974; Busemann et al., 2000, 2003).

The early basaltic’/komatiitic crust was probably
thicker and denser than present-day oceanic crust, be-
cause of the high degree of melting that caused it and
owing to its ultramafic component (e.g., Chase and
Patchett, 1988). Its bulk density increased further
through loading by a (on average) chondrite-like rego-
lith containing metallic iron. This means that, when the
crust was subducted, it is likely to have descended to
the core mantle boundary, where it formed a semi-
permanent dense layer. The intrinsic enrichment in
iron and silica would allow this layer to be stabilized,
in full accord with recent proposals (Samuel et al.,
2003; Mao et al., 2004). There may be other mechan-
isms for D” stabilization. These include the formation
of a dense post perovskite phase (Oganov and Ono,
2004), or the formation of iron-rich dense silicate melts
(Lay et al., 2004). In any case, only material accumu-
lated in D” after the Moon-forming Giant Impact could
have been preserved in this way, as this event almost
certainly entailed whole-mantle melting.

This scenario provides a natural explanation of how
a “late veneer” could have been transferred from the
Earth’s surface into the mantle, developing specific
noble gas and siderophile element abundance patterns
in the deep Earth, and why a repository for at least some
of this veneer could have become isolated from the
convecting mantle. Small mass (and/or species) fluxes
from D” into the convecting mantle could have subse-
quently maintained a mantle rare gas isotope signature
throughout Earth’s history. Naturally, mixing of some
of the subducting crust+regolith assemblage with the
material of the convecting mantle could have occurred

before this assemblage approached the core—mantle
boundary, thus ensuring delivery of siderophile ele-
ments directly into the mantle.

4. Earth accretion and evolution: the model

We describe the above scenario by a transport model
similar to those published previously (Kramers and
Tolstikhin, 1997; Kramers, 1998; Tolstikhin and
Marty, 1998).

The main stage of Earth accretion is portrayed as a
mass flux from a reservoir of prototerrestrial material
(ptm, see Table 1 below) into the silicate shell of the
earth (bulk mantle, bml, Fig. 2A). The silicate Earth is
envisaged as a vigorously convecting reservoir, so that
mixing of metal-bearing accreting material with metal-
depleted mantle material precedes metal-silicate frac-
tionation. The fractionation occurs in a mantle fraction-
ation zone, mf, melted either as a result of impact, or/
and through decompression resulting from convection.
Within this zone liquid and solid metal and silicate
phases separate from the bulk mixed mantle material.
Trace elements are partitioned among these phases,
whereby equilibrium partitioning is envisaged (see
Egs. (3), (4) and (6) in Kramers, 1998). The metal/
silicate partition coefficients change in the course of the
process following a general increase of oxygen fugacity
(Righter et al., 1997; Kramers, 1998). Metal is segre-
gated in mf, followed by merging and settling of dro-
plets, and can ultimately form blobs or diapirs large
enough to sink though the mantle and join the core (see
Egs. (1) and (2) in Kramers, 1998). The metal fraction
of the mantle F (met),,, is controlled by the feeding
flux carrying a constant portion of metal, 0.327, by the
mantle mass My, (¢), and by the mantle—core metal-
removing flux. Obviously the metal fraction decreases
from the above value at the start of core segregation to
very low values during the late stages of the process.
Even after accretion has ceased, core growth continues
as long as the metal content in the mantle fractionation
zone is large enough to allow metal settling. The liquid
silicates form a basaltic (komatiitic) crust (boc) and
then, along with the solid silicates, return to the mantle
and are re-mixed within this reservoir.

During late accretion, part of this early crust is
loaded with prototerrestrial material irradiated by solar
corpuscular radiation as discussed above. The basaltic
crust, along with this “terrestrial regolith”, sinks to the
core—mantle boundary, and forms the D" reservoir. A
basalt/regolith mass ratio of (4/1) results in a density
contrast large enough to stabilize this mix at the core—
mantle boundary.
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Fig. 2. Schematic presentation of chemical transport model. (A) Accretion-core formation fluxes and processes envisaged by the model. (B) Post-
accretion fluxes and processes. Partial melting and fractionation domains are: mf for MORB-production, and sf for continental crust formation

(equivalent to mantle wedge above subduction zones).

After accretion and core-segregation have ceased,
decompression-related partial melting and fractionation
in a mantle fractionation zone continue, producing a
flux of liquid silicates that forms a short-lived crust boc
(Fig. 2B). The rare gas constituents of this flux are
quantitatively released into the atmosphere (atm),
which undergoes early gas dissipation processes. The
oceanic crust is being contaminated by material eroded
from the continents and by atmospheric rare gases (Egs.
(A2.4) and (A2.13) in Tolstikhin and Marty, 1998). The
mass of the oceanic crust is small and constant. While
new crust is generated via mf-fractionation, an out-flux
of an equivalent portion of the contaminated crust is
split: the major part returns to the mantle, whereas the
minor part enters the subduction-related fractionation
zone sf; the proportion of splitting is governed by the
continental-crust-generating flux of liquid silicate (see
Eq. (9) in Kramers and Tolstikhin, 1997).

The model envisages the subduction-related frac-
tionation sf as the only process supplying the continen-
tal crust (coc) with mass and species (Fig. 2B). To
model crustal growth, Jacobsen (1988) and Azbel and
Tolstikhin (1988) introduced the age distribution func-
tion AGE(0,7), which expresses masses of crustal
domains formed at age 0 ago and preserved till age .
The flux of liquid silicate from sf into the crust is
determined by AGE(0,¢) for t=0. This flux and the
fraction of liquid silicates in sf (see Section 7.3) deter-
mine the total influx, which is equal to the sum of two
fluxes: from the mantle wedge and from the oceanic
crust, and we used here the same flux ratio as was
inferred from Th—U-Pb modeling (see (12) in Kramers
and Tolstikhin, 1997). The difference between the total

influx and the flux of liquid silicates into the crust gives
the flux of solid silicate from sf into the mantle.

The crustal growth curve, dMcc/dt, is a free param-
eter, which should be constrained by modeling (see
Section 7.3). Then the flux of eroded material is the
difference AGE(t=0,T)—dMcc/dt (see Egs. (17),
(18) and Fig. 6 in Kramers and Tolstikhin, 1997). In
our simple model with just one crustal reservoir, the
composition of the eroded material is the same as the
bulk crustal composition at a given time (Section 6.2).
The degassing flux from the crust into the atmosphere
is described by the product of the degassing coefficient
Lcoc.atm [Gyr '] and the total amount of volatile
species 'Ncoc [at] in the crust, Leocarm X Neoc,
and the recycling flux of atmospheric rare gases into
the mantle is described in a similar way.

5. Accreting materials: “terrestrial chondrite”

Even though prototerrestrial material (or “terrestrial
chondrite”, a term proposed by M. Drake) cannot be
wholly identified with any known type of chondritic
meteorites, we use in this study chondrite-like initial
elemental and isotopic abundances of the involatile
elements Sm, Nd, Lu, Hf, W, U, Th, Sr as well as
involatile siderophile elements (Table 1). Rb—Sr and
K—Ar systematics are also included: even though Rb
and K are moderately volatile elements, their terrestrial
initial abundances are reconstructed via K/U and Rb/U
ratios, which are well constrained in the Earth, and
absolute initial concentration of involatile uranium.
Assuming such a starting material allows to evaluate,
in spite of uncertainties, whether both present-day in-
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ventories and evolution trends can be satisfied for an noble-gas-rich meteorites and the lunar regolith:

Earth model with whole mantle convection. *Hegpy <1%107° cc STP g~ ' (Benkert et al., 1993;
For the absolute initial concentrations of the highly Pedroni and Begemann, 1994; Busemann et al., 2000).

volatile rare gases in the “terrestrial regolith” that par- The relative initial abundances of light rare gas isotopes

tially formed D”, only upper limits can be given: they (He, Ne and Ar) are considered as solar, by analogy

should not be higher than those observed in solar- with solar implanted gases and taking into account the

Table 2

Calculated abundances of noble gas species and parent elements in principal terrestrial reservoirs

N Parameter Dimensions D" Mantle Cont. crust

a b c

1 Mass g 231 %10% 3.74 x 1077 226 % 10%

2 U ppb 715 77 1300

3 *He cc STP/g 25%1077 6.7x10° " 5%x10° 12

4 “He/*He Ratio 2.8x%10° 8.5x10* 1x10®

5 YOAr cc STP/g 6.7x107° 23x10°° 1.7x10°*

6 YOAr/3®Ar Ratio 29x%10° 4.8x10*

7 130%e cc STP/g 14x10" " 3.5%107 1

8 129%e/Xe Ratio 17.5 7.6

9 136Xe/1%Xe Ratio 2.47 2.54

10 136Xe (U) cc STP/g 23x107 1 12x107 " 1.1x10° "

11 129% e (1)/3¢Xe (U) Ratio 664 4.5

12 136Xe (Pu)/(1**Xe (U)+ **Xe (Pu)) Ratio 0.97 0.28 0.02

Because of severe mantle degassing (Section 7.2) rare gases are treated as highly incompatible elements with solid/melt bulk partition
coefficient=0.001 for all rare gas species. In the course of formation of the oceanic crust all rare gases are transferred from the respective melt
flux into the atmosphere.

The melt fraction in the mantle fractionation zone is a linearly decreasing function of time from 0.3 at =0 (start of accretion) till 0.1 (at present); it
is constant in the subduction fractionation zone varying from 0.01 to 0.008 in different versions of the model. Numbers refer to row “N”:
(1a) The initial model D” mass is 2.46 X 10%® g, so only 6% of the D" mass has been entrained by mantle convective flow in the course of Earth
history. Taking into account the model pm/D” mass ratio, 0.2, then the inferred amount of prototerrestrial materials used to maintain rare gas flux
through the mantle (since 4.5 Gyr ago) is <0.05% X Mgarru. This value is valid for rare gas systematics and it is slightly below the respective
estimate for the noble metals, <0.1% X Mgarry. Noble metals, however, can be reconciled without a flux from D” (Section 7.1).

(2abc) The crustal concentration of U is equal to that suggested by (Weaver and Tarney, 1984) and is ~10% below the estimate of Rudnick and
Fountain (1995). The mantle U concentration is the same as that derived from U-Th-Pb modeling by Kramers and Tolstikhin (1997) for the
depleted upper mantle. The K/U mass ratio in all reservoirs is 12,000 (adjusted to reconcile the amount of atmospheric *° Ar); the ratio is similar to
that proposed by (Jochum et al., 1983); 2*>Th/?**U=3.9 in all reservoirs, the second lead paradox is not addressed in this contribution (Kramers
and Tolstikhin, 1997).

(3a) This concentration of *Heppp corresponds to *Hespe=1.25x10"° cc STP g~ ! implanted in the “terrestrial regolith”.

(4a) All ratios of “He/*He and *'Ne/**Ne observed in plume-derived rocks (minerals) and fluids (including the very low ones, Section 6.3.1) can
be explained by mixing of D", plume-source, and mantle rare gases.

(4b) Slightly above *Hepyy =3 X 107" as inferred for the MORB-source mantle from the *He inventory in the oceans (Marty and Tolstikhin,
1998).

(5a) Portion of terrestrial “° Ar generated and preserved in D” approaches 24% of the terrestrial inventory and 55% of its inventory in the silicate
earth.

(5b and 6b) This concentration results mainly from ¢ Arary recycling. Without recycling the model *® Ar concentration in the mantle is much lower,
3 Argvr=6.2x 10~ 2 | and model the mantle “°Ar/3°Ar approaches 370,000. Air recycling has little effect on the *°Ar concentration of the
mantle.

(5¢) The crustal degassing constant applied is Lcoc atm=0.5 Gyr— ! 40 Ar* that survived in this degassing (weathering, metamorphism, etc.) in the
continental crust corresponds to 6% of the total terrestrial “° Ar*. The mean K—Ar age of the crust is 1.7 Gyr, slightly less than Sm/Nd age of 2.2
Gyr.

(5abc) Along with the atmospheric *°Ar=3.69 x 10*> cc STP these values give 6.55 x 10*> cc STP, which is 88% of the total *°Ar generated by
terrestrial potassium; 12% of terrestrial **Ar had been lost along with '**Xe(I) and '**Xe (Pu).

(7a) **Xeppp is determined by the model-derived concentration of '**Xe (I)ppp and the '2*Xe/'*°Xe ratio observed in CO, gas xenon (see 8a). In
turn, "**Xeppp determines the mixing proportion of Q (Busemann et al., 2000) and solar (Anders and Grevesse, 1989) initial rare gas components.
The model-derived ratio of '**Xeq/"**Xegp= 340, and the ratio of *° Arg/> Arg;p=0.39.

(8a) Similar to the ratio of '**Xe over the light-isotope-enriched fraction of '*Xe observed in CO, gas xenon (Tolstikhin and O’Nions, 1996).
(8b and 9b) These ratios fit the observed '**Xe/'**Xe versus '**Xe/'*°Xe mantle correlation (Tolstikhin and O’Nions, 1996).

(12a) Xe(Pu) is the principal fission Xe component in D”.

(12b) Contribution of Xe(Pu) as proposed by Kunz et al. (1998).
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solar-like light-noble-gas signatures in the mantle.
Chondrite-like material, the principal constituent of
D”, could preserve Q-type noble gases with enhanced
abundances of heavy species. Non-solar noble gas
abundance patterns in the Earth’s mantle (with high
Xe/Ar) have been discussed by Harper and Jacobsen
(1996) (who argued for Q gases in the mantle), and
Porcelli and Wasserburg (1995). Mixtures of solar-like
and Q components are a general feature of chondritic
meteorites, in particular enstatite chondrites (Busemann
et al., 2003). These have the same O-isotope abun-
dances as terrestrial materials (Clayton, 2003) and
formed near the Earth’s feeding zone, as follows from
their Mn—Cr isotope systematics (Shukolyukov and
Lugmair, 2004). Ratios of Q gases to solar implanted
nuclides (SIN) in meteorites vary from an almost pure
Q-component in carbonaceous chondrites (e.g., Allende
CM2, Busemann et al., 2000), to pure SIN (e.g., Acfer
H3-6, Pedroni and Begemann, 1994). A mixture be-
tween Q- and solar-implanted gases is a suitable start-
ing composition as discussed by Kramers (2003). The
proportion of mixing is an unknown parameter con-
strained by modeling (Section 7.3.1 and Table 2 below
present the calculated noble gas abundances, which
yield the solution of the model).

Ne isotope systematics are not included because,
as Honda et al. (1993) have shown, they generally
corroborate helium isotope data. Nevertheless we
discuss below some important observations on very
primitive neon isotope composition in Iceland basalts
(Section 6.3.1).

6. Principal terrestrial reservoirs, present-day
characteristics and evolutionary trends

The accessible portion of the Earth (i.e. excluding
D” and core) in our model consists of three major long-
lived complementary reservoirs: (i) a large incompati-
ble-element-depleted degassed mantle, treated here as
one convecting and relatively homogeneous reservoir,
(i) a small enriched heterogeneous continental crust
(also treated as a single reservoir), and (iii) a volatile-
bearing atmo-hydrosphere. In the following Sections
(6.1-6.3) we discuss parameters of these reservoirs
that are used as target values in modeling.

6.1. The siderophile element abundance pattern in the
mantle

The mantle abundances of siderophile elements dis-
play a specific pattern. The groups of moderately and
highly siderophile elements show, within themselves,

chondritic relative abundances, but with different de-
pletion factors, ~8x 10~ % for moderately and
~3 x 10~ for highly siderophile metals. It is important
that this grouping is in apparent accord with the degree
of siderophile behaviour of the elements: moderately
and highly siderophile elements constituting the groups
are progressively more depleted, and this would be
consistent with equilibrium metal-silicate fractionation
during the core formation process. However, within
each group the observed chondrite-normalised abun-
dance pattern is flat, thus portraying element ratios
consistent with accreting not-yet-fractionated materials.
Also the observed abundances exceed those predicted
from single-stage equilibrium fractionation for most of
these elements, especially so for noble metals.

The depletion factors yield important clues about the
segregation process. These factors are different from the
predicted outcome of a single-stage metal/silicate equi-
librium process, but they are in accord with models that
combine equilibrium partitioning between metal and
silicate fractions in continuous core segregation (con-
temporaneous with accretion) with substantial mixing of
chondrite-like accreting and already metal-free silicate
material. Moreover, a continuous multi-stage core seg-
regation mechanism directly follows from the standard
Earth accretion model: generally planetary embryos
were already differentiated before they impacted the
growing Earth. After each collision the metal cores of
the impactor and target could partly react again with the
silicate mantle, and partly combine without re-equilibra-
tion, as pointed out by Karato and Murthy (1997).
Therefore in this contribution we use a model that
envisages continuous core segregation during accretion
(Stevenson, 1990), post-impact mixing of fractionated
and unfractionated materials followed by equilibrium
metal-silicate partitioning (Azbel et al., 1993).

6.2. Sm—Nd, Lu—Hf and Rb—Sr isotopic systematics

MORB magmatism, generating ~6 x 10'® g of ba-
saltic melt per year (Crisp, 1984), causes major mantle
fractionation and degassing. Mantle fractionation
through time is recorded by several isotope systematics
and we use Sm—Nd and Lu-Hf to model this record.
Even though a large amount of accurate measurements
of Sm/Nd ratio and Nd isotopic compositions in
MORB samples is available, the problem of how rep-
resentative they are is still open. Attempting to resolve
this problem, Su (2002) compiled average trace element
and isotope abundances for ridge segments of a given
length. The respective total-net average (for ~300 ridge
segments, ~1300 measurements) derived from his com-
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pilation is ¢ (Nd)=8.9 + 1.6. Intersect of this ¢ (Nd) and
regression of the terrestrial array shown in Fig. 1 gives
the present-day mantle e (Hf)=17.

In contrast to the well-defined Nd and Hf isotope
compositions, the observed MORB concentrations of
Sm, Nd, Lu and Hf as well as Sm/Nd and Lu/Hf ratios
vary because the REE fractionate during MORB ex-
traction. Therefore only estimates derived from melting
models are available for the MORB-source mantle:
Nd~0.8 ppm, Sm/Nd = 0.37, Nd/Hf =4 and Lu/
Hf = 0.27 (e.g., McKenzie and O’Nions, 1991; Chau-
vel and Blichert-Toft, 2001; see Table 3).

The plot of initial '*Nd/'**Nd ratios in mantle
rocks versus age (Nédgler and Kramers, 1998, see data
sources in their paper) shows the mantle Nd isotope
evolution, which also constrains the model solution
(Fig. 3). The initial Nd isotope composition of the
solar system is not known very precisely and there is
some discussion whether it conforms to the CHUR
model or is slightly, e.g. by +1 &¢(Nd) higher. If a
CHUR initial € (Nd) is chosen, the most ancient rocks
indicate a depletion of their source, which would imply
early mantle fractionation.
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Fig. 3. Initial Nd isotope compositions in mantle-derived rocks (after
Nigler and Kramers, 1998, see sources of data in their contribution)
and the whole-mantle &yq evolution curve of our reference solution.
Of the total enq value of +9 of the present mantle, +5 is due to D” and
+4 to the continental crust (see text).

Regarding Rb—Sr isotope systematics, the compila-
tion by Su (2002) gives a reliable *’Sr/%°Sr=
0.7028 £ 0.0004 for the present-day MORB source,
which is indistinguishable from an earlier estimate by
Ito et al. (1987). No such agreement exists for the
proposed concentrations of the parent and daughter

Table 3

Output parameters for Sm—+Nd, Lu—Hf and Rb—Sr isotope systematics

N Parameter Dimension D’ Mantle Cont. crust
a b c

1 Mass g 24.47 372.86 2.26

2 Nd ppm 5.4 0.86 226

3 1478 m/1Nd (Sm/Nd) Ratio 0.17 (0.28) 0.22 (0.37) 0.115 (0.19)

4 ¢(Nd) Ratio —15 9 —17

5 Hf ppm 1.150 0.203 4370

6 176Lu/7THf (Lu/Hf) Ratio 0.021 (0.15) 0.040 (0.29) 0.012 (0.087)

7 & (H) Ratio —-35 16.4 -20

8 Sr ppm 83 14 360

9 87Rb/%¢Sr (Rb/Sr) Ratio 0.092 (0.03) 0.045 (0.015) 0.28 (0.1)

10 8751 /%St Ratio 0.7048 0.7029 0.7102

Solid/melt bulk partition coefficients:

In the mantle fractionation zone (mf, Fig. 2B) Nd—0.025, Sm—0.065, H—0.0385, Lu—0.19, Sr—0.033, Rb—0.001.

In subduction-related fractionation (sf, Fig. 2B) Nd—0.03, Sm—0.065, Hf—0.0385, Lu—0.145, Sr—0.033, Rb—0.0002 (see text for
discussion). (3abc and 6abc and 9abc) Mass ratios are shown in brackets.

(2¢ and 3c) Calculated crustal Nd concentrations and Sm/Nd, Hf/Nd ratios are within the range of estimates suggested by different authors (see
Table 11 in Rudnick and Fountain, 1995). Exactly the same crustal Sm/Nd ratio was inferred by Négler and Kramers (1998) for the layered mantle
model; their model upper mantle (i.e., reservoir complementary to the continental crust) was 1x 10?7 g, by a factor of 4 larger than D’
(3b) Indistinguishable from the ratio derived by Chauvel and Blichert-Toft (2001) from MORB source mantle melting models.

(4bc and 7bc) The e-coordinates of mantle and crustal endmembers lie on the Hf-Nd isotope terrestrial array regression line (Fig. I).
(6b) Same as inferred by Blichert-Toft and Arndt (1999) for the source of ancient komatiites. Chauvel and Blichert-Toft (2001) inferred Lu/
Hf=0.28 from MORB source mantle melting models.

(6¢) The model derived '7*Lu/'"7Hf is indistinguishable from the average ratio in sedimentary rocks, 0.0117, which could be a proxy for the
continental crust (see Table 2 in Vervoort et al., 1999).

(8c) As recommended by Rudnick and Fountain (1995).

(9bc) Corresponds to Rb/Sr ratios 0.015 and 0.1 for the mantle and continental crust, respectively. The latter value is between those suggested by
Jacobsen and Wasserburg (1979) and Taylor and McLennan (1985).

(10b) Corresponds to the MOR-segment-arranged data-base (307 MOR segments, totally 1300 ratios) of Su (2002), 0.70285 £ 0.00039 (& lo).
(10c) Within the limits suggested for the total continental crust by Jacobsen and Wasserburg, 1979).
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elements: White and Schilling (1978) suggested
Rb=0.15 ppm and Sr=25 ppm, whereas Workman
and Hart (2005) derived much lower values of 0.05
and 7.7 ppm, respectively, from their modeling (see
discussion in Section 7.3.2).

The continental crust is treated as a single reservoir
in this study. This choice appears to be reasonable for
Lu—Hf and Sm—Nd systematics, because the Nd and Hf
isotope compositions in magmatic, metamorphic and
sedimentary rock-types form a coherent terrestrial
array indicating the two principal end-members in-
volved: the continental crust and the depleted MORB-
source mantle (see Fig. 1). According to Vervoort et al.
(2000) “the lower crust appears to be broadly similar to
upper crustal samples” and we used respective estimates
by Goldstein and Jacobsen (1988) as the mean target
crustal values: Ndcc=22 +5 ppm, Sm/Ndcc=0.21 +
0.02 and ¢ (Nd)cc=—17 £ 5. These values are in over-
all agreement with the sedimentary rock data presented
by Vervoort et al. (1999). The Hf-Nd terrestrial array
relates isotopic Hf and Nd characteristics of the two
reservoirs and we infer the target Hf compositions of
mantle and crust using those for Nd (above) and the
array regression (Vervoort et al., 1999, 2000).

Note that the above crustal concentration of Nd
gives a total Ndce=~5x 10°° g, which is about 1/6
of the total amount in the (depleted) mantle. The mantle
appears to be the major REE bearing terrestrial reser-
voir, and therefore its Sm—Nd systematics are not very
sensitive to the crust—mantle erosion-recycling flux. As
a result the difference between ¢ (Nd)=—17 =5 (mean
for the upper crust) and — 11 & 4 (sediments) reflecting
preferential erosion of relatively young rocks (Gold-
stein et al., 1984) is not very important for this work
and we assume the Nd of the crustal erosion flux to
have the bulk crust isotope composition.

For the sake of simplicity one crustal reservoir is
also used for modeling Rb—Sr systematics even though
Rb/Sr ratios of the lower and upper crustal reservoirs
are quite different, ~0.03 and ~0.3, respectively (Rud-
nick and Fountain, 1995), generating corresponding
differences in 37Sr/8°Sr ratios in these sub-reservoirs,
~0.705 and ~0.720, respectively (Goldstein and Jacob-
sen, 1988; Allegre et al., 1996; Downes et al., 1997).
Taking into account that strontium concentrations in the
lower and upper crust are similar, then the mass balance
gives the target whole-crust value ~0.710.

As Sm-Nd and Lu-Hf systematics concern litho-
phile refractory elements, mass balance considerations
such as that of Section 2.2., with D” added, can be
applied to them to assess directly whether the layered
mantle paradox could be solved by a D” reservoir as

sketched in Section 3. This is illustrated for the case of
Sm-Nd:

MccNdece (Nd) cc T MpmNdppe (Nd) DM
+ MpppNdpppe(Nd) DDP

= (Mcc + Mpwm + Mppp)e(Nd) go 3)

If Mcc+Mpym+Mppp=Mgiticate Earth, the masses of
the reservoirs are taken from Table 2 and a typical value
for komatiites (5 ppm) is used for the Nd concentration
of D", the resulting value for & (Nd)ppp=— 15.8. This is
almost as low as the value for the continental crust
(—17). But if the D” reservoir was isolated in earliest
Earth history, it corresponds to a '*’Sm/'**Nd ratio of
0.165. This ratio is only16% enriched relative to chon-
drites, or primitive mantle, which is reasonable for
mafic volcanics. Thus the D” hypothesis appears rea-
sonable from Sm—Nd systematics. In the forward mod-
eling below, Nd and Sm concentrations in D" follow
from known values of partition coefficients, and it
yields results quite similar to this simple mass balance.

6.3. Terrestrial rare gas isotopic systematics

The mantle rare gas systematics have already been
discussed in Sections 2.1 and 2.2; some comments are
also given as notes to Table 2. Here we highlight two
issues only.

6.3.1. Almost-solar neon in a solar-rare-gas source

Dixon et al. (2000) discovered low *'Ne/**Ne ra-
tios, almost indistinguishable from the solar value, in
Iceland basalts. These low *'Ne/?*Ne ratios can be
translated into a *He/>He ratio in the source, if the
initial abundances were solar (*'Ne/*Negog=0.033
and the ratios as in Table 1) and the maximum contri-
bution of nucleogenic *'Ne* in the source is given by
2Ne/*Neppp=0.0375 (p. 318 in Dixon et al., 2000):

4He/3HeDDp = 4He/3Hesos + (21Ne/22NeDDp
- NeZI/zzNeSOS) X (4He/21Ne)*

x (*Ne/’He) (<15, 000 (4)
where the (*He/?'Ne)* ratio is 1.5x 10" (Leya and
Wieler, 1999). Even though the Th-U—Ne trio is not
included in the present modeling, this important finger-
print of very primitive Ne in the Earth now constrains
Th-U-He systematics: the model-derived present-day
“He/?He ratio in the source of this solar-like noble gas
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should not exceed the above value. Also, Matsumoto et
al. (2002) observed a low “He/>He ~10,000 in ancient
komatiite. This is lower than the MORB value
(*He/*He=86,000) by almost an order of magnitude.

These observations present convincing evidence for
low time-integrated (U and Th)/ 2Ne and (U and
Th)/*He ratios, at least a factor of ~100 lower than
MORB, in the source reservoir of mantle rare gases (if
this reservoir was formed early in Earth history). Such
very low ratios could hardly have resulted from U and
Th depletion, because rocks with U <1 ppb have almost
never been observed. Also other isotopic systematics do
not point to the existence of a reservoir that is more
depleted in incompatible elements than the MORB-
source mantle. Such a reservoir would also have other
specific fingerprints, e.g., very low Rb/Sr and therefore
low ®7Sr/®Sr ratios. This is contrary to observations:
*He-rich plume-related rocks generally show a more
radiogenic Sr than normal MOR basalts. Therefore a
reservoir enriched in solar rare gases remains as a
plausible explanation. This has previously been con-
cluded, e.g. by O’Nions and Oxburgh (1983), Kellogg
and Wasserburg (1990), Porcelli and Wasserburg
(1995), Tolstikhin and Marty (1998), and Moreira et
al. (2001) (see Section 2.2); our conclusion differs from
previous ones in that we regard only D", and not the
whole lower mantle, as such a reservoir.

The observed spectrum of rare gas isotope composi-
tions in mantle rocks of various ages could result from
mixing of the almost-solar rare gases that migrated from
their host reservoir into the MORB-source mantle with
its radiogenic component. In the course of such mixing,
apparent “decoupling” of He and Ne isotope systemat-
ics could occur (e.g., Dixon et al., 2000; Dixon, 2003),
probably because of different *He/?*Ne ratios in the
solar-noble-gas source (~2) and in the mantle (~10).
This difference could result from the slightly better
retention of helium, which is more soluble in melts
than neon, in the course of continuous mantle degassing
(see Azbel and Tolstikhin, 1990, for discussion and
modeling of possible mechanism of increasing of He/
Ne in the mantle through time). It is also possible that
the better helium diffusivity (compared with other rare
gases) plays a role.

Irrespective of these details, the fundamental fea-
tures that must be reproduced by any adequate model
of light-rare-gas mantle systematics are almost solar He
and Ne isotope compositions in a source that has ex-
tremely low (U and Th) over **Ne (or *He) ratios. This
implies relatively high *He and **Ne concentrations.
Table 2 shows how the values are produced by the
reference solution of our model.

6.3.2. The role of the continental crust in the terrestrial
rare gas inventory

In the continental crust, rare gas signatures of mantle
provenance are overshadowed by the production of
radiogenic (nucleogenic) species and further affected
by noble gas loss from crustal rocks. As a given crustal
domain becomes more and more mature, generally
within ~0.5 Gyr after magmatism has ceased, the con-
tribution of mantle rare gases becomes almost invisible
(Polyak and Tolstikhin, 1985). Therefore the crust as a
whole is considered as a source of radiogenic gases
only. In this respect there is no principal difference
between lower and upper crustal reservoirs and within
the frame of the rare gas model one crustal reservoir,
the whole crust, is appropriate for modeling. Moreover,
because of the relatively young mean age of the crust
and because it lost part of its radiogenic rare gases (via
metamorphism, weathering, diagenetic processes, etc.)
the continental crust is also unimportant as a reservoir
of radiogenic rare gas nuclides. However, it is the
principal store of the parent elements Th, U, I, and K,
which are all strongly incompatible. Their transfer from
the mantle and resulting mantle depletion reduces the
production of radiogenic nuclides in the mantle and
thus affects the mantle noble gas signature; this trans-
port, generation and degassing of radiogenic rare gases
are therefore included in the model.

7. Results of modeling and discussion

7.1. Accretion and core segregation (4.568-4.4 Ga
ago)

Accretion was by far the most intense period in earth
history, which is reflected by the large fluxes seen in
Fig. 4. The accretion mass flux is constrained by the
mass of the Earth and the accretion time scale, i.e., the
time interval between the formation of the solar system
(assigned as ¢t =0) and the Giant Impact envisaged in
the model from a priori data. The impact is seen in Fig.
4 as a step in the accretion curve and a spike in the
mantle fractionation rate. Hf-W systematics constrain
the timing of this event at 30-35 Myr after solar system
formation (Kleine et al., 2002; Schoenberg et al., 2002;
Yin et al., 2002).

After the Giant Impact, accretion slows down. In the
model its tailing-off is constrained by the mass of
chondritic material in the D” reservoir and the time
interval of D” formation. The duration of this interval
(Fig. 4) is dictated by mantle xenology, namely, by the
upper limit of '*Xe(I)/"**Xe(Pu) ratio in mantle
xenon, (e.g., Kunz et al., 1998; Caffee et al., 1999).
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Fig. 4. Mass fluxes inferred from the reference model solution. The
accretion mass flux is constrained by the earth mass and earth
accretion time scale (30 Myr, from Hf-W systematics, e.g., Kleine
et al., 2002), and by the mass of D” (similar to the present-day value,
Table 2), its formation time scale (70 Myr, from mantle xenology, e.g.,
Kunz et al., 1998) and the fraction of chondritic material in D” (0.2,
Table 1); correspondingly, the flux of prototerrestrial material consti-
tutes 1/5 of the total flux into D”. The core segregation mass flux is
constrained by core mass and accretion time scale, with a tailing off
constrained by noble metal abundances in the mantle (Section 6.1).
The melt production in the mantle is constrained by the core segre-
gation rate during the first ~200 Myr and by mantle xenology after-
wards (Sections 6.1 6.2 and 6.3.1); this flux in turn constrains the
mantle fractionation rate via the melt fraction coefficient (Table 2).
The mass flux from D” is constrained by mantle rare gas systematics
(Section 6.3.1). Crustal growth (right bottom corner of the Figure) and
erosion (not shown) fluxes are adopted from the Th-U-Pb model
(Kramers and Tolstikhin, 1997).

The total flux of the basaltic crust along with the
terrestrial regolith is then constrained by the mass of
D” (Fig. 4). The abundances of the trace elements of
interest in the 80% oceanic crust component of D” are
determined by their abundances in prototerrestrial ma-
terial (Table 1), by the melt fraction in the mantle
fractionation zone (see notes to Table 2), and by the
respective partition coefficients (see notes to Tables 2
and 3). The 20% component of non-fractionated chon-
drite-like material in D” contains siderophile elements
in chondritic relative proportions as well as Q and solar
implanted rare gases as shown in Tables 1 and 2 and
discussed in the respective notes.

Because large differentiated planetesimals (or em-
bryos) were formed within a short time interval, e.g., ~5
Myr after solar system formation (Carlson and Lug-
mair, 2000), the mass flux of metal into the core starts
simultaneously with accretion in this model, which here

describes a collective process in many planetesimals.
The abundances of siderophile elements in the collec-
tive mantle determine the interrelationships between
mantle fractionation and core segregation fluxes (Fig.
4) and the fraction of metal in the mantle fractionation
zone (mf). The fraction of silicate melt in this zone
decreases through geological time, from 0.3 during the
late stage of accretion (4.5 Ga ago) to 0.1 at present
(Section 7.3).

The reference model solution reveals depletion of
mantle siderophile elements in three distinct stages
(Fig. 5). During the first major stage of accretion (0
to 30 Myr) two contemporaneous processes govern the
depletion: accretion of chondritic material, which adds
the elements to the earth’s mantle, and partitioning of
the elements into a metal phase, the flux of which into
the core removes the elements from this reservoir.
Because a relatively large fraction of metal is still
available at that time, all siderophile elements are (al-
most) quantitatively partitioned into the metal in mf,
and the similarity of the abundances for highly and
moderately siderophiles, ~0.2 (Fig. 5), simply reflects
mixing of processed metal-free mantle material with
newly arrived metal-bearing bodies.

The Giant Impact and its effects constitute the sec-
ond stage: the most intense fractionation rate, a large
metal fraction, and a low accretion flux afterwards all
ensure efficient depletion of all siderophile elements
immediately after the impact (Fig. 5).

During the third stage the mass flux into the core still
continues (i.e., a flat tail of the core segregation mass
flux is seen in Fig. 4), but accretion is slow and then
ceases. Therefore the metal fraction in the mantle frac-
tionation zone decreases and moderately siderophile
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Fig. 5. Evolution of abundances of involatile siderophile elements in
the mantle. See text for discussion.
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elements are partitioned into the metal and removed
from the mantle (into the core) less efficiently than
highly siderophile elements. During this stage the mod-
erately siderophile elements are fixed in the mantle, and
highly siderophile elements are further depleted.

In the course of geological time, the noble metal
abundances in the mantle gradually increase by entrain-
ment of D” material with enhanced abundances of all
siderophile elements, ~0.2 (Table 1). This process is not
an intrinsic feature of the continuous core segregation
model: A solution for the siderophile elements can be
obtained without a D” reservoir (Kramers, 1998). How-
ever, the late influx of material with a chondritic side-
rophile element pattern and transfer of this material
from the Earth surface into the mantle are indeed
unavoidable. In other words, the model solution for
siderophile elements does not necessarily require the
existence of a D” reservoir, but it illustrates how and
from which material this reservoir could be formed.

7.2. The Hadean era (4.4 to 4 Ga ago)

In the reference solution, the rate of mantle fraction-
ation and the attendant flux of silicate melt (enabling
degassing) during the Hadean era are up to 3 orders of
magnitude greater than the present-day value. Extreme-
ly efficient mantle degassing is a very robust result,
constrained by the low '*°Xe(Pu)/'**Xe(U) ratio in
mantle xenon. This may be illustrated by comparison
of the observed and closed system ratios as discussed in
Section 2.1. Because “complete” early degassing (as
well as “complete” subsequent retention, Section 2.1)
are obviously unrealistic, our model envisages a finite
degassing flux (defined as the rate of mantle melt
production). We consider that this flux was intense in
early Earth history and removed most xenon from the
mantle. We assume that this flux decreased first rapidly
and then gradually through time, along with the melt
production rate. Taking into account that, at least after
the late bombardment event at ~4 Ga ago, no significant
energy input from external sources (impacts) into the
earth is expected, that radioactive isotopes are decaying
and that the earth is gradually releasing energy acquired
during the accretion and core segregation, this assump-
tion appears to be reasonable. We varied the rate of
mantle melt production and degassing through time
until the calculated mantle '**Xe(Pu)/'*°Xe(U) ratio
approached the observed value (Table 2; see Section
2.1.). The effective mantle retention coefficient (the
abundance of a stable rare gas isotope in the present-
day mantle divided by its initial abundance 4.57 Gyr
ago) is of the order of 10~ '°, indicating extreme mantle

degassing. A similar value was derived by Tolstikhin
and Marty (1998, see Fig. 6 in their contribution).

The discovery of Xe (Pu) in ancient terrestrial zircons
and the confirmation of the initial chondrite-like Pu/U
ratio (Turner et al., 2004) strengthens the reliability of the
conclusion on extreme mantle degassing during early
Earth history. As Xe(Pu) is almost invisible in the pres-
ent day mantle, it must have been degassed.

Because mantle convection governs post-accretion
melt generation and degassing, the high rate of degas-
sing during the first almost 1 Gyr of Earth history (Fig.
4) indicates vigorous convection within this reservoir.
Energy released in the course of accretion and core
formation and still available in the Earth was probably
the major moving force of this early intense convection
and degassing. However the degassing rate could also
be enhanced by late impacts occurring between 4.5 and
3.9 Gyr ago, that disrupted the crust leading to uplift of
hot mantle material, melting and degassing. Such
effects could be considerable even if the total flux of
impactors was small (e.g., p. 189 in Pritchard and
Stevenson, 2000). Correspondingly, in this model we
consider that the late bombardment caused intense melt
production and degassing, but had little effect on ter-
restrial mass balance.

As mentioned in the Introduction, the sources of
atmospheric rare gases and the processes responsible
for their elemental and isotopic fractionation are be-
yond the frame of this contribution. The only result we
wish to highlight here is that the reference solution
predicts late loss of Xe(Pu) from the atmosphere, at
~ 0.25 Gyr after solar system formation. This time was
obtained via adjustment of the duration and intensity of
the dissipation flux (Fig. 2) to reconcile calculated and
observed abundances of radiogenic Xe isotopes in the
atmosphere. A similar time scale follows from a simple
two-stage model. The amount of live ***Pu still present
in mantle+crustal reservoirs at a time t after solar
system formation would afterwards produce

136Xe (Pu) =0.8 x B244 X Y244 X 244PU.[N1

X exp(— )»2442‘) (5)

where all parameters are from Table 1. B,y and Yoy4
are the fission branching ratio and the '**Xe yield (Note
20 of Table 1). The coefficient 0.8 takes into account
that an early-separated D” had incorporated and stored
~20% of all incompatible elements (including Pu) in
earliest Earth history. For 1=0.22 Gyr, the calculated
value is equal to the amount of '**Xe(Pu) presently in
the Earth’s atmosphere (~1.27 x 10" cc STP), assum-
ing primitive “U-Xe” as the progenitor of air Xe (see
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Azbel and Tolstikhin, 1993). Because both crustal and
mantle reservoirs contain at present negligible amount
of '**Xe (Pu) compared with the atmosphere, the above
time corresponds to the end of Xe loss from the Earth—
atmosphere system.

The difference between the two estimates (resulting
mainly from different degassing rates in the two mod-
els) is very small compared to the real uncertainties: the
initial abundance of ***Pu could vary within a factor of
~2 and the atmospheric amount of '*°Xe (Pu) is highly
dependent on the poorly known progenitor of atmo-
spheric xenon. With the present state of the art, the time
scale for the end of atmospheric Xe loss could vary
from ~100 Myr until as late as ~ 500 Myr after solar
system formation, i.e., until the late bombardment.

Within the frame of the reference solution, a small
part of radiogenic *’Ar* (~12% of its total production)
must have been lost along with Xe.

7.3. Geological evolution (4 Gyr ago until present)

The rate of mantle melt production and degassing
decreases smoothly through time to its known present-
day value. This rate and the mass flux from the D’
reservoir are constrained by mantle rare gas isotope
signatures. The rate of crustal growth, the crustal age
distribution function and mass fluxes into and from the
crust are taken from the reference solution of the Th—
U-Pb model, which carries the most severe constraints
on crustal growth and recycling (see Fig. 7 and 10 in
Kramers and Tolstikhin, 1997).

7.3.1. Model-derived rare gas and parent element
abundances in D", the MORB-source mantle, and the
crust

As already highlighted by Tolstikhin and Hofmann
(2005), the D” layer could be an important reservoir of
radioactive heat-generating elements, U, Th, and K: the
model-derived abundances of these elements in D" are
~20% of the BSE amounts. The high abundance of K
means that the amount of **Ar* hidden in D” allows a
terrestrial inventory of *°K—*°Ar* systematics with K/
Ugse=12,000 (Table 2). The abundances of light solar
rare gases are so high that even with enhanced concen-
trations of U and Th, D” is characterised by a low (U
and Th)/*He ratio and an almost-solar isotope compo-
sition of He (Table 2). The *He concentration in the
model “terrestrial regolith” is about 100X lower than
those observed in lunar ilmenites (Benkert et al., 1993)
and ~3x lower than the bulk Acfer-1 concentration
(Pedroni and Begemann, 1994). From this *He concen-
tration the concentrations of other solar nuclides

implanted in the “terrestrial regolith” are derived
(Table 1, notes 17 and 18).

The D” layer is effectively the only source of early-
produced '**Xe(I) as well as an important source for
13¢Xe(Pu). A high '*’Xe(I)/"*°Xe(Pu) ratio seen in
some mantle derived samples (e.g., Caffee et al.,
1999) constrains the early formation of the layer (see
Section 2.1). The model D” '**Xe(I)/**Xe (U) ratio is
rather high (Table 2). Regarding radiogenic over pri-
mordial Xe isotope ratios, a value of '**Xe(I)/"*°X-
eppp ~1000 is inferred from modelling if a solar-like
implanted component is considered as the only source
of non-radiogenic rare gases in D”. This is in contrast
with the analyses of CO, gas xenon, in which
129%e(1)/13°Xe ~ 12 (Tolstikhin and O’Nions, 1996).
A contribution of a heavy-rare-gas-enriched Q compo-
nent (Table 1; see Section 5) allows to resolve this
contradiction and thus to obtain a more general solu-
tion, which now does not require degassing of Q rare
gases from a “terrestrial” chondrite. The concentration
of Q-gases needed for the reference solution (Table 2)
appears to be quite reasonable: it is by a factor of ~
10~ % and ~0.2 lower than those observed in C1 and E
chondrites, respectively (Pepin, 1992; Busemann et al.,
2000; see Section 5). The mixing proportion Xeqg/
Xegy=340, and Q-rare gases contribute ~0.4 of 30Ar
to the inventory of this nuclide in D”.

The flux from D” into the mantle, the mantle degas-
sing flux, and the recycling of atmospheric Xe and Ar
were adjusted to obtain model He, Ar and Xe isotope
compositions and a *He-concentration (Table 2) that are
similar to the values accepted for the MORB-source
mantle. Atmosphere recycling into the mantle is essen-
tial: without it, the *°Ar/*®Ar derived for the mantle
could be as high as ~300,000. The recycling was treated
as a flux proportional to atmospheric abundances, with
coefficients 0.001 Ga~ ' for Ar and 0.004 Ga™' for Xe
(see Tolstikhin and Marty, 1998; Ballentine and Barfod,
2000 for a detailed discussion of the rare gas recycling-
contamination problem). The amount of solar-particle-
implanted material in the flux from D” into the mantle
required for a fit is less than 0.05% of the Earth’s mass
over geological time. A prediction (which also followed
from the model of Tolstikhin and Marty, 1998) is that
very primitive He and Ne may be found in plume-
derived sample, in which a D" -derived solar-like com-
ponent prevails over radiogenic mantle rare gases.

As mentioned above the crust is not an important
reservoir for the terrestrial inventory of radiogenic rare
gases. Setting the value of the degassing coefficient
Lcocarm to 0.5 Gyr ! yields a mean *°Ar—*’K age
for the continental crust that is by ~30% younger that
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the Sm—Nd age, 2.2 Gyr. Then the total present-day
amount of *°Ar* in the partially degassed crust is ~6%
of its total terrestrial inventory. The crustal and mantle
concentrations of U and other radioactive elements
(Table 2) are in reasonable agreement with available
estimates (Weaver and Tarney, 1984; Rudnick and
Fountain, 1995; Kramers and Tolstikhin, 1997).

7.3.2. Sm—Nd, Lu—Hf and Rb-Sr isotope systematics

The reference solution for our three-silicate-reser-
voirs whole-mantle-convective model can be readily
derived using fractionation parameters equal or very
similar to those derived by other authors. Apart from
the formation scenario for D” (Section 3), the model
does not require novel or unusual/unreasonable para-
meters but uses those already used, discussed and
widely accepted, in full accord with Ockham’s razor
principle.

According to Section 7.3, the rate of crustal growth,
the age distribution and mass fluxes into and from the
crust are exactly the same as those constrained by Th—
U-Pb systematics, which are most sensitive to these
parameters (Kramers and Tolstikhin, 1997). A similar
crustal growth curve was derived by Jacobsen (1988)
and Azbel and Tolstikhin (1988). Other parameters,
which govern the distribution of the elements of interest
among the three reservoirs, are the melt fractions in the
mantle and subduction fractionation zones and the re-
spective partition coefficients.

The mean fraction of liquid silicates in the mantle
fractionation zone (mf) during accretion, 0.3, is con-
strained by modeling of siderophile element partition-
ing into the metal phase (Section 7.1, see also
Kramers and Tolstikhin, 1997; Kramers, 1998). After-
wards this fraction smoothly decreases to the present-
day value, ~0.1, derived from the models of mantle
melt generation at ridges (e.g., McKenzie and O’Nions,
1991). The melt fraction in the subduction fractionation
zone (sf) appears to be a more complicated parameter,
which varies substantially, from ~0.01 to ~0.25, the
enhanced values 0.1-0.25 being more common for
modern arc magmatism (Plank and Langmuir, 1988;
McKenzie and O’Nions, 1991). These enhanced melt
fractions preclude sufficient fractionation and enrich-
ment of respective melts with highly incompatible ele-
ments. This is illustrated by the Rb/Sr ratio in modern
subduction-related basalts, ~0.02, by a factor of ~5
below the mean crustal value, whereas high Rb/Sr
ratios are observed in ancient crustal igneous rocks. It
has been suggested that not only the melt fractions, but
also the sources of crust-feeding melts have changed in
space and time (e.g., Ellam and Hawkesworth, 1988,

and references therein). Investigation of specific
mechanisms of continental crust formation in different
geological epochs is beyond the frame of this contribu-
tion. A simplified approach, i.e., using a small and
constant melt fraction in the subduction fractionation
zone, was exploited in the layered mantle+crust evo-
lutionary models developed by different authors. Rather
similar values of this parameter were derived: 0.005
(Jacobsen and Wasserburg, 1979), 0.01 (Albarede,
1998), 0.015 (Azbel and Tolstikhin, 1988; Kramers
and Tolstikhin, 1997; Négler and Kramers, 1998). We
varied the sf melt fraction until the crustal budget of the
most incompatible trace elements, U, Th, Rb, was
satisfied; a value of ~0.01, very similar to those listed
above, was derived (see notes to Table 2).

The REE mineral/melt bulk partition coefficients are
reasonably well constrained for mantle mineralogy, as
follows from compilations by Jacobsen and Wasser-
burg (1979), McKenzie and O’Nions (1991) and Néag-
ler and Kramers (1998). Using the solid/melt partition
coefficients from these sources, we derive D (Sm)=
0.065 and D (Nd)=0.03 for a mantle peridotite residue
with 3% garnet. Using these coefficients for fraction-
ation processes occurring in both mf and sf domains
gives a good agreement between calculated and ob-
served abundances of the species of interest in the
accessible reservoirs, the mantle and the continental
crust (Table 3 and Fig. 1). Because D” largely consists
of fractionated material that was separated from the
bulk silicate earth very early, its time-integrated isoto-
pic effect on the mantle is large, of the order of
¢ (Nd) = +5. Continuous extraction of the continental
crust over time leads to a further ¢(Nd) = +4 for the
mantle, leading to a present day total ¢ (Nd) = +9 (Fig.
3; see Section 6.2).

The bulk partition coefficient for Hf is, like those for
Sm and Nd, considered identical in both mantle frac-
tionation domains mf and sf (Fig. 2b). It is adjusted to
produce a crustal Hf/Nd ratio of 0.18, which is inter-
mediate between the upper and lower estimates for the
crust (0.19 and 0.17, respectively, e.g. Rudnick and
Fountain, 1995). The value is D (Hf)=0.0385. The
partition coefficient for Lu in the mantle fractionation
zone mf, D (Lu,mf)=0.190, is adjusted to obtain a
somewhat Lu-enriched mantle, so that the mixing line
between mantle and crustal end-members approaches
the regression of the observed terrestrial Hf-Nd array in
Fig. 1. This enhanced value leads to relatively low Lu/
Hf ratios and ultimately low ¢ (Hf) values in D” (Table
3, Fig. 1). If true, this could reflect deep partial mantle
melting (in the presence of garnet) early in the earth
history, when D” was formed. The solution it provides
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to the Hf-Nd isotope problem discussed in Section 2.4
is illustrated in Fig. 1: The chondritic Nd and Hf isotope
compositions are enclosed in the triangle defined by D”
and the crust-mantle array.

The bulk partition coefficients for Sm, Nd, Lu and
Hf listed above can be independently derived for a
melt equilibrated with mantle peridotite consisting of
0O1=67%, Opx=20%, Cpx=10%, and Garnet=3% ap-
plying the mineral partition coefficients from McKen-
zie and O’Nions (1991). A similar abundance of
garnet in a mantle mineral assemblage (a few percent)
was derived by Blichert-Toft and Arndt (1999) in
order to explain the enhanced initial '"°Hf/'"’Hf ratios
in ancient komatiites.

The subduction-fractionation bulk partition coeffi-
cient for Lu, 0.145, fits the mantle and crustal end
members, so that the mean ¢ (Hf) values approach the
regression line of the terrestrial Hf~Nd array (Fig. 1).

The segregation of D” very early in Earth history
results in an early manifestation of mantle depletion in
its model eng(7) and eyp(7) values, even if early
continental crust growth was sparse, as suggested by
Th—U-Pb modeling. This is in accordance with ob-
served high initial ¢ (Nd) values in some ancient rocks
(see Fig. 3).

Rb and Sr isotope abundances in the two accessible
reservoirs, mantle and crust (Table 3), are in overall
agreement with observational data and results derived
from other models (Section 6.2). Thus, Jacobsen (1988)
inferred from a layered mantle model Sr=15 ppm and
Rb/Sr=0.022 for the MORB-source mantle. Recently
Workman and Hart (2005) have suggested a much
lower Rb/Sr=0.0065. The reason for the difference is
that in the latter model a late start of mantle depletion is
assumed (at 3 Ga), based on the concept of gradual
crustal growth. Further, Workman and Hart (2005)
assume depletion of a relatively small portion of the
mantle only. Our reference solution ratio, 0.015, is
intermediate between the two models. Further, a low
Sr for the mantle was obtained from Sr—Ce correlation
in MORB samples and Ce concentration derived from
mantle melting models (Workman and Hart, 2005).
However in other investigations of mantle melting
(e.g., McKenzie and O’Nions, 1991) ~1.5 higher Ce
(and Sr) concentrations for the depleted mantle are
adopted, closer to our estimate.

Sr concentration and Rb/Sr ratio in the bulk conti-
nental crust shown in Table 3 for our reference solution
are close to the values of Rudnick and Fountain (1995),
Sr=325 ppm, and Taylor and McLennan (1985), Rb/
Sr=0.12, respectively. However, for Rb—Sr systematics
models with discrete lower and upper crustal reservoirs

are much more realistic because of preferential Rb
migration into the upper crust (e.g., Rudnick and Foun-
tain, 1995). Our reference solution is thus most usefully
compared with parameters inferred for an average crust
from two-crustal reservoir models: e.g. Sr=410 ppm,
Rb/Sr=0.09, and ¥’Sr/®Sr=0.7090 (Azbel and Tolsti-
khin, 1988). The values in Table 3 do not differ greatly
from these.

Summarizing, the reference solution shows that a D”
layer as assumed in our model enables to resolve
terrestrial paradoxes both of solar and radiogenic
noble gases, and of the inventory of incompatible ele-
ments. As it is formed from slightly fractionated
(enriched) matter and was isolated early, it acts as a
second enriched reservoir (in addition to the continental
crust) to balance a depleted whole mantle in terms of
both incompatible element concentrations and Sm—Nd,
Lu-Hf and Rb-Sr isotopic systematics, within the
framework of a chondritic Earth model.

8. Summary and conclusions

A D" layer could have formed in the late stages of
the Earth’s accretion by subduction of basaltic/komatii-
tic crust loaded with chondritic regolith (as proposed by
Tolstikhin and Hofmann, 2005). The subducted mate-
rial (containing metal as a major constituent of the
regolith and therefore intrinsically more dense than
the silicate mantle) could have accumulated at the
base of the mantle above the core and stabilized there
(as proposed by e.g., Samuel et al., 2003, and Mao et
al., 2004). This scenario has important geochemical
consequences and enables to reconcile mass balances
with whole mantle convection in the framework of a
chondritic Earth model.

Our modeling shows that D” could be an important
reservoir containing ~20% of the terrestrial amount of
incompatible trace elements. These include heat-gener-
ating U, Th and K and therefore a significant portion of
radiogenic heat is generated at the base of the silicate
mantle, stimulating mantle convection and increasing
the heat flow from the depleted mantle.

Because of its early formation and efficient isolation,
the D” layer is the major store for solar, planetary (Q)
and early-generated radiogenic rare gas isotopes. Fluxes
of mass and/or species from the D” layer into the
convecting mantle and mixing of D”-derived species
with the radiogenic components generated in the mantle
can explain all observed rare gas isotope patterns, from
almost solar in some plume-related samples to those
typical of MORB. A small amount of solar-particle-
implanted material, less than 0.05% of the Earth’s mass,
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is enough to maintain the mantle rare gas flow through-
out geological history.

The model predicts an extremely high degree of
mantle degassing constrained by a low '*°Xe (Pu)/'**Xe
(Pu,U) ratio, <0.3, in mantle xenon, especially taken
into account that the major portion of 136X e (Pu) is
transferred into the mantle from the D” layer, and the
intrinsic mantle ratio (which would have been in the
degassed mantle without flux from D” and from the
atmosphere) should be much less than the observed
value.

For degassing to reach the levels required by the
model, the mantle fractionation rate in the Hadean,
and corresponding flux of liquid silicates, should be 2
to 3 orders of magnitude greater than their present
day values. With the exception of helium and (in
some cases) neon, the heavier non-radiogenic mantle
rare gas species are mainly recycled atmospheric
components.

Although the Sm/Nd and Lu/Hf fractionation of
D” relative to the BSE is weak, its early isolation
causes a substantial isotopic time-integrated effect and
thus allows the signatures of '*’Sm—'**Nd and
76Lu~'"°Hf in the mantle and crustal reservoirs to
be reconciled.

Still much work is needed to verify the proposed
origin, history and significance of D” as an important
geochemical reservoir, including modeling of terrestrial
regolith accumulation on the surface of an early basaltic
crust, its subduction and stabilization at the base of a
convecting mantle. The search for such deep ancient
reservoir(s) through new isotopic tracers (such as '**W
and '**Nd) and noble-metal isotope systematics (e.g.,
Pt/Os and Re/Os, Brandon et al., 2003) is important.
We have merely demonstrated that a D mass (2.3 x 10*°
g) in agreement with seismic observations, and a 1/4
proportion of regolithic material required to stabilize it,
are adequate to obtain fits to geochemical data in an
Earth model with whole mantle convection.
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