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The evolution of planetary bodies like 4 Vesta and
terrestrial planets (e.g. Earth, Moon, Mars) involved
accretion, melting, differentiation, formation of sili-
cate mantle and metallic core, and mantle differentia-
tion. Determination of the time scales of these processes
forms the fundamental basis for understanding the
early evolution of the Earth. The decay of "?Hf (half-
life ~9 Ma) to W and “*Sm (half-life ~ 103 Ma) to
'Nd has been used to determine time scales of metal—
silicate differentiation leading to core formation of
planets and mantle differentiation resulting in erup-
tion of basalts on planetary bodies which are pre-
served even today on 4 Vesta, but not preserved on the
Earth. By using the meteorite data as a baseline, one
can establish a time frame for early evolution of Earth.
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Introduction

THE Sun, a low mass star, perhaps formed in a cluster of
stars, similar to what is observed in star-forming regions
in our galaxy (the Milky Way) and other galaxies. Astro-
nomical observations of star-forming regions, e.g., Orion
nebula, show that stars are generally born in clusters in
‘molecular clouds” which are vast, cold volumes of gas,
mostly molecular hydrogen and helium, complex organic
molecules, and very importantly they also contain dust
grains which include heavy elements in the form of sili-
cates, hydrocarbons and various ices. The masses of
molecular clouds typically range from 10° to 10® solar
masses within which denser regions with embedded
objects have been observed. The free fall of molecular
clouds is inhibited by internal pressure, turbulence and
magnetic pressure. The velocity distribution in the gas
suggests that the cloud is in a state of turbulence. The
gaseous eddies of different length scales exchange
energy, and dissipation of energy on the smallest scale
size inevitably results in collapse. A neighbouring super-
nova or powerful outflows of matter from young stars
could provide energy to sustain turbulence in the gas pre-
venting its collapse’. The dissipation of energy at the
smallest scales results in the formation of smallest cloud
structures, which in turn leads to collapse of small cloud
structure to form stars (e.g. ref. 2). The Sun and the sys-
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tem of planetary bodies around it formed nearly 4.5 billion
years ago in such an environment, which is mimicked by
the young stellar objects in the Orion nebula’.

Mass and chemical balance in disks around stars

The disks surrounding new born stars in the Orion nebula
are comprised of gas and dust’. The disk radii are compa-
rable to solar system’s planetary radii at its outer limits
(~50-100 AU) and some contain sufficient mass to make
up all the planets in our solar system’. The disks around
such new born stars have pan-cake like or flattened struc-
ture, and thus resemble the geometry of the planetary
orbits of our solar system. In astronomical literature these
disks are called ‘protoplanetary’ disk or nebula, whereas
in meteorite literature they are generically called the solar
nebula. As the disk is made up of the same material from
which the central star formed, the proportional distribu-
tion of dust and gas (hydrogen, helium, water and carbon
monoxide) in both star and the disk is similar. Subsequent
evolution of the disk could alter the proportion of gas and
dust, if the gas is preferentially blown away by young
Sun’s stellar winds. If the mass in planetary system is
about ~ 150 Earth mass, and assuming that a significant
fraction of this is rock-forming material, we can estimate
the amount of H and He required to make the composi-
tion of the disk similar to the Sun. The mass of the disk
from which planets formed is significant compared to the
rock mass in the inner solar system. More than the mass
of the planet, the chemical and isotopic evolution of vari-
ous reservoirs while interacting with one another holds
the key to understanding the current state of the Earth. In
order to decipher the chemical and isotopic data we need
a baseline for comparison, and this is provided by mete-
orites.

Anatomy of a chondrite

Much of our knowledge about early history of the solar
system and formation times of planetary bodies is derived
from the meteorites. Most of these rocks are fragments of
asteroid from the asteroid belt. Meteorites are divided
into two types, primitive and differentiated. The primitive
meteorites sample asteroids which have escaped complete
melting, on the other hand the differentiated meteorites
sample asteroids which experienced a high temperature
regime resulting in planet-scale melting. The primitive
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meteorites are also called chondrites, and derive their
name from the ubiquitous chondrules, once free-floating
molten spheres in the nebula which solidified in the neb-
ula prior to incorporation in a planetary body. Chondrites
are generally considered to represent the oldest and most
primitive rocks of the solar system. They represent
chemically least processed material of the solar system
because their non-volatile chemical composition is broadly
similar to that of the solar photosphere®. Chondrules
range in size from sub-millimetre to several millimetre,
and are composed of rock-forming silicates like olivine
[MgFe);Si04], pyroxene [(MgFe Ca)SiO;z], Fe-Ni
metal and glass or quenched silicate melt. Experimental
results on chondrule properties suggest that dust aggre-
gates and/or broken fragments of previous generation
chondrules were flash-heated to very high temperatures
of 1700-2100 K in the solar nebula’. The thermal envi-
ronment experienced by these individual objects exceeded
the liquidus and a majority of the chondrules underwent
complete or partial melting. The presence of relict grains
suggests that melting was not always complete but nearly
complete®. Subsequently they cooled very rapidly with
cooling rates of 10-1000 K/h (ref. 9). The conventional
wisdom was that during its formation and evolution each
chondrule evolved as a chemically closed system, and the
bulk chemical composition was a function of its precur-
sors, i.e. dust aggregate from which they formed. The
petrographic features of chondrules are a function of their
initial bulk composition of the dust aggregate, peak tem-
perature, cooling rates and presence of seed nuclei (e.g.
relict grains).

Chondrules and accretion of planetesimals

Nearly 20-80 volume% of most chondrites are made up
of chondrules. The physically and chemically distinct
properties of chondrules' together with distinct forma-
tion ages of chondrules'' from different chondrite groups
suggest that they formed in localized environments span-
ning 1-4 million years following solar system formation.
This necessarily demands a lack of mixing in chondrule
population from different locales in the nebula before
their accretion to form parent bodies of primitive meteor-
ites. The formation of chondrules at high temperature
with rapid cooling in a conventional low density solar
nebula (total pressure = 10°~107 bars) and the cooling at
rapid rates, experiments’ and calculations (e.g. refs 12,
13) suggested that chondrules would experience exten-
sive evaporative loss of elements, both major and minor,
as a function of volatility. Systematic isotopic fractiona-
tion is not exhibited by the fractionated elements as
expected'. Analyses of several chondrules from primi-
tive meteorite Semarkona'” showed that abundance of the
volatile element, sodium, remained relatively constant
during chondrule formation. This result is in conflict with
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chondrule synthesis experiments mimicking low density
conditions in the solar nebula. Therefore the only way out
of this conundrum is that chondrule formation took place
in regions with much higher solid densities than predicted
by nebular concentration mechanisms'®. On the basis of
the lack of isotopic fractionations in chondrules, it has
been estimated that chondrule-forming regions were at
least 150-6000 km in radius'®. Calculations' suggest that
regions with radius > 4000 km would produce chondrules
that would cool at rapid rates as measured for chondrules.
These regions would contain enough mass that would
make them self-gravitate to produce parent bodies of
chondrites with a radius of ~50km and density of
~3 g/cc which can ultimately accrete to form large
planetesimals. Sodium distribution and cooling rates of
chondrules have provided a constraint for mass distribu-
tion in chondrule-forming region, which is intimately
connected with planetesimal formation'”.

Chondrules and refractory inclusions —
connection?

Chondrules do not carry evidence of nucleosynthetic
anomalies and they have low abundance of short-lived
radionuclides (SLRs) compared to refractory inclusions
(see below). Apart from chondrules, the carbonaceous
chondrites also consist of inclusions enriched in Ca, Al
and other rare earth elements (REEs) compared to bulk
meteorite chemical composition. In early 1970s thermo-
dynamic calculations suggested that the Ca—Al-rich
inclusions (CAIls), probably condensed at high tempera-
tures, form a gas of approximately solar composition'®.
CAls are enriched in refractory elements (e.g. Ca, Al, Ti)
and trace elements ~20x chondrite or more, and formed
at high temperatures ranging from 1400 to 1800 K, and
experienced slow cooling compared to chondrules. CAls
are rich in high temperature minerals, silicates like, meli-
lite, fassaite (Ti-rich pyroxene), and oxides (like, spinel,
hibonite). CAIls are not size-sorted between different
meteorite classes and range in size from a few centime-
tres to sub-millimetres, sometimes too small to be identi-
fied as a composite object. They are unevenly distributed
between different meteorite classes, ranging from ~ 5% in
CV3 meteorites to nearly absent in ordinary chondrites.
They also have a high abundance of SLRs (e.g. *°Al,
“Ca, %Be, etc.), and have nucleosynthetic anomalies in
neutron rich isotopes, e.g. *Ti, **Ca and *'Cr. The chon-
drites also consist of broken fragments of the chondrules
and CAls, matrix material’®, opaques objects such as Fe—
Ni, FeS™ and very importantly pre-solar grains®. From
the time CAIs were found in Allende CV3 meteorite it
was obvious to researchers that CAls were a unique class
of objects, and therefore, their formation required specific
physical, chemical and thermal conditions. The conven-
tional idea was that CAls formed in a monotonically
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cooling solar nebula as the first condensates (e.g.
Grossman'®) seemed less viable as more and more data
became available. The distinction between the chemical
and isotopic composition of both the chondrules and
CAIls was noticeable, however, given that both formed in
the solar nebula the specifics of astrophysical processes
responsible for their formation with such uniquely differ-
ent characteristcs was not obvious. Until 1996 no specific
idea for CAI and chondrule formation was put forward
which was rooted in astrophysical models of disk evolu-
tion. Shu ez al.* postulated the X-wind model for forma-
tion of CAls and chondrules. The relationship between a
“astrophysical process’ or its variants resulting in forma-
tion of CAIs and chondrules remains outstanding.

Evolution of small planetary bodies

The iron meteorites and basaltic achondrites (e.g. eucrites)
represent samples of rocks from differentiated planetary
bodies. The parent bodies of these meteorites were assem-
bled sufficiently early and experienced planet wide melt-
ing because of heat generated by decay of *°Al and
perhaps even ®Fe. This resulted in separation of silicate
from metal and paved the way for formation of metallic
core and silicate mantle. The iron meteorites sample the
core and the basaltic achondrites sample the mantle. The
basaltic achondrites resemble terrestrial basalts and are
composed of silicates (e.g. feldspar and pyroxene). A
group of basaltic achondrites identified as HEDs (howar-
dites, eucrites and diogeneites) probably originated from
a large differentiated asteroid 4 Vesta®.

Timelines for small body evolution

The crystallization ages of chondrites and its components
show that chondrules and CAls are the oldest rocks in the
solar system which formed through an igneous event.
Several of these objects formed nearly ~4.567 billion
years ago, establishing a time marker for birth of solar
system. Furthermore, a relative age difference of a few
million years between CAls and chondrules is inferred on
the basis of U-Pb data®®. If chondrules and CAls are pri-
mary products of nebular processes, then locales within
the nebula with suitable environment (temperature, pres-
sure and material composition) need to be identified in
the context of disk structure around young stellar objects.
This establishes fundamental connection between meteor-
ites analysed in laboratories and astronomical observa-
tions of young stars with disks around them with the
potential to form planets. The meteorites can also be stud-
ied for the presence of SLRs in early solar system. The
half-lifes of SLRs found in meteorites range from 0.1 to
103 million years. The abundance of the now extinct
SLRs can be determined using their daughter isotope
abundance variation as a proxy. By anchoring the forma-
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tion time of one group of objects (e.g. CAls) with abso-
lute chronometers (U-Pb system), and using the
measured relative difference in abundance of an SLR
(e.g. *°Al) between CAI and a chondrule or basaltic
achondrite we can establish a framework for formation
and evolution of several early solar system objects both at
nebular scale and planetary scale. The underlying as-
sumption is that the distribution of SLRs is homogeneous
and that minerals did not exchange parent or daughter
after crystallization. Because of their short half-lifes,
SLRs are capable of resolving short-time intervals which
helps to resolve early evolution of chondrules, CAls and
planetary bodies. This degree of resolution is not feasible
using absolute chronometers.

For example, based on the differences in abundances of
Al in CAIls and chondrules, it is estimated that the latter
formed at least few million years after CAIs*>*°. The
CAl-forming event was short, whereas the chondrule
formation stretched over a period of time and the assem-
bly of planetesimals took place over several million years
(see e.g. Russell et al.™).

The presence of “°Al in eucrites like Piplia Kalan shows
that eucrites crystallized very early when *°Al was still
alive. Furthermore, the difference in abundance between
eucrites like PK and CAls suggests that eucrite crystal-
lized within 3.5 million years of formation of CAls.
Basalt formation time on the eucrite parent body (EPB)
suggests rapid accretion and differentiation of planetesi-
mals®’. The formation of basalts requires the proto-planet
to evolve through metal-silicate differentiation to pro-
duce a silicate mantle and a metallic core. This resulted in
the separation of lithophile and siderophile elements into
the silicate mantle and metallic core, respectively, and
further differentiation of the silicate mantle would give
rise to basalts like PK. The chemical composition of the
protoplanet on which eucrites evolved had chondritic
abundances for refractory elements but not for volatile
elements™, and therefore, the eucrite parent body prior to
differentiation had chondrules, CAls and the pot-pourri of
material observed in chondrites.

Thermal evolution of planetesimals

We began our discussion by stating that chondrites
escaped planetary heating and melting. The moot point is
what governs small body melting? It was postulated in
1955 by Urey® that decay of *°Al generates 3 Mev of
energy. Because Al is a major rock-forming element, suf-
ficient abundance of *°Al could produce enough heat to
melt asteroids. The extent of heating of such a proto-
planet is directly proportional to the abundance of *°Al
and the characteristic thermal diffusivity = ([1xt/pC prz),
where x thermal conductivity, o the density, C,, the speci-
fic heat, » the planetary radius and ¢ is time after accre-
tion. In the limiting case of # <« 1, the centre of the planet
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is effectively insulated and most of the heat is
retained (e.g. Schramm ez al>%). If the planet accreted
with an initial *°Al/*’Al ~ 2 x 107°, the temperature of the
planet would not have exceeded ~500°C, insufficient to
melt a planetary body for differentiation and core—mantle
formation. If the parent-body of PK had accreted with a
A1/7Al~8 x 107° the central temperatures would be
close to ~1100°C but only small volume of the central
region of the planet would have been close to melting
temperatures making it difficult for differentiation to suc-
ceed. A planet with radius >80 km and initial *°Al/
Al ~2x 107 would undergo large-scale melting with
temperatures exceeding 1100°C for the dominant volume
of the planet®, resulting in the formation of metallic core
and silicate mantle, followed by the eruption of basalts.

Dating core—-mantle formation in planets

The accretion of the parent bodies of differentiated mete-
orites (e.g. eucrites), Mars, Moon and Earth was quickly
followed by large-scale melting and metal—silicate differ-
entiation, resulting in core—mantle formation. Basaltic
eucrites are a group of differentiated meteorites that
formed as lava flows or as shallow intrusions following
metal-silicate differentiation on the EPB. Asteroid 4
Vesta is identified as a plausible EPB**. Time constraints
on the processes of melting, metal-silicate separation
leading to core formation and subsequent mantle differen-
tiation that produced precursors to basaltic eucrites are
critical to models of the thermal evolution of EPB which
also help to understand similar processes on the Earth,
albeit on a smaller scale size. The proto-Earth, the pre-
cursor of the current Earth, was assembled along similar
time scales as the other inner planets; however there are
no traces of the rocks from this era to be examined. If the
process of planetary differentiation had followed soon af-
ter accretion then dating the differentiation serves as
proxy or a lower limit for the Earth’s accretion time. The
Earth, Mars, Moon and asteroid 4 Vesta experienced a
common stage in their evolution, all these planetary bod-
ies underwent large-scale melting, resulting in the forma-
tion of metallic core and silicate mantle. This major
‘geophysical event’, which stratifies the planets into dif-
ferent chemical layers, marks an important change in the
life cycle of planetary evolution because the formation of
major planetary reservoirs, atmosphere, hydrosphere,
lithosphere and biosphere (on the Earth only) that we see
today postdates differentiation. When planets containing
bulk solar proportions of elements are melted and differ-
entiated, lithophile elements (e.g. Ca, Mg) and sidero-
phile elements (e.g. Fe, Ni) are chemically fractionated
and redistributed into the silicate mantle and metallic
core respectively. This process also chemically fraction-
ates and redistributes trace elements like lithophile (Hf)
and siderophile (W) into the silicate mantle and metallic

CURRENT SCIENCE, VOL. 99, NO. 12, 25 DECEMBER 2010

core respectively®”. The extinct "*Hf-"**W decay system
has proven to be useful as a chronometer for the early
planetary processes, viz. core—mantle separation because
the "8Hf half-life of 9 Myr is sufficiently long to resolve
the time scales of planetary accretion and differentiation.
The decay of '2Hf to '*W has been used to determine
time scales of metal-silicate differentiation leading to
core formation of planets® and mantle differentiation re-
sulting in eruption of basalts on EPB*?**. Moreover, the
refractory nature of the elements Hf and W ensures that
their bulk abundance in planetary bodies is in chondritic
proportions, making comparisons across different plane-
tary bodies meaningful. For example, if one of these ele-
ments were volatile and the other refractory, the bulk
abundances in a planetary body would not necessarily be
chondritic. The radial distance of zone of accretion from
the Sun could play an important role in the relative
enrichment or depletion of the parent over daughter in the
planetary body. The total daughter isotope budget would
be influenced by this factor making comparisons between
different planetary bodies unreliable. Numerical calcula-
tions of planetary accretion time are in the range of few
tens of million years (e.g. Wetherhill®). Large bodies like
the Earth grow by accretion of smaller bodies, making the
process a function of population of interacting small
bodies. The end-point for Earth’s mass prior to differen-
tiation is not easy to estimate. It can however be
anticipated that core formation of a well mixed large
planetary body like the proto-Earth would have required
large-scale melting for separation of metal and silicate
and the energy source for the same remains outstanding,
although impacts are favoured candidates™. If the core
formation is very early in the history of the solar system
before any of the '?Hf has decayed then the isotopic
abundance of '®*W of the core would reflect the starting
composition of the solar nebula prior to addition of radio-
genic "*W inventory from the decay of '*?Hf. The decay
of "2Hf present in the mantle would increase the inven-
tory of W in the silicate reservoir. The timing of the
core—mantle formation in a planetary body relative to
solar system formation would determine the abundance of
live '®2HTf in the mantle, and together with the enrichment
of Hf/W ratio over and above the chondritic values would
govern the increase in radiogenic '**W in the mantle. The
terrestrial standards, representative of bulk silicate Earth
(BSE), have "*W/"'W isotopic composition higher than
primitive chondrites by 2& units (2 parts in 10,000)
whereas the iron meteorites have 'W/'*'W less by 2¢
units. The chondritic meteorites sampled the bulk solar
nebula and the '*W isotopic composition evolved
because of complete decay of 'Hf. The Fe-meteorites
sample cores of differentiated planetesimals and their
lower '®*W values compared to chondrites reflect the non-
radiogenic '®*W in the cores prior to decay of '®2Hf. This
necessarily demands an early formation of cores in aster-
oids which experienced differentiation. The higher "*W
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in BSE as sampled (i) reflect the higher Hf/W ratios in
silicate mantle compared to chondrites and (ii) the core
formation event occurred prior to complete decay of
820 On the basis of these considerations, Kleine et al.>’
and Yin er al.*® estimated that core formation took place
in ~30 Myr after the start of solar system. The eucrites
which sample the mantle of asteroid Vesta® show high
excess of radiogenic "W, typically on the order of 20—
40& units, and yield a whole-rock isochron corresponding
to an initial "*Hf/"™*°Hf of (7.96 £ 0.34) x 107 (ref. 34).
The high "W anomalies require early differentiation
processes on Vesta while '**Hf was still alive. Based on
the estimate of initial '**Hf/"®*'Hf in chondrites ~1 x 10™*
(ref. 37), this yields an age for differentiation on Vesta of
~4.2 Myr after the beginning of the Solar System. This
time scale is consistent with the result from other isotope
systems *Rb-""Sr (ref. 39); *Mn-"Cr (refs 40, 41) and
*A1-**Mg (ref. 27). The SNC meteorites are most likely
derived from Mars (e.g., McSween™) and show W values
ranging from O to 3 & units, requiring core formation and
silicate differentiation during the life-time of 'S2Hf (refs
33, 43).

SNC meteorites are representative samples from
Mars* and terrestrial samples are representative of terres-
trial silicate mantle and both do not show excess in '**W
similar to the levels exhibited by eucrites which are prod-
ucts of silicate differentiation of the mantle from Vesta.
This implies preservation of "W effects on Vesta without
significant dilution from non-radiogenic W added by
impacts or without '®*W being removed to the core by a
prolonged magma ocean. The tungsten isotopes reveal
that within first 5 Ma of the solar system, accretion and
core formation in asteroids was complete, and the accre-
tion of Earth and Mars was completed in 33 Ma and
15 Ma, respectively after CAI formation®***** Given
that smaller planetesimals had accreted and differentiated
much before Mars and Earth, accretion of these two inner
planets involved pre-differentiated planetesimals, par-
tially if not completely. One possibility is that cores of
Mars and Earth are products of accumulation of previ-
ously formed cores. In this scenario the re-equilibration
of metallic cores with existing silicate mantle is limited,
and one would expect to see substantially higher
12w/ W ratios for bulk Martian and terrestrial mantles.
Kleine ez al.*® predict that the bulk mantle composition of
Mars and Earth should have 'W/®'W ratios ranging
from 2-4& to 14-23& '®W. however, this is not
observed. Therefore some workers> suggest a scenario of
metal-silicate equilibration during accretion (e.g. Rush-
mer et al.*® and Yoshino et al.*’). The low values of '**W
of 0.4¢ for Mars and O for silicate Earth are attributed to
magma ocean environment (e.g. Ballhaus and Ellis®) for
efficiently scavenging radiogenic W into the cores of
Mars and Earth®. However, unlike the Moon we do not
have evidence for a magma ocean environment on Earth
and Mars (e.g. Walter e al.*). If W isotope composition
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requires such a scenario, then impacts of planetesimals
appear to be most viable source of energy for such a
process because of late core formation process which
renders the SLRs *°Al and *Fe ineffective as heat
sources. Numerical calculations suggest that large im-
pacts were common occurrence in the late stages of ac-
cretion (e.g. Wetherill®>; Canup and Agnor’®) and the
energy released by them is sufficient to melt large por-
tions of the silicate mantle (e.g. Benz and Cameron™;
Tonks and Melosh™). The early segregation of metal core
and silicate mantle in planetesimals was energized by the
decay of short-lived nuclides (i.e. *°Al, ®Fe) whereas in
the inner terrestrial planets it was related to large impacts.

Early differentiation of mantle

The Sm—Nd radiogenic decay system includes the cou-
pled ""Sm—""Nd and '**Sm-'**Nd chronometers which
are useful for geochemical and cosmochemical studies.
Sm—Nd radiogenic system is one of the most robust chro-
nometers utilized to trace the long-term chemical evolu-
tion of the silicate portion of the Earth via long-lived
radioisotope "'Sm (7}, (half-life) ~ 106 Ga) as well as
short-lived '**Sm (T» ~ 103 Ma) isotope. Both parent
(Sm) and daughter (Nd) are refractory lithophile ele-
ments, and are therefore, unaffected either by volatile
loss or core formation event in the early history of the
Earth. Radiogenic isotope tracers such as "**Nd and ' *Nd
isotopes find useful applications in understanding the
chemical evolution of planetary bodies. The long-lived
"Sm—"Nd system is used extensively to understand
chemical differentiation of the BSE into crust and mantle
over the Earth’s history of 4.6 Ga. The early differentia-
tion of mantle is better investigated with the short-lived
chronometer '**Sm—""*Nd. The low initial abundance of
extinet '**Sm in the solar system, **Sm/'"*'Sm ~ 0.0085
(e.g. Boyet et al.”), and the small differences in compati-
bility of Sm and Nd result in extremely small variations
in Sm and Nd abundances and as a consequence the dif-
ferences in '**Nd abundance®** between different plane-
tary reservoirs are also small. Application of "*°*Sm~""*Nd
systematics therefore requires determination of small
variations in '"Nd abundance through measurement of
M2Nd/"Nd ratio with an external precision of <10 ppm.

Recently from the 3.8 Ga Isua Supracrustal Belt,
Greenland®™, a small number of samples with '**Nd/
1Nd excesses were detected, which is the first evidence
for such excesses in the silicate portion of Earth. This
suggests that formation of material on Earth is similar to
differentiated samples on Moon® and Mars (e.g. Harper
et al.™).

Measurements of chondritic meteorites show a 20 ppm
deficit in ""*Nd/"*'Nd (ref. 58) compared to the terrestrial
samples. For the longest time, '*Nd/'*'Nd ratio meas-
urements of bulk terrestrial samples and the chondrites
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were similar, and the only exceptions were samples from
Isua Greenland. With the advent of new generation mass
spectrometer and improved techniques, it has become
evident that elevated "*Nd in terrestrial samples com-
pared to chondrites is widespread. This ubiquitous excess
is possible if the Earth has higher Sm/Nd compared to
chondrites; or assuming Earth is chondritic, all terrestrial
rocks are derived from a source which is enriched in
Sm/Nd compared to chondrites. This source formed
within 300 Ma for the Earth’s history and resulted from
differentiation of silicate mantle following core—mantle
formation. Assuming that bulk Earth is chondritic, the
early formation of source depleted in incompatible
elements like Nd compared to compatible Sm (Early
Depleted Reservoir, EDR), mass balance would auto-
matically require formation of rock reservoirs which are
enriched in Nd and depleted in Sm (also called Early En-
riched Reservoir, EER). The rocks derived from EDR
would have '**Nd excess and rocks from EER would have
deficit of ""*Nd compared to chondrites. On the basis of
model calculations, Boyet and Carlson™ suggested that
the excess of '*Nd is indicative of a planetary scale dif-
ferentiation around ~4.53 Ga ago, which is within 30 Ma
of Earth’s creation and formation of solar system. They
also suggested that difference indicates that 70-90% of
the FEarth’s mantle is compositionally similar to the
incompatible element-depleted source of MORB.

From measurements of Sm-Nd isotope system,
Rankenburg er al.”® estimated that lunar samples have a
M2Nd/MNd ratio that is 20 parts per million less than most
samples from Earth and indistinguishable from chon-
drites. This data requires formation of the lunar mantle in
~215 million years after initiation of formation of solar
system. Because both the Earth and the Moon formed in
the same region of the solar nebula, the Earth would be
expected to have a chondritic bulk composition like the
Moon, but it does not. The alternative explanation is that
the measured Nd composition of the terrestrial rocks is bal-
anced by a complementary reservoir with a lower '"**Nd/
YNd value that resides in Earth’s mantle, which formed
with lower Sm/Nd ratio while '*°Sm was still alive.

The complementary mantle reservoir, with lower Sm/Nd
composition, has recently been discovered at Nuvvuagittuq
greenstone belt, Quebec, Canada® and some of the rock
types have 'Nd/'*'Nd values in the range of —70 to
150 ppm and '""°Sm—'"*Nd isochron gives an age of
4280 + 81 million years. These rocks are derived from
incompatible-element-enriched reservoir which formed
soon after Earth’s differentiation and may represent the
oldest crustal component®.

A third alternative is that '**Nd difference between
Earth and chondrites is due to nebular heterogeneity®'.
Investigation of Ba, Sm and Nd isotopic composition of
several chondrites, terrestrial samples and lunar rocks
revealed distinet stellar nucleosynthetic contributions to
early solar nebula. After correcting for deficiencies in s
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process, isotopes which affect '**Nd, chondrite samples
had '**Sm—"""Nd isochron consistent with previous esti-
mates of the initial solar system abundance of '*°Sm, and
a '"Nd/"*'Nd for average chondrite Sm/Nd ratio is lower
than measured values in terrestrial rocks by 21 + 3 ppm.
The possibility of nebular heterogeneity for '**Nd compo-
sition of Earth was ruled out.

The fourth alternative is that the budget of Sm and Nd
in the silicate mantle and the isotopic evolution of '*Nd
and "Nd could be affected by later accretion of parts of
differentiated planetesimals, a scenario which does not
necessitate® the existence of hidden reservoirs as postu-
lated previously™®®. The debris generated by impact of a
Mars-sized object with proto-Earth is thought to be the
source material for the Moon®. The formation and crys-
tallization timelines for the lunar rocks can be determined
using "HI-"**W and ""*Sm—'"*Nd (refs 64—66), however
results from these studies do not converge.

Earlier studies®>® used the assumption that '**Hf is the
primary source of '*W anomalies in lunar rocks, and
estimated the solidification time for Moon, as <60
million years since the beginning of solar system. As the
Moon is exposed to cosmic rays, neutron capture by ¥ Ta
plays a significant role in the production of cosmogenic
82 making it difficult to separate the cosmogenic from
radiogenic part and thus rendering age calculations unre-
liable®™. By analysing metals from KREEP-rich samples
(KREEP, samples enriched in potassium (K), rare earth
elements (REE) and phosphorus (P)), low-Ti and high-Ti
mare basalts with low exposure corrections® demon-
strated that samples with insignificant cosmogenic cor-
rection for '®'Ta derived '*W reveal that lunar metal W
isotope composition is identical to that of the Earth. This
suggests that lunar magma ocean did not crystallize
within 60 Ma of the Solar System formation. Since the
accretion of the Earth was incomplete till the moon-
forming giant impact was over, this age estimate of Moon
formation is inconsistent (30 million years) for the differ-
entiation of Earth’s mantle™ based on the '**Nd excess in
bulk Earth compared to chondrites.

The "W/™'W of any planetary mantle reflects the
time scale of accretion, differentiation, core-mantle for-
mation, mobilization and re-equilibration of W in mantle
during core formation®. Following the giant impact and
formation of Moon, the subsequent evolution of Earth
and Moon is apparently not influenced by one another.
Simulations of the giant impact suggest that significant
fraction of material for Moon formation, ~80% 1s derived
from impactor material®. The compositional difference
between impactor and proto-Earth should reflect the cur-
rent composition of mantle of Moon and Earth, therefore
only obvious explanations for the identical W isotope
composition® is because Moon is derived from Earth
material or W isotopes of Moon and Earth re-equilibrated
after the giant impact. A parallel situation exists in case
of stable isotopes of oxygen where the Moon and Earth
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have identical composition, and this is perhaps reflective
of the parent material for Earth and Moon being out-
sourced from the same region in the nebula™. It is not
clear if re-equilibration was responsible for identical W
isotope composition of Earth and Moon, the nature of the
operating mechanism remains unclear.

In conclusion, the formation of the Earth 1s constrained
by the experimental data obtained from SLRs systems
U W and M°Sm—'*Nd. It is now obvious from
these data that the Earth formed very early and its time
scales of accretion, differentiation and mantle differentia-
tion all occurred within few tens of million years and im-
pacts played a significant role in the evolution of
terrestrial planets like Earth. The possibility of hidden
reservoir in the Earth enriched in compatible elements
cannot be ruled and it is perhaps a direct consequence of
the '**Nd differences between the chondrites and terres-
trial samples.
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