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SUMMARY

The extinct 182Hf-182W and 146Sm-142Nd systems 
provide key chronological constraints on the 
major episodes of planetary differentiation. Both 
chronometers can be considered extinct after 
approximately 5–6 half-lives (i.e., after 50 Myr 
and 400 Myr respectively) and are therefore selec-
tively sensitive to early events. Application of 
182Hf-182W chronometry shows that segregation of 
the Earth’s core may have been complete no ear-
lier than 30 Myr after formation of the solar sys-
tem and probably involved at least partial 
re-equilibration of newly accreted metallic cores 
within the terrestrial magma ocean. The current 
best estimate for the termination of the major 
stage of Earth’s accretion and segregation of its 
core is provided by the age of the Moon, which 
formed as a result of a giant collision of a Mars-
sized embryo with the proto-Earth. According to 
182Hf-182W systematics this event occurred 
50–150 Myr after CAI formation. As the Earth 
cooled down following the giant impact, crystal-
lization of the magma ocean resulted in the for-
mation of the earliest terrestrial crust. While 
virtually no remnant of this proto-crust sur-

vived in the present-day rock record, the isotopic 
fingerprint of this early event is recorded in the 
form of small 142Nd anomalies in early Archean 
rocks. These anomalies show that magma ocean 
solidification must have taken place 30–100 Myr 
after formation of the solar system. In contrast, 
146Sm-142Nd systematics of lunar samples show 
that the lunar mantle may have remained par-
tially molten until 300 Myr after CAI formation. 
Therefore, extinct chronometers indicate that 
accretion and differentiation of the Earth pro-
ceeded rapidly. The core, mantle and crust were 
completely differentiated less than 100 Myr after 
formation of the solar system.

INTRODUCTION

The accretion and earliest history of the Earth 
was an episode of major differentiation of a 
magnitude that probably will never be repeated. 
Frequent and highly energetic impacts during 
the Earth’s growth caused widespread melting, 
permitting separation of a metallic core from 
a silicate mantle in a magma ocean. Soon after 
the major stages of the Earth’s growth were 
complete, the magma ocean solidified and a 
first proto-crust formed. Earth is an active 
planet, however, concealing most of the evi-
dence of its earliest evolutionary history by fre-
quent rejuvenation of its crust. Consequently, 
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there is no direct rock record of the Earth’s ori-
gin and earliest evolution, but fortunately wit-
nesses of the Earth’s earliest  evolution have 
been preserved as small isotope anomalies in 
the terrestrial rock record. The short-lived 
182Hf-182W and 146Sm-142Nd isotope systems pro-
vide key constraints for understanding the 
Earth’s accretion and earliest differentiation, 
and in this chapter, the basic theory of these 
 isotope systems and their application to models 
of the Earth’s formation and differentiation will 
be discussed.

The starting place for the accretion of the 
Earth is the solar nebula, a flattened disk of gas 
and dust orbiting the young Sun. Within the 
inner regions of the solar nebula, dust grains 
collided and stuck together to form a large pop-
ulation of meter- to kilometer-sized objects. 
Gravity and gas drag caused these planetesimals 
to collide and form increasingly larger bodies in 
a period of runaway growth, the products of 
which include numerous Moon- to Mars-sized 
planetary embryos. Collisions among these bod-
ies mark the late stages of accretion, culminat-
ing in the formation of a few terrestrial planets 
that sweep up all the other bodies. The Moon 
probably formed during this period and involved 
a ‘giant impact’ of a Mars-sized body with Earth 
at the very end of Earth’s accretion (Chambers, 
2004).

Planetary accretion is intimately linked with 
heating and subsequent melting of the planetary 
interiors. The decay of short-lived radioactive 
isotopes, especially 26Al (t1/2 = 0.73 Myr), and col-
lisions among the planetary embryos, caused the 
planetary interiors to heat up. At some critical 
size, melting will have started within the plane-
tary bodies, causing separation and segregation of 
a metallic core (Stevenson, 1990; Rubie et al., 
2007). As a consequence, all major bodies of the 
inner solar system and also many smaller bodies, 
are chemically differentiated into a metallic core 
and a silicate mantle. However, some planetary 
bodies, the chondrite parent  bodies, escaped dif-
ferentiation. They are too small for impact heat-
ing to be significant and formed after most 26Al 

had decayed away. Chondrites thus provide infor-
mation on what planetary bodies looked like 
before  differentiation began. As such, the chon-
drites are invaluable archives for investigating 
planetary differentiation.

Melting in the interior of a planetary object 
permits the denser components to migrate towards 
the center, thereby forming a core. Metallic iron 
melts at lower temperatures than  silicates, such 
that core formation can occur either by migra-
tion of molten metal through solid silicate matrix 
or by separation of metal droplets from molten 
silicate. The latter process is probably appropriate 
for core formation in the Earth, where giant 
impacts caused the formation of widespread 
magma oceans. Once differentiation began, it 
proceeded rapidly. The downward motion of 
dense metal melts result in the release of poten-
tial energy and hence further heating, which fur-
ther triggers differentiation (Stevenson, 1990; 
Rubie et al., 2007).

As the Earth’s mantle cooled following the last 
giant impact, the terrestrial magma ocean started 
to crystallize, ultimately resulting in the forma-
tion of the earliest terrestrial crust by migration 
and crystallization of residual melts near the 
surface. This process probably took place over 
timescales of the order of 10,000 to 100,000 
years, depending on the blanketing effect of the 
early atmosphere (Abe, 1997; Solomatov, 2000). 
As demonstrated by the presence of detrital zir-
con in an Archean sedimentary formation from 
Western Australia (Wilde et al., 2001), the earli-
est terrestrial crust must have solidified <150 Myr 
after formation of the solar system. Little is 
known, however, about this ancient proto-crust, 
as subsequent mantle-crust exchanges led to a 
complete rejuvenation of the Earth’s surface, 
leaving virtually no remnant older than 3.8 Gyr. 
Clues on the age,  lifetime and composition of 
the Earth’s crust can thus only be obtained 
through the study of early Archean rocks, which 
sampled the mantle at a time when chemical 
and isotopic fingerprints of the earliest differen-
tiation processes had not been completely erased 
by mantle mixing.
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This chapter will be divided into three sections. 
The first section will introduce the main con-
cepts and the reference parameters used for con-
straining the chronology of core-mantle and 
mantle-crust differentiation using the 182Hf-182W 
and 146Sm-142Nd chronometers, respectively. The 
second section will be dedicated to the 182Hf-182W 
chronology of the Earth’s accretion and core for-
mation on the Earth and the Moon. The last sec-
tion will examine the chronology and mechanisms 
of mantle-crust differentiation on the Earth, Mars 
and the Moon, as obtained from application of 
the 146Sm-142Nd system to meteorites and plane-
tary material.

SYSTEMATICS AND REFERENCE 
PARAMETERS FOR SHORT-LIVED 

RADIONUCLIDES

The two-stage model for short-lived 
nuclide systems: 182Hf-182W

Tungsten has five stable isotopes, all non-radio-
genic with the exception of 182W, which was pro-
duced by β--decay of the short-lived isotope 182Hf 
(t1/2 = 9 Myr). Because W is a moderately siderophile 
(iron-loving) element, whilst Hf is lithophile 
(rock-loving), the Hf/W ratio is fractionated by 
processes involving segregation of metal from 
silicates during formation of planetary cores. The 
182Hf-182W system has thus been extensively stud-
ied in order to derive chronological constraints 
on terrestrial accretion and core formation. The 
development of the Hf-W system as a chronome-
ter of core formation goes back to the pioneering 
work of Lee & Halliday (1995) and Harper & 
Jacobsen (1996).

The siderophile behavior of W depends on sev-
eral parameters including pressure, temperature 
and in particular oxygen fugacity. As a conse-
quence, partitioning of W in planetary cores var-
ies drastically among the terrestrial planets. The 
Hf/W ratio of the bulk silicate Earth is estimated 
to be ∼17, which is significantly higher than the 
chondritic Hf/W ratio of ∼1. As Hf and W are 

both refractory elements, this difference cannot 
be accounted for by cosmochemical fractiona-
tion in the solar nebula and is thus attributed to 
W partitioning into the core. Hence, assuming 
that core formation occurred at a time when 
182Hf was still extant, the bulk silicate Earth 
should have evolved towards a W isotopic com-
position that is more radiogenic in 182W com-
pared to chondrites.

The two-stage model represents the simplest 
conceptual framework for calculating ages of dif-
ferentiation using radiogenic systems. The for-
malism described below applies to core-mantle 
segregation but a similar development can be 
used for mantle-crust differentiation using the 
146Sm-142Nd chronometer. In this simple model, 
an undifferentiated primitive reservoir experi-
ences instantaneous differentiation at time td. 
The core and mantle reservoirs are characterized 
by Hf/W ratios lower and higher than the bulk 
Earth value, respectively, and subsequently 
evolve as closed systems during the second stage. 
The basic decay equation for the short-lived 182Hf-
182W chronometer can then be obtained from the 
following mass balance relationship:

 ( ) ( ) ( ) ( )+ = +182 182 182 182
0 0Hf t W t Hf t W t  (1)

where t0 is the origin of the solar system and t is 
time running forward from t0 = 0 to present day 
(tp = 4.567 Gyr). Dividing both sides of Equation (1) 
using a stable and non-radiogenic isotope of the 
daughter element (e.g.184W), we obtain, for the 
bulk Earth (BE):
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where (182W/184W)t0 is the initial W isotopic com-
position of the solar system.

Radioactive decay for 182Hf can be expressed as 
a function of time:
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where l182 is the decay constant of 182Hf of 
0.079 Myr−1. The second term on the right-hand 
side of Equation (2) can then be written as:

 
0 0

182 182 180

184 180 184

BE BE

t t

Hf Hf Hf
W Hf W

æ ö æ ö æ ö
=ç ÷ ç ÷ ç ÷

è ø è ø è ø
 (4)

where (182Hf/180Hf)t0 represents the initial abun-
dance of the short-lived radionuclide at the time 
of formation of the solar system. The decay equa-
tion for the bulk Earth finally reads:
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(5)

Isotopic heterogeneities due to radioactive decay 
are usually normalized to the composition of the 
bulk silicate Earth and expressed as deviations in 
parts per 104 using the epsilon notation:
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Using this notation, the present-day chondritic 
ε182W is −1.9 ε-units, whilst the bulk silicate Earth 
(BSE), by definition, has ε182W = 0.

In the two-stage model, differentiation occurs 
as an instantaneous event at td > t0. The core 
 incorporates no Hf, so that its isotopic com-
position during the second stage remains con-
stant and identical to that of the bulk Earth at 
time td:

0
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The residual silicate reservoir (i.e. the bulk 
 silicate Earth) is depleted in W and its isotopic 
composition evolves towards a more radiogenic 
182W/184W signature according to the following 
equation:

 0
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Combining Equations (7) and (8), we obtain the 
final two-stage model equation for short-lived 
radionuclides:
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(9)

A model age for core formation can thus be 
directly derived from the present-day W iso-
topic composition and Hf/W ratio of the BSE 
(i.e. (182W/184W)BSE and (180Hf/184W)BSE). The results 
of this equation for various values of td between 
0 and 50 Myr are illustrated in Figure 1.1. This 
figure reveals that core-mantle segregation can 
only affect the 182W/184W composition of the 
mantle if td < 50 Myr. After this point in time, 
182Hf was effectively extinct and any later Hf-W 
fractionation could not have led to variations 
in the 182W/184W ratio between the mantle and 
the core.

Calculating two-stage model ages requires 
knowledge of the W isotopic evolution of chon-
drites, which is assumed to represent that of the 
bulk, undifferentiated planet. To calculate the 
Hf-W isotopic evolution of chondrites, their ini-
tial 182Hf/180Hf and 182W/184W compositions, 
180Hf/184W ratio and present-day W isotopic com-
position needs to be known (Equation (5)). The 
most direct approach for determining the initial 
Hf and W isotopic compositions of chondrites is 
to obtain internal Hf-W isochrons for the oldest 
objects formed in the solar system, the Ca,Al-rich 
 inclusions (CAIs) found in carbonaceous chon-
drites. The slope of the CAI isochron does 
not directly provide an age, as is the case for 
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long-lived chronometers, but instead yields the 
abundance of the parent nuclide (i.e.182Hf/180Hf) 
at the time of CAI formation. Thus, the chro-
nology obtained from Hf-W on planetary differ-
entiation is not absolute but is established 
relative to the formation of CAIs at t0 = 0. In 
order to determine an absolute chronology, it is 
necessary to estimate independently the age of 
CAIs using a long-lived radioactive system. The 
U-Pb chronometer gives ages of ∼4.568 Gyr for 
CAI formation (Amelin et al., 2002; Bouvier 
et al., 2007).

An internal Hf-W isochron for mineral sepa-
rates from several CAIs from the Allende and 
NWA 2364 CV chondrites gives the following 
initial values: initial 182Hf/180Hf = (9.72 ± 0.44) × 
10−5 and initial ε182W = −3.28 ± 0.12 (Figure 1.2). 
Bulk carbonaceous chondrites have a more 
radiogenic W isotopic composition of ε182W = 
−1.9 ± 0.1 (Kleine et al., 2002, 2004a; Schoenberg 
et al., 2002; Yin et al., 2002b). Note that the first 

W isotope data for chondrites, obtained by Lee & 
Halliday (1995), yielded ε182W ∼ 0, but later 
 studies showed that this initial measurement 
was inaccurate. The elevated 182W/184W of chon-
drites compared to the initial value of the solar 
system reflects the decay of 182Hf to 182W over 
the age of the solar system, and from this differ-
ence the time-integrated 180Hf/184W of chondrites 
can be calculated using Equation (5). This 
approach results in a time-integrated 180Hf/184W 
of chondrites of 1.23, identical to the results of 
high-precision concentration measurements 
that yield an 180Hf/184W ratio of 1.23 (Kleine 
et al., 2004a).

Once the Hf-W isotopic evolution of chondrites 
is defined, two-stage model ages of core forma-
tion can be calculated from the Hf/W ratio and 
ε182W value of the mantle or core of a differenti-
ated planetary body (Equation (9)). We will dis-
cuss these two-stage model ages for several 
planetary bodies in detail in the section on ‘Hf-W 

Fig. 1.1 A simple two-stage model illustrating the isotopic evolution of core and mantle reservoirs segregated at 
various times (td) after formation of the solar system.
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chronology of the accretion and early differentia-
tion of the Earth and Moon.’

However, when considering the short half-life 
of 182Hf (9 Myr) and the characteristic timescale of 
accretion and core formation (10–100 Myr), it is 
evident that core formation cannot be treated as 
an instantaneous event and more complex, con-
tinuous segregation models are required. These 
also will be discussed in more detail in that sec-
tion. The two-stage model, however, is extremely 
useful as it provides a maximum age for the com-
pletion of core formation.

Because both Hf and W are refractory, it has 
been customary to assume that their relative 
abundances remained more or less constant 
throughout the solar system. Consequently, for 
refractory elements, the composition of the bulk 
Earth must be close to that of chondrites (i.e. 
(180Hf/184W)BE = 1.23). In detail, however, the com-
position of the bulk Earth may deviate from that 
of chondrites due to collisional erosion of early-
formed crust (O’Neil & Palme, 2008; Warren, 
2008). Due to the higher incompatibility of W 
compared to Hf, planetary crusts have sub- 
chondritic Hf/W ratios, such that impact-induced 
erosion of such crustal material would tend to 
increase the Hf/W ratio of the bulk Earth com-

pared to chondrites. Obviously this would affect 
the chronology derived from Hf-W systematics. 
This aspect and its consequences on chronologi-
cal constraints derived from 182Hf-182W will be 
briefly discussed in later sections.

Coupled 146Sm-142Nd and 147Sm-143Nd 
chronometry

The coupled Sm-Nd system is a chronometer 
composed of an extinct and an extant radioactiv-
ity: 143Nd is produced by α-decay of the long-
lived 147Sm (T1/2 = 106 Gyr), and 142Nd was 
produced by α-decay of now-extinct 146Sm (T1/2 = 
103 Myr). The domain of application of these 
chronometers is thus conditioned by their respec-
tive half-life and by the chemical properties of 
the Rare Earth Elements (REE). As with most 
REE, Sm and Nd are characterized by high con-
densation temperatures (Boynton, 1975; Davis & 
Grossman, 1979), moderate incompatibility dur-
ing magmatic processes and an extremely 
lithophile behavior during metal-silicate segre-
gation. Core formation is thus unlikely to frac-
tionate the REE significantly, even under highly 
reducing conditions, whilst volatility-controlled 
fractionation has only been observed in high-T 

Fig. 1.2 Hf-W isochron of Ca,Al-rich 
inclusions from CV chondrites. Data 
points are for different mineral sepa-
rates from CAIs. Those with the 
 highest 180Hf/184W and ε182W are for 
fassaites. The solar system initial Hf 
and W isotopic compositions are 
defined by the CAI isochron. Also 
shown with dashed lines are the Hf-W 
parameters for average chondrites. 
Modified from Burkhardt et al. (2008).

9781444332605_4_001.indd   149781444332605_4_001.indd   14 9/17/2010   4:14:32 PM9/17/2010   4:14:32 PM



 Extinct Radionuclides 15

condensates such as CAIs (Ireland et al., 1988). 
At the exception of extremely reducing nebular 
environments, where Samarium can be reduced 
to a divalent state (Lodders & Fegley, 1993; Pack 
et al., 2004), Sm and Nd are trivalent and do not 
experience redox-controlled fractionation. As a 
consequence, the relative abundances of Sm and 
Nd in planetary reservoirs are essentially con-
trolled by partial melting and fractional crystal-
lization processes involved in the formation of 
planetary crusts (Table 1.1). As Nd is normally 
more incompatible than Sm, crustal reservoirs 
formed by partial melting of the mantle, or by 
fractional crystallization of a magma ocean, will 
have low Sm/Nd ratios and high Nd concentra-
tion, whilst the residual mantle reservoirs are 
characterized by a higher Sm/Nd (Table 1.1). 
Differentiated crust or mantle are thus expected 
to develop distinct 143Nd/144Nd signatures, usu-
ally noted ε143Nd:

 
( )

( )
143 144

143 4
143 144

1 10
CHUR

Nd Nd
Nd

Nd Nd

æ ö
ç ÷= - ´
ç ÷
è ø

e  (10)

where CHUR (Chondritic Uniform Reservoir) 
represents the average chondritic composition. A 
similar notation is used for the 146Sm-142Nd sys-
tem, with (142Nd/144Nd)BSE as the normalizing 
ratio. Long-lived differentiated crustal reservoirs 
are thus expected to develop unradiogenic ε143Nd, 
whilst an elevated ε143Nd indicates derivation 
from a mantle previously depleted in incompati-
ble elements. If differentiation takes place prior 
to extinction of 146Sm (i.e. >4.2 Gyr ago), then 
crustal and mantle reservoirs will also develop 

distinct ε142Nd signatures, respectively lower and 
higher than the BSE composition.

The existence of distinct ε143Nd signatures 
between terrestrial silicate reservoirs (Figure 1.3) 
has permitted the establishment of constraints 
on the chronology of mantle-crust differentia-
tion (Jacobsen & Wasserburg, 1979; Allegre et al., 
1979; DePaolo & Wasserburg, 1979; DePaolo, 
1980), the exchange fluxes between crust and 
mantle (Albarede & Rouxel, 1987; Albarede, 
2001) and the fate of recycled crustal material in 
the mantle (Zindler & Hart, 1986). However, the 
constraints derived from 147Sm-143Nd systemat-
ics only depict a relatively recent (<2–3 Gyr) his-
tory of the mantle-crust system. Events that 
took place earlier in Earth’s history are far more 
difficult to constrain, because their isotopic fin-
gerprint on mantle composition has been erased 
by later crustal formation and recycling. In con-
trast, the 146Sm-142Nd chronometer is only sensi-
tive to events that took place during the very 
early history of the Earth. Given the current ana-
lytical uncertainties on Nd isotopic measure-
ments (2s = 2–5 ppm), radiogenic ingrowth in 
silicate reservoirs becomes negligible after 
approximately 4 periods. Distinct 142Nd signa-
tures can thus only develop in silicate reservoirs 
differentiated prior to 4.2 Gyr. Thus, whilst the 
143Nd/144Nd composition of modern silicate res-
ervoirs is mainly inherited from continuous 
crustal formation during the past 2 to 3 Gyr, 
their 142Nd signature can only be the result of 
much earlier REE fractionation, thereby making 
the 146Sm-142Nd system a selective tool for dating 
the formation of the earliest crusts on Earth and 
other terrestrial planets.

Table 1.1 147Sm-143Nd systematics in the major terrestrial reservoirs (upper crust, 
depleted mantle, and bulk silicate Earth)

  143Nd/144Nd  147Sm/144Nd  Source

Upper crust 0.5116 0.117 Taylor & McLennan (1985)
Depleted mantle 0.5131 0.215–0.235 Salters & Stracke (2004)
BSE (chondritic model) 0.512638 0.1966 Jacobsen & Wasserburg (1984)
BSE (non-chondritic model)  0.51299  0.2082  Caro et al. (2008)
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Two-stage mantle-crust 
differentiation model

The development of 146Sm-142Nd systematics has 
long been hampered by the difficulty of measuring 
with sufficient precision the small radiogenic 
effects on 142Nd (Sharma et al., 1996), a problem 
essentially due to the scarcity of 146Sm in the early 
solar system. The presence of this p-process radio-
nuclide was first demonstrated by Lugmair & 
Marti (1977), who reported radiogenic 142Nd effects 
in mineral separates from the achondrite Angra 
Dos Reis. This observation was then confirmed by 

the discovery of highly radiogenic 142Nd signatures 
in carbon-chromite fractions from the chondrite 
Allende, which were attributed to α-recoil effects 
from 146Sm in carbon films surrounding Sm-bearing 
grains (Lugmair et al., 1983). In the early 1990s, 
accurate determinations of the initial abundance 
of 146Sm were obtained using a new generation of 
mass spectrometers. Lugmair & Galer (1992) 
reported an initial 146Sm/144Sm ratio of 0.0071 ± 17 
for Angra Dos Reis and Prinzhofer et al. (1989, 
1992) suggested a value of 0.008 ± 1 from mineral 
separates of the meteorites Ibitira and Morristown 
(Figure 1.4). These estimates are in general agree-

Fig. 1.3 (a) REE abundance patterns of the major terrestrial silicate reservoirs normalized to CI chondrites. The 
CI-normalized pattern of the bulk silicate Earth is not directly constrained but has been conservatively assumed to 
be perfectly flat, with [REE]BSE = 2.75 × [REE]CHUR (McDonough & Sun, 1995). However, a slightly non-chondritic com-
position, perhaps similar to the hypothetical pattern shown here, is suggested by the non-chondritic 142Nd composi-
tion of terrestrial samples. A large fraction (30–50%) of the LREE budget of the silicate Earth is concentrated in the 
continental crust, which shows an enrichment by 1–2 orders of magnitude compared with bulk silicate Earth values. 
In contrast, the uppermost mantle (as sampled by mid-ocean ridge basalts) is characterized by a depleted REE pattern 
(LREE<HREE) and a radiogenic 143Nd/144Nd signature indicative of long-term evolution with high Sm/Nd ratio. 
(b) Schematic illustration showing the 143Nd/144Nd evolution of major silicate reservoirs. The present-day continental 
mass was formed during three major episodes of crustal growth at 2.7, 1.9 and 1.2 Gyr (Condie, 2000). This process 
extracted about one-third of the total Nd budget of the bulk Earth, creating an enriched reservoir with low 147Sm/144Nd 
ratio (0.12), which subsequently evolved towards unradiogenic ε143Nd (−15 ε-units), and a complementary depleted 
mantle characterized by high 147Sm/144Nd (0.23–0.25) and radiogenic ε143Nd signature (ε143Nd = +9) (Allegre et al., 1979; 
DePaolo & Wasserburg, 1979; Jacobsen & Wasserburg, 1979). Recycling of oceanic crust in the deep mantle may also 
contribute to depleting the uppermost mantle in incompatible elements (Christensen & Hofmann, 1994).
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ment with more recent results obtained by Nyquist 
et al. (1994) and Amelin & Rotenberg (2004) and 
were widely applied as reference parameters in 
later studies (Harper & Jacobsen, 1992; Caro et al., 
2003; Boyet & Carlson, 2005).

The two-stage model described for the 182Hf-
182W chronometer can be easily transposed to 
mantle-crust differentiation. In this case, the 
two-stage model equation describing the evolu-
tion of a depleted mantle reservoir reads:
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(11)

where the acronyms EDM and BSE stand for Early 
Depleted Mantle and Bulk Silicate Earth, respec-
tively. The term EDM is used here to avoid con-
fusion with the modern depleted mantle, whose 

chemical composition reflects continuous crus-
tal extraction and is thus not directly relevant to 
early differentiation processes. Note also that in 
order to homogenize notations with the 147Sm-
143Nd decay equation, the parent-daughter ratio in 
Equation (11) is often expressed as 147Sm/144Nd.

As can be seen from Equation (11), a model age 
(td) of mantle-crust differentiation can be derived 
from 146Sm-142Nd systematics, assuming that 
(142Nd/144Nd)EDM and (147Sm/144Nd)EDM are known. In 
practice, the latter cannot be estimated directly, as 
mantle-crust exchanges during the Archean and 
Proterozoic have overprinted the geochemical sig-
nature of the earlier magmatic events. However, 
this problem can be circumvented by combining 
the 147Sm-143Nd and 146Sm-142Nd systems using a 
simple two-stage model (Figure 1.5). The 143Nd/144Nd 
evolution of the EDM can then be expressed as:
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Fig. 1.4 (a)147Sm-143Nd and (b) 146Sm-142Nd mineral isochrons from the Eucrite Ibitira (Prinzhofer et al., 1992).142Nd 
heterogeneities in mineral separates are correlated with their respective Sm/Nd ratio, demonstrating the presence of 
live 146Sm at the time of crystallization of the rock. In contrast with the long-lived 147Sm-143Nd system, the slope of 
the 146Sm-142Nd isochron does not yield an absolute age but is proportional to the abundance of the parent nuclide 
(i.e.146Sm/144Sm) at the time of crystallization. Mineral isochrons established in chondrites and achondrites provide 
a best estimate for the initial 146Sm/144Sm ratio of 0.008 ± 1. Reprinted from “Geochimica et Cosmochimica Acta”, 
56:2, A Prinzhofer, D.A Papanastassiou, G.J Wasserburg, Samarium–neodymium evolution of meteorites, pp. 1–2, 
1992, with permission from Elsevier.
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Fig. 1.5 Schematic illustration of the coupled 146,147Sm-142,143Nd chronometer. (a) e143Nd evolution of a proto-crust 
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where λ147 is the decay constant of 147Sm. By 
combining Equations (11) and (12), we obtain a 
system of two chronometric equations from 
which both the 147Sm/144Nd ratio and the age of 
differentiation of the EDM can be calculated 
(Figure 1.5c). Using this coupled 146,147Sm-142,143Nd 
chronometer, the age of the crust can be esti-
mated solely from its isotopic fingerprint in the 
mantle.

Planetary isochrons

The two-stage model described above implies 
that the EDM evolved as a closed-system 
between td and ts. However, any magmatic event 
affecting the EDM after 4.2 Gyr would impact 
the long-lived 147Sm-143Nd system without nec-
essarily affecting the 146Sm-142Nd system (Figure 
1.5a) and this could result in spurious age esti-
mates if considered in the context of a two-stage 
model. A possible way of identifying such decou-
pling is to establish a planetary isochron (Figure 
1.5d). These are constructed from a series of 
samples derived from cogenetic crustal and/or 
mantle reservoirs such as magma ocean cumu-
lates. Although the scarcity of terrestrial sam-
ples with 142Nd anomalies has so far made this 
method inapplicable to early Earth differentia-
tion, planetary isochrons have been used for 
determining ages of differentiation for the lunar 
and Martian mantle (see the section on ‘146Sm-
142Nd constraints on the evolution of the Hadean 
crust’). In an isochron diagram, the 142Nd/144Nd 
composition of samples extracted at time ts from 
differentiated reservoirs are plotted against the 
147Sm/144Nd ratio of their source (Figure 1.5d). 
The latter are estimated using a two-stage model 
based on the initial 143Nd/144Nd composition of 
each sample:

 

( ) ( )

147

144

143 144 143 144

p

sd

s d

source

t

PM source

t t
tt

Sm
Nd

Nd Nd Nd Nd

e e

æ ö
=ç ÷

è ø

-

- ll
 

(13)

where (143Nd/ 144Nd)ts
source is the initial isotopic 

composition of a sample extracted at time ts and  
(143Nd/ 144Nd)td

PM is the isotopic composition of 
the primitive mantle at td. An age of mantle dif-
ferentiation is then obtained from the slope of 
the isochron (S) in an ε142Nd vs 147Sm/144Nd 
diagram:
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where (142Nd/144Nd)Std is the composition of the 
terrestrial standard used for normalizing ε142Nd 
values. The age of differentiation is thus esti-
mated using an iterative scheme from the slope 
of the regression line passing through all sam-
ples, but is not forced to intersect a hypothetical 
primitive mantle composition. Planetary iso-
chrons thus provide more than simple chrono-
logical constraints. As shown in Figure 1.5d, 
non-cogenetic reservoirs would not plot along 
the same isochron, and this can be used to iden-
tify decoupling of the 147Sm-143Nd and 146Sm-
142Nd systems. In addition, the position of the 
isochron compared with the chondritic reference 
provides constraints on the composition of the 
primitive reservoir from which planetary crusts 
differentiated (see the section on ‘146Sm-142Nd 
constraints on the evolution of the Hadean 
crust’). Ideally, cogenetic reservoirs differenti-
ated from a primitive chondritic mantle should 
plot along an isochron passing through the chon-
dritic composition (i.e. CHUR, Table 1.1). Failure 
to do so would indicate that the source reservoir 
experienced at least one additional episode of 
REE fractionation prior to the differentiation 
event recorded by the isochron. This aspect and 
its consequences on the composition of the ter-
restrial planets will be further discussed in the 
section on ‘146Sm-142Nd constraints on the evolu-
tion of the Hadean crust.’
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HF-W CHRONOLOGY OF THE 
ACCRETION AND EARLY 

DIFFERENTIATION OF THE 
EARTH AND MOON

Hf-W systematics of planetary reservoirs 
and two-stage model ages of core 

formation

The two main parameters that need to be known 
to calculate Hf-W ages of core formation are the 
Hf/W ratio and W isotope composition of the 
bulk mantle or core of a planetary body. Since we 
do not have samples from the core and mantle of 
an individual planetary object, the ages are calcu-
lated relative to the composition of the bulk, 
undifferentiated body, which we assume to be 
chondritic (see section on ‘Systematics and refer-
ence parameters for short-lived radionuclides’). In 
the simplest model of core formation, it is 
assumed that the core formed instantaneously 
and an age for core formation can then be calcu-
lated by assuming a two-stage model (Lee & 
Halliday, 1995; Harper & Jacobsen, 1996; Kleine 
et al., 2002). The underlying approach and the 
equation for calculating a two-stage Hf-W model 
age of core formation is described in detail in the 
section on ‘Systematics and reference parameters 
for short-lived radionuclides.’

The only samples available from the metallic 
core of differentiated planetary bodies are the 
magmatic iron meteorites. They contain virtu-
ally no Hf and their present-day W isotope com-
position is identical to that at the time of core 
formation (Horan et al., 1998). All iron meteor-
ites exhibit a deficit in 182W compared to chon-
drites and their ε182W values are among the lowest 
yet measured for solar system materials. Some 
iron meteorites even have ε182W values lower 
than the solar system initial value (as determined 
from Ca,Al-rich inclusions, see the section on 
‘Systematics and reference parameters for short-
lived radionuclides’) but these low values reflect 
the interaction with thermal neutrons produced 
during the extended exposure of iron meteoroids 
to cosmic rays (Kleine et al., 2005a; Markowski 
et al., 2006; Schérsten et al., 2006). If these effects 

are fully taken into account, all iron meteorites 
have ε182W values indistinguishable from the ini-
tial ε182W of CAIs (Kleine et al., 2005a; Burkhardt 
et al., 2008). The unradiogenic ε182W values of 
iron meteorites indicate that their parent bodies 
differentiated within <1 Myr after formation of 
CAIs. Thus iron meteorites are samples from 
some of the oldest planetesimals that had formed 
in the solar system.

Hafnium-tungsten data are available for a vari-
ety of samples that derive from the silicate part of 
differentiated planetary bodies, including the par-
ent bodies of some basaltic achondrites (eucrites, 
angrites) and Mars as well as the Earth and Moon 
(Table 1.2). All samples exhibit elevated Hf/W 
ratios and ε182W values compared to chondrites, 
indicating that Hf/W fractionation by core forma-
tion in these planetary bodies occurred during the 
lifetime of 182Hf. An important observation is that 
the Hf-W data for samples derived from the sili-
cate and metal parts of differentiated planetary 
bodies show the pattern that is expected for Hf/W 
fractionation during core formation and subse-
quent decay of 182Hf to 182W. As such, these data 
confirm the basic theory of the Hf-W system as a 
chronometer of core formation.

Whilst determining an Hf-W age of core forma-
tion based on iron meteorite data is straightfor-
ward, because the W isotope composition of iron 
meteorites solely reflects Hf-W fractionation dur-
ing core formation, the interpretation of Hf-W 
data for silicate rocks in terms of core formation 
timescales is more complicated. Owing to the 
 different behavior of Hf and W during mantle 

Table 1.2 Hf-W systematics of planetary reservoirs 
(Kleine et al., 2009)

  180Hf/184W  ε182W

Chondrites ∼0.6–1.8 −1.9 ± 0.1
Basaltic eucrites  24–42 21–33
Angrites  4–7 1–5
Bulk silicate Mars  ∼3–4 0.4 ± 0.2
Bulk silicate Moon  ∼26 0.09 ± 0.1
Bulk silicate Earth  ∼17  ≡ 0
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 melting, the Hf/W ratio of a rock is different from 
that of the bulk mantle of its parent body. 
Similarly, the W isotope composition of a mantle-
derived rock may be different from that of the 
bulk mantle, if mantle melting occurred during 
the lifetime of 182Hf. Thus, the Hf/W ratio and W 
isotope composition characteristic for the entire 
mantle of a differentiated planetary body can 
often not be measured directly and the effects of 
Hf-W fractionation during mantle melting need 
to be taken into account.

Eucrites and angrites are basaltic rocks that 
crystallized early in solar system history near the 
surface of small, differentiated planetary bodies. 
Their Hf-W systematics were established during 
the early differentiation of their parent bodies 
and thus can be used to constrain the timing of 
this early differentiation. Basaltic eucrites have 
180Hf/184W ∼20 to 30 and ε182W ∼21 to 33 (Kleine 
et al., 2004a; Touboul et al., 2008), whilst ang-
rites have 180Hf/184W ∼4 to 6 and ε182W ∼1 to 5 
(Markowski et al., 2007; Kleine et al., 2009). The 
two-stage model ages of both basaltic eucrites 
and angrites are similar and range from ∼1 to 
∼4 Myr after CAI formation (Figure 1.6). This 
range in model ages is unlikely to reflect a real 
spread in the timing of core formation but proba-
bly is due to additional Hf-W fractionations dur-
ing mantle-crust differentiation, partial melting 

and, in the case of the basaltic eucrites, also ther-
mal metamorphism.

In contrast to the basaltic achondrites, sam-
ples from Mars as well as the Earth and Moon are 
relatively young igneous rocks and their Hf/W 
ratios, which are the product of a long history of 
multiple melting events, are unrelated to their 
W isotope composition, which only reflect the 
earliest differentiation history of their parent 
bodies. The Hf/W ratio that is characteristic of 
the entire mantle of Mars, the Earth and the 
Moon can thus not be measured directly but 
must be determined by comparing the W con-
centrations in the samples with another element 
that behaves similarly during silicate melting 
(i.e. has a similar incompatibility), tends to stay 
in the mantle and whose abundance relative to 
Hf is known. The latter two conditions are met 
by refractory lithophile elements because their 
relative abundances in bulk planetary mantles 
should be chondritic. This is because they are 
neither fractionated by core formation (because 
they are lithophile) nor by volatile element 
depletion (because they are refractory). Trace 
element studies on Martian, lunar and terrestrial 
basalts show that U, Th and W have similar 
incompatibilities, such that the U/W or Th/W 
ratios of these rocks can be used to obtain an Hf/W 
ratio of the bulk mantle (Newsom et al., 1996). 

Iron meteorites

Fig. 1.6 Two-stage model age of core for-
mation vs planet radius. After Kleine et al. 
(2002) with updated age.
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Using this approach, the following estimates for 
the bulk mantle Hf/W ratios are obtained: 17 ± 5 
(Earth), 26 ± 2 (Moon) and 3.5 ± 0.5 (Mars) (Kleine 
et al., 2009).

The 182W/184W ratios of Martian meteorites fall 
into two groups (Lee & Halliday, 1997; Kleine 
et al., 2004a; Foley et al., 2005b): the basaltic 
shergottites having ε182W ∼0.3 to 0.6 and the 
nakhlites and Chassigny having ε182W ∼2 to 3. 
This 182W heterogeneity of the Martian mantle 
makes it difficult to estimate the ε182W that is 
characteristic for the bulk Martian mantle. Most 
studies have used the ε182W value of shergottites 
for the bulk Martian mantle because some sher-
gottites have near-chondritic 142Nd/144Nd ratios, 
indicating only limited trace element fractiona-
tion during early melting of their source. Using 
ε182W = 0.4 ± 0.2 and Hf/W = 3.5 ± 0.5 for the bulk 
Martian mantle, results in two-stage model ages 
of core formation of 4.6 ± 4.1 Myr after CAI for-
mation. The large uncertainty of this age largely 
reflects uncertainties in the mantle Hf/W ratio 
and the fact that this ratio is only slightly higher 
than the chondritic value (Nimmo & Kleine, 
2007). As will be discussed in more detail below 
for core formation in the Earth, for larger bodies 
the two-stage model age does not necessarily pro-
vide a good estimate of the timescale of core for-
mation and the two-stage model age may 
underestimate the time taken to accrete and dif-
ferentiate Mars by a factor of ∼3 (Nimmo & 
Kleine, 2007). Thus, the Martian core may not 
have formed before ∼20 Myr after the beginning of 
the solar system.

In contrast to the parent bodies of basaltic 
achondrites and Mars, there are no 182W varia-
tions in the lunar and terrestrial mantles, such 
that the ε182W values of the bulk lunar mantle 
and the bulk silicate Earth can be measured 
directly and are known precisely. Determining 
the indigenous W isotope composition of the 
Moon and the extent to which 182W/184W varia-
tions exist that reflect 182Hf decay within the 
Moon has proven to be a difficult task. There are 
large variations in the 182W/184W ratios of lunar 
whole-rocks, which initially were interpreted to 
reflect an early formation of the Moon and 182Hf-

decay within the Moon (Lee et al., 1997). More 
recent studies, however, showed that elevated 
182W/184W ratio in lunar whole-rocks are entirely 
due to the production of 182Ta by neutron-cap-
ture of 181Ta and subsequent decay of 182Ta to 
182W (Kleine et al., 2005b; Touboul et al., 2007), 
and that all lunar samples have indistinguisha-
ble ε182W values averaging at 0.09 ± 0.10 (Touboul 
et al., 2007, 2009b). Given that lunar rocks 
derive from sources with highly variable Hf/W, 
the lack of 182W variations among lunar samples 
indicates that differentiation of the lunar man-
tle occurred after extinction of 182Hf, that is 
>∼60 Myr after the beginning of the solar sys-
tem. The Hf/W ratio and W isotope composition 
of the lunar mantle correspond to a two-stage 
model age of 36 ± 2 Myr after CAI formation, 
slightly younger than the two-stage model age 
of the Earth’s core of 30 ± 5 Myr (Touboul et al., 
2007; Kleine et al., 2009).

Figure 1.6 reveals that there is a correlation 
between two-stage model ages of core forma-
tion and planet size (Kleine et al., 2002): the 
larger a planetary body, the younger is its two-
stage model age. Such a pattern is unexpected if 
core formation did not occur until some critical 
stage of planetary accretion. Whilst the small 
meteorite parent bodies accreted early and 
underwent differentiation rapidly, larger bodies 
such as the Earth grew and differentiated over a 
much longer timescale. Thus, the basic assump-
tion of the two-stage model – that is that the 
entire planet differentiates in one instant – is 
appropriate for the small meteorite parent bod-
ies because their accretion rate is short com-
pared to the 182Hf half-life. However, the 
two-stage model age for the Earth of ∼30 Myr 
indicates that accretion of the Earth occurred 
over a timescale that is long compared to the 
182Hf half-life. Thus, for the Earth the assump-
tion of instantaneous core formation is not jus-
tified, and the two-stage model time of ∼30 Myr 
would only date core formation if during this 
event the entire core was first remixed and 
homogenized with the entire mantle before 
final segregation of metal to form the present 
core. This is physically implausible.
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The two-stage model age, therefore, is not a 
reasonable estimate of the exact age of the Earth’s 
core but nevertheless provides an important con-
straint on the timescale of core formation. 
Because Hf is lithophile and W is siderophile, the 
bulk silicate Earth cannot have an Hf/W ratio 
and, hence a 182W/184W ratio, lower than chon-
dritic at any time, provided that the bulk Earth 
has chondritic relative abundances of refractory 
elements. Since the two-stage model assumes a 
chondritic W isotopic composition at the time of 
core formation, the calculated model age corre-
sponds to the earliest time from which the Earth’s 
mantle could subsequently have evolved to its 
present-day 182W excess (Halliday et al., 1996; 
Kleine et al., 2004b).

Hf-W isotopic evolution during continuous 
core formation and protracted accretion

The accretion of the Earth involved multiple col-
lisions between smaller proto-planets. These col-
lisions delivered the energy required for melting 
and core formation, such that the timescale of 
core formation is equivalent to the timescale of 
the major stage of accretion. Since the core did 
not segregate in a single instant at the end of 
accretion but formed continuously during accre-
tion, there is no single, well-defined ‘age’ of core 
formation. An age rather corresponds to a certain 
growth stage of the core. A widely used model for 
the Earth’s accretion is one that assumes an expo-
nentially decreasing rate, such that:
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where m/ME is the cumulative fractional mass of 
the Earth at time t and a is the time constant of 
accretion (Harper & Jacobsen, 1996; Jacobsen, 
2005). This model provides a reasonable approxi-
mation to the Wetherill (1990) accretion model 
for the formation of the Earth, which is among 
the first of its kind. It is important to note how-
ever, that the exponential model does not mean 
that accretion occurred by the incremental 

growth of small mass fractions. Dynamical mod-
eling suggests that the main mass of the Earth 
was delivered by multiple and stochastic impacts 
that bring in large core masses at once (Agnor 
et al., 1999). From the stochastic nature of these 
large, late-stage impacts, it follows that growth 
of the Earth’s core occurred episodically rather 
than being a continuous process during accre-
tion. The exponential model, therefore, assumes 
that these collisions occurred at an exponen-
tially decreasing rate. In this model, the end of 
accretion is poorly constrained because accre-
tion probably terminated with one large impact 
(the Moon-forming impact), the timing of which 
is not well defined in the exponential model. It 
is thus more useful to characterize the timescale 
in terms of a mean age of accretion, t, which is 
the inverse of the time constant α and corre-
sponds to the time taken to achieve ∼63% growth 
(cf. Harper & Jacobsen, 1996). It is also useful to 
characterize the timescale of the Earth’s accre-
tion by the time taken to accrete 90% of the 
Earth, because current models of lunar origin 
predict that the Moon formed during the colli-
sion of a Mars-sized impactor with a proto-Earth 
that was 90% accreted (Halliday, 2004, 2008; 
Kleine et al., 2004b, 2009). Thus, t90 for the Earth 
is equivalent to the timing of the Moon-forming 
impact and the end of the major stage of the 
Earth’s accretion and core formation. Using 
Equation (15), we show that t90 = 2.3t.

Several lines of evidence indicate that a large 
fraction of the Earth was accreted from objects 
that had already undergone core-mantle differen-
tiation. Hafnium-tungsten data for iron meteor-
ites and basaltic achondrites demonstrate that 
differentiation of their parent bodies occurred 
very early, within <1 Myr after CAI formation 
(Kleine et al., 2009). These data suggest that at 
least some of the planetesimals that accreted to 
the Earth were already differentiated. However, 
a significant amount of the Earth’s mass was 
delivered by much larger Moon- to Mars-sized 
embryos. It seems inevitable that these were 
already differentiated prior to their collision 
with the proto-Earth, because models of plane-
tary accretion predict that at 1 AU, planetary 
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embryos had formed within ∼1 Myr after CAI 
formation. In this case, they will have melted 
owing to heating by the decay of then abundant 
26Al. Furthermore, planetary embryos are large 
enough that collisions between two embryos 
release sufficient energy for melting and 
differentiation.

A question of considerable interest for inter-
preting the W isotope composition of the Earth’s 
mantle in terms of core formation timescales is 
the mechanism by which metal is transported to 
the core during the collision of a pre-differenti-
ated object with the Earth (Harper & Jacobsen, 
1996; Kleine et al., 2004b, 2009; Nimmo & 
Agnor, 2006; Rubie et al., 2007; Halliday, 2008). 
The key issue is if the incoming impactor metal 
core directly merged with the Earth’s core’ or 
finely dispersed as small droplets in the terres-
trial magma ocean. In the case of core merging, 
no equilibration between the impactor core and 
the Earth’s mantle will have taken place and the 
chemical and isotopic composition of the Earth’s 
mantle would largely reflect the conditions of 
core formation in Earth’s building blocks. In 
contrast, small metal droplets will have easily 
equilibrated with the surrounding silicate mate-
rial in a magma ocean. This model, therefore, is 
often referred to as magma ocean differentia-
tion. In this model any information on the dif-
ferentiation of the impactor is lost and the 
chemical and isotopic composition of Earth’s 
mantle reflects the conditions of core formation 
within the Earth.

Whether core merging or magma ocean differ-
entiation is more appropriate for a given colli-
sion depends on the relative size of the two 
colliding bodies. Collisions in which the impac-
tor is much smaller than the target result in 
vaporization of the impactor, in which case the 
impactor material can efficiently mix and 
homogenize within the magma ocean of the tar-
get. What happens in detail during larger colli-
sions, however, is less well understood. 
Hydrocode simulations of giant impacts (Canup 
& Asphaug, 2001) show that the cores of target 
and impactor merge rapidly, although more 
recent simulations indicate that some re-equili-

bration might occur (Canup, 2004). The problem 
is that these simulations currently provide a res-
olution in the order of 100 km, whereas the 
length-scale on which chemical and isotopic re-
equilibration occurs is probably in the order of 
centimeters (Stevenson, 1990; Rubie et al., 2007). 
Thus, the extent to which metal-silicate equili-
bration occurred during large impacts is cur-
rently not well understood.

The W isotope evolution of the Earth’s man-
tle during accretion from pre-differentiated 
objects can be followed using a three-box model 
(Harper & Jacobsen, 1996; Halliday, 2004; Kleine 
et al., 2004a, 2009; Jacobsen, 2005; Nimmo & 
Agnor, 2006). In this model, the 182W/184W ratio 
of Earth’s mantle immediately after addition of 
a new object reflects the contribution of the fol-
lowing three components: Earth’s mantle prior 
to the impact (component 1); the impactor man-
tle (component 2); and the impactor core (com-
ponent 3). We will assume that a fraction 1-k of 
the impactor core is added directly to the target 
core without any prior re-equilibration with the 
Earth’s mantle and will term k the equilibration 
factor (k = 1 indicates complete re-equilibra-
tion). Let Ri be the 182W/184W ratio of component 
i (i = 1,2,3), then R1′, the 182W/184W ratio of the 
Earth’s mantle immediately after the collision, 
is given by:

 

1 1 2 2 3 3
1

1 2 3

y R y R ky R
R

y y ky
+ +¢ =
+ +  

(16)

where yi= mi[W]i is the total mass of W, mi is the 
mass and [W]i is the W concentration in compo-
nent i. Ri for the three components at the time of 
the collision can be calculated using the decay 
equation of extinct short-lived nuclides and for 
the time interval between two collisions at t1 and 
t2 is given by:
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The total mass of W in any of these three com-
ponents depends on the mass of this component 
and its W concentration. The latter is given by 
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the metal-silicate partition coefficient of W, 
which is defined as:

 
[ ]
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W
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s

D  
(18)

For the concentration of W in the mantle of a dif-
ferentiated object, mass balance considerations 
and the definition of D give:
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where [W]0 is the W concentration of the bulk 
Earth (assumed to be chondritic) and g is the 
silicate mass fraction (in case of the Earth g = 
0.675). For the concentration of W in the core 
we have:
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From the equations summarized above it is clear 
that a number of parameters need to be known to 
calculate the W isotope evolution of Earth’s man-
tle during protracted accretion with concomitant 
core formation. Important parameters include:

Equilibration factor • k;
D for W in both the Earth and the differentiated • 

objects that are accreted to form the Earth; and
The • 182W/184W ratios in impactor mantle and core 

at the time of their collision with proto-Earth.
All these parameters are unknown and for the 
sake of simplicity, we will first assume that the 
metal-silicate partition coefficient D for W 
remained constant throughout accretion and was 
the same in all bodies that accreted to the Earth. 
We will further assume that all the bodies the 
collided with the Earth underwent core-mantle 
differentiation at t0, the start of the solar system.

Figure 1.7 schematically illustrates the W iso-
tope evolution of Earth’s mantle in the two end-
member models of metal-silicate equilibration 
during core formation. In the core-merging model 
(k = 0), metal-silicate re-equilibration does not 

occur and the W isotope composition of the tar-
get’s mantle immediately after the impact results 
from addition of impactor mantle material to the 
target’s mantle. The resulting 182W/184W ratio will 
always be higher than chondritic because no core 
material (with subchondritic 182W/184W) is invol-
ved in these mixing processes. In the case of core 
merging, no isotopic record of the collision was 
generated and the W isotope effect in the Earth’s 
mantle would largely reflect the timing of core 
formation in the pre-merged objects. In contrast, 
small metal droplets in a magma ocean could have 
equilibrated efficiently with the surrounding 
molten silicates. If re-equilibration was  complete 
(i.e. k = 1), this is equivalent to adding an undif-
ferentiated object to the Earth’s mantle, followed 
by metal segregation. In this case, the resulting W 
isotope effect reflects the rate of accretion and 
timing of core formation.

A variety of growth curves for the Earth’s accre-
tion, calculated by assuming an exponentially 
decaying accretion rate and mean times of 
 accretion, t of 11, 15, and 25 Myr, are shown in 
Figure 1.8a. Using these growth curves and 
Equations (16) and (17), the W isotope evolution 
of the Earth’s  mantle can be calculated for each 
value of t and an assumed equilibration factor k. 
In Figure 1.8b, the W isotope evolution of Earth’s 
mantle in the core merging and magma ocean dif-
ferentiation models are compared for an assumed 
t of 11 Myr. Obviously these two models result in 
very different ε182W values for the bulk silicate 
Earth. The core merging model predicts highly 
radiogenic 182W in the Earth’s mantle, which 
would reflect the timescale of core formation in 
the objects that later were added to the Earth 
(assumed to be t0). The magma ocean differentia-
tion model predicts much lower ε182W values for 
the Earth’s mantle, a reflection of the high degree 
of metal-silicate equilibration and protracted 
timescale of accretion in this model. Obviously, 
the magma ocean differentiation model is con-
sistent with the observed W isotope composition 
of Earth’s mantle, whilst the core merging model 
is not. Thus, some metal-silicate re-equilibration 
during accretion of the Earth from pre-differenti-
ated objects clearly is required (Halliday et al., 
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1996; Halliday, 2004; Kleine et al., 2004a, b; 
Jacobsen, 2005; Nimmo & Agnor, 2006).

In Figure 1.8c, W isotope evolution curves of 
the Earth’s mantle are shown for three different 
combinations of t and k. In all three models, the 
present-day W isotopic composition of the Earth’s 
mantle (ε182W = 0) can be reproduced, demonstrat-
ing that determining the accretion rate of Earth (t) 
requires knowledge of the degree to which metal-
silicate re-equilibration occurred (k). In Figure 
1.9a, the calculated ages of core formation are 
plotted as a function of the equilibration factor k. 
As is evident from this figure, the calculated core 
formation ages become younger with decreasing 
values of k (Halliday, 2004; Kleine et al., 2004b, 
2009). Metal-silicate re-equilibration during core 
formation results in a decrease of the 182W excess 
in Earth’s mantle that had previously accumu-
lated due to 182Hf decay, such that, for a given 

accretion rate, decreasing k values will result in 
an increasingly radiogenic W isotope composition 
of the Earth’s mantle. Thus, to match the present-
day W isotope composition of Earth’s mantle, a 
decreasing degree of metal-silicate re-equilibra-
tion must be accompanied by longer accretion 
timescales, as shown in Figure 1.9a.

In all models discussed above, it was assumed 
that the Hf/W ratio in the mantle of the Earth, as 
well all other bodies added to the Earth, was con-
stant and identical to the present-day Hf/W ratio 
of the Earth’s mantle. This assumption is unlikely 
to be valid because the metal-silicate distribution 
coefficient for W depends on several parameters 
such as pressure, temperature, and particularly 
oxygen fugacity (Cottrell et al., 2009). These 
parameters are likely to have varied during 
 accretion (Wade & Wood, 2005; Wood et al., 
2008). Unfortunately, there is currently little 
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understanding of how W partitioning into the 
Earth’s core evolved as accretion proceeded. 
Most models predict that conditions were highly 
reducing during the early stages of accretion and 
became more oxidizing towards the end of accre-
tion (Wade & Wood, 2005; Wood et al., 2008). 
However, other models argue for the opposite 
(Halliday, 2004; Rubie et al., 2004). In any event, 
the W partitioning into the core was clearly dif-
ferent in different planetary bodies, as is evident 
from the large range in Hf/W ratios in planetary 
mantles.

In Figure 1.9b, the calculated core formation 
ages are plotted against the Hf/W ratios in the 
impactor’s mantles. In these calculations, a con-
stant equilibration factor was assumed. This fig-
ure reveals that for a given equilibration factor (in 
this case k = 0.5) decreasing Hf/W ratios in the 
impactor’s mantles result in shorter calculated 
accretion rates of the Earth. The reason for this is 
that a mantle with a relatively low Hf/W ratio 
will never develop a large 182W excess, even if dif-
ferentiation occurred very early. Consequently, 
for a given value of k, decreasing Hf/W ratios in 

(a) (b)

Magma ocean differentiation

(c)

Fig. 1.8 (a) Fractional mass of the Earth as a function of time assuming an exponentially decreasing accretion rate 
and a mean time of accretion of 11, 15 and 25 Myr. (b) W isotope evolution of Earth’s mantle calculated for the core 
merging and magma ocean differentiation models, assuming a mean time of accretion of 11 Myr. (c) W isotope evolu-
tion of Earth’s mantle calculated for the growth curves shown in (a) and assuming different equilibration factors k. 
The present-day W isotope composition of Earth’s mantle (ε182W = 0) can be reproduced in all three scenarios, indicat-
ing that t cannot be constrained independent of k.
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the impactor’s mantles led to less radiogenic 
182W/184W in the Earth’s mantle. Thus, in such a 
model, the present-day W isotope composition of 
the Earth’s mantle is reproduced by assuming a 
shorter accretion timescale.

In summary, determining the age of the 
Earth’s core using the Hf-W system requires 
knowledge of the degree of isotopic equilibrium 
during metal-silicate separation, on the condi-
tions of core formation in the growing Earth 
and its building blocks, and on the timescale of 
core formation in the planetary embryos that 

were accreted to form the Earth. However, these 
aspects are currently not well understood, mak-
ing determining the exact age of the Earth’s core 
difficult. In spite of these uncertainties, the 
Hf-W data allow some important and robust 
conclusions to be drawn:

The relatively small • 182W excess found in the 
Earth’s mantle compared to 182W anomalies found 
in eucrites and iron meteorites indicates a much 
more protracted timescale of accretion and core 
formation in the Earth compared to the smaller 
meteorite parent bodies;

(a)

(b)

Fig. 1.9 (a) Effect of incomplete metal- 
silicate equilibration on calculated core for-
mation ages. Shown are results for the 
calculated value of t and for the time at which 
90% growth was achieved (b) Effect of varia-
ble Hf/W ratios in the impactor’s mantles on 
calculated core formation ages. In these cal-
culations, it is assumed that the equilibration 
factor k was 0.5 throughout. After Kleine 
et al. (2004b; 2009).
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Core formation in the Earth can have termi-• 
nated no earlier than ∼30 Myr after solar system 
formation, as shown by its two-stage Hf-W 
model age;

Core formation in the Earth must have involved • 
some re-equilibration of newly accreted metal 
within a terrestrial magma ocean, otherwise the 
182W excess of the Earth’s mantle should be one 
order of magnitude higher than observed.
However, as discussed above, the degree to which 
this re-equilibration occurred is not known.

Age of the Moon and accretion of the Earth

The models discussed in the preceding section 
use the present-day Hf/W ratio and W isotope 
composition of the Earth’s mantle as the sole cri-
terion to infer the rate at which the Earth and its 
core formed. We have seen, however, that the 
outcome of these models depends on a number of 
assumptions regarding the process of accretion 
and the conditions of core formation. Obviously, 
additional constraints are required and these are 
provided from the age and isotopic composition 
of the Moon. The current paradigm for the forma-
tion of the Moon is that a roughly Mars-sized 
body struck the proto-Earth at an oblique angle. 
Some fraction of the hot mantle of the impactor 
spun off and re-accreted outside the Roche limit 
to form the present-day Moon. It is widely 
believed that the Moon-forming impact was the 
last major event in the Earth’s accretion, occur-
ring when the Earth was ∼90% accreted (Canup 
& Asphaug, 2001). This giant impact caused 
widespread melting of the Earth’s mantle and led 
to the final stage of core formation in the Earth 
(Tonks & Melosh, 1993). Thus, dating the Moon 
provides an independent constraint on the times-
cale of Earth’s accretion and core formation and 
can be used to test the models discussed in the 
previous section.

Lunar samples exhibit variable and large excess 
in 182W but these W isotope variations are the 
result of cosmogenic 182W production (see above). 
Once these cosmogenic effects are eliminated, 
all lunar samples have a W isotopic composition 
indistinguishable from that of the Earth’s man-

tle (Touboul et al., 2007, 2009b). This similarity 
is unexpected and the currently favored explana-
tion for this observation is the Earth and Moon 
isotopically equilibrated in the aftermath of the 
giant impact via a shared silicate atmosphere (cf. 
Pahlevan & Stevenson, 2007). As to whether this 
model is viable for equilibrating W isotopes is 
unclear and the alternative model to account for 
the similar W isotopes in the lunar and terres-
trial mantles is that large parts of the Moon are 
derived from Earth's rather than from the impac-
tor’s mantle. This, however, is difficult to recon-
cile with results from dynamical models of lunar 
origin, all of which predict that the Moon pre-
dominantly consists of impactor mantle mate-
rial (Canup, 2004). Whatever the correct 
interpretation, the indistinguishable W isotopic 
compositions of the lunar and terrestrial man-
tles indicate that the Earth and Moon formed in 
isotopic equilibrium, because it is highly 
unlikely that the identical W isotopic composi-
tions evolved by coincidence (Touboul et al., 
2007; Kleine et al., 2009).

Since the lunar and terrestrial mantles have 
different Hf/W ratios, they should have different 
ε182W values if formation of the Moon and the 
final stage of core formation in the Earth occurred 
whilst 182Hf was still extant. However, the bulk 
silicate Moon and Earth have indistinguishable 
W isotopic compositions, indicating that the 
Moon must have formed after 182Hf extinction 
(Touboul et al., 2007, 2009b). This is quantified 
in Figure 1.10, where the expected ε182W differ-
ence between the lunar and terrestrial mantles is 
plotted as a function of time. The current best 
estimates indicate that the bulk silicate Moon 
has an Hf/W ratio that is ∼50 % higher than that 
of the bulk silicate Earth (i.e. fHf/W ∼ 0.5 in Figure 
1.10). In this case, the Moon must have formed 
>∼50 Myr after CAI formation. However, the 
uncertainties on the estimated Hf/W ratios are 
large and their more precise determination will 
be an important future task for better determin-
ing the age of the Moon.

The indistinguishable ε182W values of the lunar 
and terrestrial mantles only provide a maximum 
age for the formation of the Moon. Its minimum 
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age is given by the oldest lunar rocks, which are 
the ferroan anorthosites that have Sm-Nd ages of 
4.46 ± 0.04 Gyr (Carlson & Lugmair, 1988; 
Norman et al., 2003). These two age constraints 
combined indicate that the Moon formed between 
50 and 150 Myr after CAI formation (Touboul 
et al., 2007, 2009b).

The age of the Moon can be used to test some 
of the accretion and core formation models dis-
cussed in the previous section. Two selected 
models, which resemble those of Halliday (2008), 
are shown in Figure 1.11. These were calculated 
by assuming that 90% of the Earth accreted at an 
exponentially decreasing rate and that accretion 
terminated by a giant Moon-forming impact at 
∼100 Myr, adding the remaining 10% of the 
Earth’s mass. The main difference between the 
two growth curves is that in the first model it is 
assumed that the Earth accreted at an exponen-
tially decreasing rate until the giant impact at 
100 Myr (Figure 1.11a), whereas in the second 
model 90% of the Earth was accreted rapidly 
within the first ∼23 Myr (t ∼ 10 Myr), followed by 
an accretion hiatus until the final giant impact at 
100 Myr (Figure 1.11c). In both models, the 
present-day W isotopic composition of the bulk 
silicate Earth (ε182W = 0) can be reproduced, but in 
the first model a low degree of metal-silicate 

equilibration is required (k = 0.4), whereas in the 
latter full equilibration occurred during core for-
mation (k = 1).

These two exemplary models illustrate that 
variable scenarios can reproduce the observed 
present-day Hf-W systematics of the bulk silicate 
Earth and the age of the Moon. An important dif-
ference between these two models is the degree to 
which metal-silicate equilibration occurred. 
Thus, constraining the degree of which equilib-
rium was achieved during core formation may 
help to distinguish among different scenarios of 
the Earth’s accretion. The abundances of 
siderophile elements in the Earth’s mantle may be 
brought to bear on this issue. They are commonly 
explained by metal-silicate re-equilibration under 
high pressures and temperatures in a deep terres-
trial magma ocean (Rubie et al., 2007; Wood et al., 
2008), in which case the model shown in Figures 
1.11 c and d might best represent the Earth’s accre-
tion and core formation. However, the effects of 
incomplete metal-silicate equilibration on 
siderophile element abundances in the growing 
Earth have yet not been investigated and it is cur-
rently unclear as to whether they require full 
equilibration during core formation. Clearly, 
investigation of this issue will provide essential 
information on how the Earth accreted.
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146,147SM-142,143ND CHRONOLOGY 
OF MANTLE-CRUST 

DIFFERENTIATION ON THE 
EARTH, MARS, AND THE MOON

The 147Sm-143Nd record of Archean terranes

Estimating the 143Nd evolution of the early Earth’s 
mantle requires back-calculating the present-day 
143Nd/144Nd ratio of the most ancient Archean 
rocks at the time of their formation, in order to 

obtain their initial ε143Nd. If the rocks are juvenile 
(i.e. crystallized from mantle-derived melts), then 
their ε143Ndinitial gives the isotopic composition of 
the mantle at the time of their extraction. 
A depleted mantle reservoir having evolved for a 
few hundred million years with high Sm/Nd will 
be characterized by positive ε143Nd (Figure 1.5a), 
whilst a primitive mantle, assuming a chondritic 
composition, should have ε143Nd = 0. Therefore, the 
initial isotopic composition of juvenile Archean 
rocks should reflect the degree of depletion of the 
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Fig. 1.11 (a) Growth curves for the Earth assuming an exponentially decreasing accretion rate for the first 90% of 
growth, which was terminated by a final Moon-forming impact at ∼100 Myr that added the remaining 10% of Earth’s 
mass. (b) W isotope evolution of the bulk silicate Earth for the growth curve shown in (a). The present-day ε182W of 
the BSE is reproduced by assuming that only 40% of the incoming impactor cores equilibrated with the Earth’s man-
tle (k = 0.4). (c) Growth curve for the Earth assuming an initially rapid growth with a mean life t ∼10 Myr, followed 
by an accretion hiatus and a final Moon-forming impact at ∼100 Myr. (d) W isotope evolution of the bulk silicate 
Earth for the growth curve shown in (c) and complete metal-silicate equilibration during core formation (k = 1). 
Modified after Halliday (2008).
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early Earth’s mantle, and provide constraints on 
crustal evolution in the early Earth.

The expression used for back-calculating the 
present-day 143Nd/144Nd composition of a rock 
sample (S) is given by:

( )147
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144 144 144 1 S

s p p

T

T T T

Nd Nd Sm
e

Nd Nd Nd
-æ ö æ ö æ ö

= + -ç ÷ ç ÷ ç ÷
è ø è ø è ø

λ  (21)

where Ts is age of the rock, Tp is present day, and 
T is time running backward from the origin of the 
solar system (Tp = 4.56 Gyr) to the present day. 
Estimating initial 143Nd/144Nd ratios thus requires 
the knowledge of the present-day isotopic 
(143Nd/144Nd)Tp and chemical (147Sm/144Nd)Tp com-
position of the rock, but also a precise estimate of 
its age (Ts). The latter parameter is the most dif-
ficult to obtain, as long-lived chronometric sys-
tems in early Archean rocks are often disturbed 
by tectono-metamorphic events. A classic method 
for simultaneously estimating Ts and (143Nd/144Nd)Ts 
is to establish a whole-rock 147Sm-143Nd isochron 
from a series of cogenetic samples (Moorbath 
et al., 1997). In many cases, however, this method 
yields imprecise results due to insufficient spread 
in Sm/Nd, minor disturbance of the Sm-Nd 
 system due to metamorphism, or mixing of the 
juvenile magmas with pre-existing crustal com-
ponents. An alternative method is to independ-
ently estimate Ts using U-Pb dating of zircon 
grains (Bennett et al., 1993). This has the advan-
tage that U-Pb zircon ages are usually precise 
within a few million years, whilst whole-rock 
Sm-Nd isochrons have uncertainties of 50 Myr or 
more. This method, however, is problematic 
because the U-Pb age of the zircons and the 
Sm-Nd age of their host rock are not always 
 identical. For example, the Acasta (Northern 
Canada) and Amitsôq gneisses (Western 
Greenland), dated at 3.6 to 4.0 Gyr and 3.73 to 
3.87 Gyr using U-Pb in zircon, have younger 
Sm-Nd ages of 3.37 and 3.65 Gyr, respectively. 
Back-calculating initial 143Nd/144Nd compositions 
at the zircon age thus yields highly heterogene-
ous ε143Ndinitial, which can be incorrectly inter-
preted as reflecting mantle heterogeneity (Bowring 
& Housh, 1995; Bennett et al., 1993).

Despite the difficulties in reconstructing a 
reliable 147Sm-143Nd record for the oldest terres-
trial rocks, it is now well established that 
Archean terranes have initial 143Nd/144Nd ratios 
more radiogenic than predicted for a primitive 
mantle of chondritic composition (Shirey & 
Hanson, 1986; Bennett, 2003) (Figure 1.12). 
These radiogenic signatures require that the 
most ancient crustal rocks were extracted from 
a mantle reservoir having evolved for several 
hundred million years with an Sm/Nd ratio 5 to 
10% higher than chondritic, which has been 
considered as evidence that a long-lived crust 
formed very early (>3.8 Gyr) in the history of the 
Earth (Armstrong, 1981). Ancient cratons, how-
ever, represent <5% of the total mass of the 
present-day continents (Condie, 2000) (Figure 
1.12) and this is by far insufficient to account for 
large-scale mantle depletion in the early 
Archean. It was thus suggested that Hadean con-
tinents had been recycled over shorter times-
cales (Armstrong, 1981; Jacobsen, 1988), or that 
the earliest crust was a mafic/ultramafic reser-
voir which, by analogy to the modern oceanic 
crust, did not contribute significantly to the 
Archean sedimentary mass (Chase & Patchett, 
1988; Galer & Goldstein, 1991).

Extensive efforts to model the 143Nd evolution 
of the Archean mantle showed that the Archean 
147Sm-143Nd record is consistent with a wide 
range of evolution scenarios for the mantle-crust 
system (Armstrong, 1981; Chase & Patchett, 
1988; Jacobsen, 1988; Galer & Goldstein, 1991; 
Boyet & Carlson, 2006; Caro et al., 2006). The 
radiogenic ε143Nd signature of +1 to +3 ε-units 
characterizing the early Archean mantle could, 
for example, result from very early (4.5 Gyr) 
depletion, due to magma ocean crystallization 
(Caro et al., 2005), or from later Sm/Nd fraction-
ation resulting from continuous crustal forma-
tion during the Hadean (Jacobsen, 1988). This 
ambiguity is due to the very long half-life of 
147Sm, which limits the chronological resolution 
of this system (Figure 1.5a), and also to the lack 
of an isotopic record prior to 3.8 Gyr. In addition, 
the interpretation of 147Sm-143Nd data is tied to 
the assumption that the bulk silicate Earth has a 
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perfectly chondritic composition. However, pos-
itive ε143Ndinitial may also reflect a slightly non-
chondritic Sm/Nd ratio for the bulk Earth, in 
which case no early crustal extraction would be 
needed to account for the seemingly depleted 
signature of the Archean mantle. Thus, whilst a 

realistic model of early mantle-crust evolution 
should always be consistent with the 147Sm-143Nd 
record, the chronology and mechanisms of early 
mantle depletion cannot be unambiguously con-
strained from the observed ε143Ndinitial in the 
Archean mantle.
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Fig. 1.12 (a) Histogram showing 
the age distribution of continental 
terranes. This distribution is char-
acterized by three peaks of growth 
centered at 2.7, 1.9 and 1.2 Gyr 
and by a negligible amount of 
pre-3 Gyr crust. Reprinted from 
“Tectonophysics”, 322: 1–2, Kent 
C. Condie, Episodic continental 
growth models: afterthoughts and 
extension, 2000, with permission 
from Elsevier. (b) ε143Nd evolution 
of the upper mantle estimated from 
the isotopic composition of mafic 
and ultramafic rocks through time. 
Posi tive ε143Ndinitial compositions 
are observed as far back as 3.8 Gyr, 
indicating that the mantle has 
evolved for most of its history with 
an Sm/Nd ratio at least 4 to 6% 
higher than chondritic, which can-
not be explained by extraction of 
the present-day continents. The 
more radiogenic ε143Ndinitial recor-
ded by Proterozoic juvenile rocks 
and modern mid-ocean ridge basalts 
indicates that the Protero zoic upper 
mantle was more depleted than the 
Archean mantle. This additional 
depletion can be explained by 
extraction and stabilization of large 
continental masses in the late 
Archean and Proterozoic. 
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The terrestrial 146Sm-142Nd record

Because of its short half-life, the 146Sm-142Nd chro-
nometer was expected to provide more precise 
chronological constraints on early mantle-crust 
evolution. It was also anticipated that the 142Nd 
signature of early Archean rocks would be less 
sensitive to metamorphic disturbance than their 
143Nd/144Nd signature, owing to the negligible 
production rate of 142Nd after 4.2 Gyr. Conse-
quently, the first searches for 142Nd anomalies 
focused on early Archean rocks from West 
Greenland characterized by large positive 
ε143Ndinitial (Goldstein & Galer, 1992; Harper & 
Jacobsen, 1992; Sharma et al., 1996). However, 
these first attempts were seriously hampered by 
the limited precision achievable using thermal-
ionization mass spectrometry (i.e. 2σ∼20 ppm). 
Harper & Jacobsen (1992) first reported a +33 ppm 
anomaly in a metasediment sample from the 
3.8-Gyr-old Isua Greenstone Belt (West Greenland) 
but this discovery was met with skepticism as an 
in-depth investigation of the precision limits of 
thermal ionization mass spectrometers suggested 
that the precision quoted by the authors was per-
haps overestimated (Sharma et al., 1996). In addi-
tion, several studies failed to detect 142Nd 
anomalies in early Archean rocks, including sam-
ples from the Isua Greenstone Belt (Goldstein & 
Galer, 1992; McCulloch & Bennett, 1993; 
Regelous & Collerson, 1996).

With the advent of more precise thermal- 
ionization mass spectrometers in the last decade, 
it became possible to achieve precisions better 
than 5 ppm (2σ) on the 142Nd/144Nd ratio (Caro 
et al., 2003, 2006). This led to the discovery of 
ubiquitous 142Nd anomalies in a series of 3.75-
Gyr-old metasediments from the Isua Greenstone 
belt (Caro et al., 2003). Similar effects were also 
found in Isua metabasalts and in virtually all 3.6- 
to 3.8-Gyr-old gneisses from the West Greenland 
craton (Caro et al., 2006). These positive anoma-
lies (Figure 1.13) typically ranging from 5 to 
20 ppm are thus significantly smaller than the 30 
to 40 ppm effects initially reported by Harper & 
Jacobsen (1992) and later on by Boyet et al. (2004) 
using ICP-MS technique. However, the magni-

tude of the effects reported by Caro et al. (2003, 
2006) was confirmed by Boyet & Carlson (2005) 
and Bennett et al. (2007). In addition, Bennett 
et al. (2007) reported hints of a positive 142Nd 
anomaly in Early Archean rocks from the Narryer 
gneiss complex (Western Australia).

There is no ambiguity in the presence of posi-
tive 142Nd effects in West Greenland rocks. This 
depleted signature is consistent with the radio-
genic ε143Ndinitial characterizing these rocks 
(Figure 1.12b), and indicates that this ancient 
craton was extracted from a reservoir depleted 
by crustal extraction processes >4.2 Gyr ago. As 
illustrated in Figure 1.14, this chronology can be 
further refined using coupled 146,147Sm-142,143Nd 
systematics (see the section on ‘Coupled 146Sm-
142Nd and 147Sm-143Nd chronometry’).147Sm-143Nd 
investigations of the metasedimentary samples 
studied by Caro et al. (2003) yielded a whole-
rock isochron age of 3.75 Gyr (Moorbath et al., 
1997), consistent with U-Pb zircon ages from 
associated sedimentary formations (3.7–3.8 Gyr). 
This was considered as evidence that 147Sm-143Nd 
systematics in these samples had not been sig-
nificantly disturbed by metamorphism on a 
whole-rock scale. The ε143Ndinitial of +1.9 ± 0.6 
ε-units derived from this isochron was thus con-
sidered as a reliable estimate of the signature of 
mantle depletion characterizing the early 
Archean mantle. Application of coupled 146,147Sm-
142,143Nd chronometry using ε143Nd = +1.9 ε-units 
and ε142Nd = 7 to 15 ppm yield an age of differen-
tiation of <100 Myr (i.e. Td <4.45 Gyr; Figure 1.14) 
and this age range can be narrowed to 30 to 
100 Myr if we assume that the extraction of a 
long-lived crust must postdate core formation. 
The presence of positive 142Nd effects in the early 
Archean mantle thus represents strong evidence 
that a crustal reservoir formed at a very early 
stage of the Earth’s history, perhaps immediately 
following the end of terrestrial accretion and 
solidification of the terrestrial magma ocean 
(Caro et al., 2005). Together with constraints 
from Hf-W (see the section on ‘Hf-W chronology 
of the accretion and early differentiation of the 
Earth and Moon’) and Pu-I-Xe chronometers 
(Staudacher & Allegre, 1982; Ozima & Podosek, 
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1999), these results indicate that the Earth was 
completely differentiated with a core, an atmos-
phere and long-lived silicate reservoirs <100 Myr 
after formation of the solar system.

146Sm-142Nd constraints on the evolution 
of the Hadean crust

A proto-crust formed >4.45 Gyr ago would have 
developed a negative 142Nd anomaly of 0.5 to 1 

ε-units, depending on its exact age and composi-
tion. Thus, even a moderate contribution of this 
ancient crustal material to modern magmatism 
would result in negative 142Nd effects, which 
should be detectable at the level of precision cur-
rently reached by mass spectrometers (Bourdon 
et al., 2008). However, negative 142Nd anomalies 
have so far only been identified in early Archean 
rocks from the Nuvvuagittuq Supracrustal Belt 
(3.8 Gyr, Northern Canada) and in Proterozoic 
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syenites intruding the early Archean Khariar cra-
ton (<3.85 Gyr; India) (O’Neil et al., 2008; 
Upadhyay et al., 2009). If confirmed, these pre-
liminary results would indicate that >4.2 Gyr old 
crust was reworked within early Archean ter-
ranes, where it was locally preserved from ero-
sion and recycling. There is currently no evidence 
that such ancient crustal components were also 
incorporated within younger cratons, or that 
Hadean terranes represent a significant reservoir 
on a global scale. Analyses of modern mantle- 
derived rocks (OIBs, kimberlites, MORBs, LIPs) 
have also failed to provide evidence for a pre-
served Hadean crustal component in the mantle 
(Figure 1.13a), indicating that mantle heterogene-
ity is not inherited from early differentiation 
processes. Overall, these observations suggest 
that most of the Hadean crust was recycled and 
remixed within the mantle prior to the major epi-

sodes of crustal growth, making it unlikely that a 
large Hadean crustal reservoir was preserved until 
the present day.

As 142Nd anomalies can only be generated 
prior to 4.2 Gyr, their preservation in the early 
Archean mantle depends on the rate at which 
the Hadean crust was recycled and remixed in 
the EDM. Based on this observation, Caro et al. 
(2006) presented a simplified mantle-crust model 
aimed at providing a first-order estimate of the 
lifetime of the Hadean crust. The central postu-
late of this model is that the positive anomalies 
measured in West Greenland rocks are repre-
sentative of the early Archean mantle and repre-
sent the diluted signature of a reservoir 
differentiated 4.5 Gyr ago. In contrast to the 
two-stage model presented in previous sections, 
the proto-crust is progressively recycled and 
continuously replaced by an equal volume of 
juvenile crust (Figure 1.15). Radiogenic mantle 
material is thus remixed with non-radiogenic 
crustal components at a rate that depends on the 
residence time of Nd in the crustal reservoir (i.e. 
the lifetime of the crust). For the sake of sim-
plicity, it was assumed that no significant crus-
tal growth occurs during this period, so that the 
mass of crust and its chemical composition 
remain constant. The mass transport equation 
for this model thus reads:

 ® ®= = - = 0c m
m c c m

dM dM
J J

dt dt
 (22)

where the subscripts m and c stand for mantle 
and crust, respectively. Mi is the mass of the res-
ervoir i and Ji → j is the mass flux from reservoir i 
towards reservoir j. Equations describing the iso-
topic evolution of the mantle-crust system in this 
simple two-box model can be found in Albarede 
(1995) and Caro et al. (2006).

Figure 1.16 shows the possible isotopic evolu-
tion curves for the early crust and its comple-
mentary depleted mantle as a function of the 
lifetime of the crustal reservoir Rc. The results 
are dependant on crustal composition, and we 
have therefore contrasted two different scenarios 
(basaltic vs continental crust), whose parameters 
are summarized in Table 1.3. Several constraints 
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on Hadean crustal dynamics can be obtained from 
Figure 1.16. First, it is unlikely that the Hadean 
crust had a lifetime shorter than 400 Myr. In this 
case, 142Nd anomalies in the mantle would be 
erased prior to the formation of early Archean 
cratons, leaving virtually no residual imprint of 
the earliest crust in the 3.6 to 3.8 Gyr mantle. As 
shown in Figure 1.16, both the basaltic and conti-
nental crust models provide a satisfying fit to the 
ε142Nd composition of the Archean mantle for sig-
nificantly longer crustal residence times. In the 
basaltic crust model, a best fit to the early Archean 
mantle is obtained for values of Rc between 700 
and 1,500 Myr. This value is essentially unchanged 
if we consider the continental crust model (Rc = 
1–2 Gyr). A major difference between these two 
case scenarios, however, lies in the preservation 
of 142Nd heterogeneities in the mantle-crust sys-

tem. In the basaltic crust model, 142Nd anomalies 
in the mantle and crust become negligible after 
3.5 Gyr. Only the early Archean terranes (3.6–
3.8 Gyr) would then be expected to show 142Nd 
effects. In the continental crust model, 142Nd 
anomalies are preserved over a significantly 
longer period of time and could be found in rocks 
as young as 2.5 Gyr. There is currently not enough 
data to decide the matter. However, the study of 
late Archean Greenstone Belts could provide 
important information regarding the lifetime and 
composition of the early Earth's crust.

There is currently a very limited 142Nd database 
for late Archean rocks, only including two 
komatiites and one carbonatite (Figure 1.13), 
which do not show any 142Nd effect at the ±10 ppm 
level of precision (Boyet & Carlson, 2006). 
However, further examination of 146Sm-142Nd sys-
tematics in Archean samples is needed in order to 
better constrain the evolution and composition 
of the terrestrial protocrust. If confirmed, the lack 
of 142Nd heterogeneities in the late Archean man-
tle-crust system could indicate that the Hadean 
proto-crust was more mafic than the present-day 
continents, and was characterized by a shorter 
lifetime (Figure 1.16a). This Hadean proto-crust 
would have been extensively recycled prior 3 Gyr, 
thereby making only a marginal contribution to 
the oldest continental cratons.

146Sm-142Nd systematics of chondrites

Early studies of 142,143Nd systematics in planetary 
material have relied on two important assump-
tions regarding the bulk composition of the ter-
restrial planets. It was first assumed that these 
planets have perfectly chondritic Sm/Nd and 
143Nd/144Nd ratios (i.e. the CHUR reference 
parameters (Table 1.1) ). This general paradigm 
follows from the observation that chondrites 
have a homogeneous Sm/Nd ratio (Jacobsen & 
Wasserburg, 1984; Patchett et al., 2004; Carlson 
et al., 2007), which is also indistinguishable 
(within ± 10%) from the composition of the solar 
photosphere (Asplund et al., 2006). This, in turn, 
suggests that high-T processes that took place in 
the solar nebula had a negligible effect on the REE 
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Fig. 1.15 A simplified two-box model describing a con-
tinuously interacting mantle-crust system.
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composition of the chondrite parent bodies and, 
by extension, on the composition of the terres-
trial planets (Allegre et al., 1979; DePaolo & 
Wasserburg, 1979; DePaolo, 1980). A second 
assumption is that the homogeneous 142Nd com-
position of the modern mantle and crust is repre-
sentative of that of the bulk silicate Earth, from 
which it follows that early differentiated crustal 
and mantle reservoirs must have been extensively 
remixed over the past 4.5 Gyr (see previous sec-
tion). These assumptions, however, were recently 
challenged by high precision studies of meteorites, 
showing that the chondritic 142Nd/144Nd composi-
tion differ from that of all terrestrial samples by 
∼20 ppm (Figure 1.17a) (Boyet & Carlson, 2005; 
Andreasen & Sharma, 2006; Carlson et al., 2007). 
In detail, ordinary chondrites are characterized by 
a homogeneous composition of –18 ± 5 ppm (2σ, 1 
data excluded), whilst carbonaceous chondrites 
have more negative and also more heterogeneous 
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Table 1.3 Parameters used for modeling the 146Sm-142Nd 
evolution of the early depleted mantle and crust. The 
Aggregate melt fraction (F) and partition coefficients 
(Di) for the continental crust model are from Hofmann 
(1988) and those for the basaltic crust model are from 
Chase & Patchett (1988). Using these parameters, one 
can determine the mass fraction of Nd contained in 
the crustal reservoir (xc) and the concentration of 
Sm and Nd in the crust and depleted mantle. The 
corresponding isotopic evolution of 142Nd/144Nd in the 
mantle-crust system are shown in Figure 1.16.

  
Continental 
crust model  

Basaltic crust 
model

F 1.6% 5%
DSm 0.09 0.05
DNd 0.045 0.03
xc 27% 64%
[Nd]c (ppm) 20 15
[Nd]m (ppm) 0.9 0.5
(147Sm/144Nd)c  0.117  0.1583
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compositions ranging between –20 and –45 ppm. 
The difference between O- and C-chondrites can 
be explained by a heterogeneous distribution of 
142Nd and 146Sm in the early solar system, result-
ing from incomplete mixing of nucleosynthetic 
products in the solar nebula (Andreasen & 
Sharma, 2006; Ranen & Jacobsen, 2006; Carlson 
et al., 2007). This is best illustrated by the anom-
alous isotopic abundances observed for heavy ele-
ments such as Ba, Os, and Sm in C-chondrites 
(Carlson et al., 2007; Dauphas et al., 2002; Yin 
et al., 2002a; Brandon et al., 2005; Andreasen & 
Sharma, 2006; Ranen & Jacobsen, 2006; Reisberg 
et al., 2009), which define a patterns similar to 
those observed in ‘FUN’ inclusion EK-141 (see 
review by Birck (2004)). In contrast, ordinary 
chondrites show normal isotopic abundances for 
these elements, making it more difficult to argue 
for a nucleosynthetic origin of the negative 142Nd 
anomalies recorded in these meteorites. It was 
thus proposed that the 142Nd excess measured in 
all terrestrial samples compared with ordinary 
chondrites result from radioactive decay in sili-
cate reservoirs with non-chondritic Sm/Nd ratio, 
whilst the more negative and more hetero-
geneous compositions observed in carbonaceous 

chondrites also reflect the incorporation of 
 variable amounts of nucleosynthetic material 
(Andreasen & Sharma, 2006; Carlson et al., 2007). 
An outstanding question is thus whether the 
non-chondritic 142Nd composition of terrestrial 
samples is representative of the bulk Earth com-
position or only of ‘accessible’ terrestrial reser-
voirs (i.e. the uppermost mantle and crust). In the 
latter scenario, a reservoir ‘hidden’ in the lower 
mantle with sub-chondritic ε142Nd composition 
would be needed to balance the super-chondritic 
signature of all accessible silicate reservoirs. In 
contrast, a non-chondritic 142Nd/144Nd signature 
for the bulk Earth would obviate the need for a 
hidden reservoir but would contradict the long-
held view that the terrestrial planets have per-
fectly chondritic abundances of refractory 
lithophile elements.

The hidden reservoir model

The hidden reservoir model was first proposed by 
Boyet & Carlson (2005). In this model, the authors 
postulate that the bulk Earth has a perfectly 
chondritic Sm/Nd and 142Nd/144Nd composition. 
The more radiogenic 142Nd/144Nd signature of the 
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Earth’s ‘accessible’ mantle and crust must then 
be balanced by an enriched complementary reser-
voir with sub-chondritic Sm/Nd and 142Nd/144Nd 
ratios (Figure 1.18). In order to satisfy 146Sm-142Nd 
systematics, this hidden reservoir must have 
formed early (>4.5 Gyr) and remained perfectly 
isolated from mantle convection since its forma-
tion. The most plausible location for storing such 
a large reservoir is the D” layer (Tolstikhin et al., 
2006) and it was therefore suggested that this 
hypothetical reservoir could represent a recycled 
crustal component (Boyet & Carlson, 2005, 2006) 
or a basal magma ocean (Labrosse et al., 2007), 
which remained stored at the core-mantle bound-
ary (CMB) owing to a large density contrast with 
the surrounding mantle. This hypothesis is sup-
ported by the presence of positive 142Nd anomaly 
in early Archean rocks (see previous section), 
demonstrating the early formation and recycling 
of a Hadean protocrust (Caro et al., 2003, 2006; 
Boyet & Carlson, 2005). It was also shown that a 
dense basaltic crust recycled in the deep mantle 
would be gravitationally stable, although it is 
doubtful that such a reservoir would remain 

unsampled by mantle convection (Davaille et al., 
2002; Bourdon & Caro, 2007).

A major obstacle to the hidden reservoir model 
lies in the difficulty of establishing a plausible 
chronology for the formation of this reservoir 
(Bourdon et al., 2008). This chronology must sat-
isfy coupled 146,147Sm-142,143Nd systematics but 
should also be consistent with the constraints 
derived from 182Hf-182W on the timescale of terres-
trial accretion and core formation (see the section 
on ‘Hf-W chronology of the accretion and early 
differentiation of the Earth and Moon’). It is evi-
dent that the isolation of a long-lived silicate res-
ervoir at the CMB requires that core formation 
was complete, which essentially precludes its for-
mation prior to 30 to 35 Myr. It is also unlikely 
that an early crust could survive the giant impact, 
and this would delay the formation of long-lived 
crustal reservoirs on the Earth by >50 Myr after 
formation of the solar system (Touboul et al., 
2007). An additional constraint is that the EDM 
should have lower Sm/Nd and 143Nd/144Nd ratios 
than the modern depleted mantle (ε143Nd = +9 
ε-units (Salters & Stracke, 2004) ), as the latter was 

EDM DM

EDM

CC

Hidden reservoir Hidden reservoir

Time

EDM

CC

DM
(MORB source)

Hidden reservoir

ε143Nd

Fig. 1.18 Schematic illustration of the hidden reservoir model and the corresponding ε143Nd evolution of the man-
tle-crust system. The first stage of differentiation corresponds to the formation of the hidden reservoir and the EDM. 
This generates heterogeneities in 142,143Nd, with the EDM evolving towards ε143Nd signatures more radiogenic than 
the chondritic primitive mantle. A second stage of mantle depletion occurs when the continental crust is extracted 
from the EDM. This further depletes the EDM in incompatible elements, creating a more depleted mantle reservoir 
(DM = MORB source). As a consequence, the ε143Nd composition of the EDM is necessarily lower than that of the 
upper mantle.
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further depleted by continental growth (Figure 
1.18b). In theory, 142Nd anomalies can be gener-
ated until ∼4.2 Gyr. However, late formation of 
the hidden reservoir would require a large degree 
of Sm/Nd fractionation, which in turn would gen-
erate ε143Nd value in the mantle higher than 
observed in the modern MORB source (Boyet & 
Carlson, 2005). This constraint puts stringent 
limits on the minimum age of a hidden reservoir.

A major difficulty in establishing an accurate 
chronology for the hidden reservoir is to estimate 
a realistic ε143Nd composition for the EDM. Boyet 
& Carlson (2005, 2006) estimated a model age of 
4.53 ± 0.03 Myr by conservatively assuming that 
the EDM composition is identical or lower than 
that of the MORB source. However, Bourdon 
et al. (2008) pointed out that the effect of conti-
nental extraction cannot be neglected, as it would 
further increase the ε143Nd composition of the 
upper mantle. A more realistic age determination 
for the hidden reservoir can be obtained in the 
context of the 4-reservoirs model illustrated in 
Figure 1.18. The composition of the EDM can be 
obtained from the following mass balance 
relationship:

143 143 143

144 144 144

æ ö æ ö æ ö
= +ç ÷ ç ÷ ç ÷

è ø è ø è ø
cc dm

edm cc dm

Nd Nd Nd
Nd Nd Nd

j j  (23)
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[ ]
[ ] ( )

= = -
+

1cc cc
cc dm

cc dmedm

Nd M
Nd M M

j j  (24)

Mcc is the mass of the present-day continental 
crust (Mcc = 2.27 1022 kg), whilst Mdm is the mass 
of mantle depleted by extraction of the continen-
tal crust. [Nd]cc and [Nd]edm are the Nd concentra-
tion in the continental crust ([Nd]cc = 20 ppm; 
Rudnick & Fountain, 1995) and the early depleted 
mantle (EDM). As illustrated in Figure 1.18, the 
early depleted mantle represents a residual man-
tle after extraction of the hidden reservoir, whilst 
the modern depleted mantle (DM) is formed by 
extraction of the continental crust from the EDM. 
As a consequence, the DM is more depleted and 
has higher 147Sm/144Nd and 143Nd/144Nd ratios than 

the EDM. The mass of the DM is unconstrained 
but a conservative model can be established by 
assuming that the continental crust was extracted 
from the whole mantle (i.e. Mdm∼Medm∼Mbse), 
which minimizes its impact on the mantle ε143Nd 
composition. The Nd concentration in the EDM 
is also unknown but its value is necessarily lower 
than that of the primitive mantle (i.e. [Nd]edm 
<1.25 ppm). Using these very conservative param-
eters, the maximum 143Nd/144Nd composition of 
the early depleted mantle is estimated to be 
<0.5130 (i.e. ε143Nd<7 ε-units) for [Nd]edm <1.25 ppm 
and decreases to <6.5 ε-units for a more realistic 
Nd concentration in the EDM of 1 ppm 
(Figure 1.19). The minimum age for the hidden 
reservoir can then be estimated to 4.57 ± 0.03 Gyr 
using coupled 142,143Nd chronometry (Figure 1.20). 
Thus, if we assume that the isotopic shift between 
terrestrial and meteoritic samples result from 
radioactive decay, then the Sm/Nd fractionation 
responsible for this isotopic effect must have 
taken place within a few million years after for-
mation of the solar system. A corollary is that the 
hypothetical ‘missing’ reservoir with subchon-
dritic Sm/Nd and 142Nd/144Nd ratios would need 
to be older than the core, making it unlikely to 
result from an internal differentiation process 
such as magma ocean crystallization and/or crus-
tal formation.

The 142Nd results obtained from meteorites 
thus open a new perspective, namely that the 
REE (and by extension, the refractory elements) 
experienced minor but significant fractionation 
in the accretion disk, which resulted in the 
observed non-chondritic 142Nd composition for 
the bulk Earth. Of course, this would not pre-
clude the preservation of Hadean crust in the 
deep mantle or in ancient continental roots, but 
would relax the constraints on the age and size of 
such residual reservoir, making it easier to 
account for the homogeneous composition of the 
modern mantle. Thus, whilst 146Sm-142Nd system-
atics has been classically interpreted in terms of 
internal differentiation processes, the possibility 
that the terrestrial planets accreted from material 
that was not perfectly chondritic for Sm/Nd must 
also be considered.
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The non-chondritic Earth model

The non-chondritic Earth hypothesis had ini-
tially been discarded based on the generally 
accepted view that refractory lithophile elements 
are present in perfectly chondritic abundances in 
the terrestrial planets. Whilst this is probably a 
correct approximation within ±10%, the homo-
geneity of bulk chondrites should not obscure 
the fact that the REE did experience substantial 
fractionation in the solar nebula. The constitu-
tive components of chondrites (chondrules, CAIs) 
show fractionated REE pattern (Figure 1.21) 
(Ireland et al., 1988; Krestina et al., 1997, 1999; 
Amelin & Rotenberg, 2004), indicating that the 
material incorporated in chondrite parent bodies 

was not perfectly homogeneous for Sm/Nd. This 
also demonstrates that the refractory nature of 
the REE is by no means evidence that these ele-
ments did not fractionate in the solar nebula. It 
should also be noted that the terrestrial planets 
did not accrete from chondritic material but from 
differentiated planetesimals (Chambers, 2001). 
Thus, very early fractionation of refractory 
lithophile elements could have been produced 
during the first million years by preferential loss 
of the planetesimal’s crusts during impacts 
(O’Neill & Palme, 2008) or, alternatively, by 
explosive volcanism (Warren, 2008), and would 
thus not necessarily involve volatility-controlled 
processes.

The magnitude of Sm/Nd fractionation needed 
to produce an 18 ± 5 ppm 142Nd excess can be esti-
mated from Equation (11). This yields a 147Sm/144Nd 
value of 0.209 ± 3, which corresponds to a 4 to 
7% fractionation compared with the chondritic 
value. In contrast, the total range of 147Sm/144Nd 
measured in bulk chondrites is ∼4% with most 
values ranging between 0.19 and 0.20 (Jacobsen & 
Wasserburg, 1984; Patchett et al., 2004; Boyet & 
Carlson, 2005; Carlson et al., 2007). The Sm/Nd 
composition required to generate an 18 ppm 
excess in all terrestrial samples is therefore 
slightly higher than the average chondritic com-
position but remain well within the fractiona-
tion range observed in chondrite components 
(Figure 1.21).

A critical test for the non-chondritic Earth 
model comes from the examination of 142Nd sys-
tematics in lunar and Martian samples. It was 
indeed expected that if the Earth inherited a non-
chondritic Sm/Nd composition during its accre-
tion, then the Moon (and possibly Mars) may also 
be characterized by superchondritic Sm/Nd and 
142Nd/144Nd ratios. If, on the other hand, these 
planets formed from chondritic material, then 
planetary isochrons for Mars and the Moon should 
have a common intersect corresponding to the 
chondritic value (i.e. ε142Nd = –18 ppm, 147Sm/144Nd 
= 0.1966). As illustrated in Figures 1.22a and b, 
lunar and Martian samples define correlations in 
an ε142Nd vs Sm/Nd diagram. If interpreted as an 
isochron relationship, the array defined by 
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Shergottites yields an age of differentiation for 
the Martian mantle of 4.52 ± 0.02 Gyr (Figure 
1.22a) (Foley et al., 2005a; Debaille et al., 2007; 
Caro et al., 2008). This is consistent with the 
presence of small ε182W anomalies in Martian 
meteorites, as these can only be produced prior to 
4.5 Gyr. The 142Nd systematics of lunar samples 
and their chronological significance is more 
ambiguous and is currently a matter of debate. 
The first attempt to study the 142Nd composition 
of lunar basalts showed a well-defined correlation 
which, if interpreted as an isochron, would yield 
an age of differentiation of 4.33 ± 0.04 Gyr for the 
lunar magma ocean (Nyquist et al., 1995; 
Rankenburg et al., 2006; Boyet & Carlson, 2007) 
(Figure 1.22b). This general trend has been con-
firmed using higher precision mass spectrometric 
techniques (Rankenburg et al., 2006; Boyet & 
Carlson, 2007; Touboul et al., 2009a). However, 
the chronological significance of this array has 
been put into question (Boyet & Carlson, 2007), 
as the estimated age of differentiation postdates 
the formation of the oldest lunar anorthosites by 
>100 Myr (Carlson & Lugmair, 1988). A possible 
interpretation is that the primordial isochron 
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relationship was partially reset by remelting and 
mixing of magma ocean cumulates, resulting 
from gravitational instabilities (Bourdon et al., 
2008). Regardless of the chronological signifi-

cance of the lunar array, it is evident that most 
lunar samples have a superchondritic 142Nd com-
position, roughly centered on the terrestrial 
value. This is a crucial observation showing that 
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the super-chondritic 142Nd signature observed in 
all terrestrial samples is probably not restricted 
to the uppermost mantle and crust, but more 
likely represents the isotopic signature of the 
entire Earth-Moon system.

As illustrated in Figure 1.22c, a more detailed 
examination of planetary data reveals that lunar 
and Martian isochrons intersect at an ε142Nd com-
position of +20 ppm compared with ordinary 
chondrites, and thus define a triple intersect with 
the terrestrial composition. In detail, the inter-
sect between the Martian isochron and the 
 terrestrial value corresponds to a slightly super-
chondritic 147Sm/144Nd ratio of 0.2054 ± 0.0035, 
whilst the intersect defined by the lunar isochron 
corresponds to a similar but less precise value of 
0.2085 (Figure 1.22d). Both plot within error on a 
4.56 Gyr solar system isochron passing through 
the chondritic composition, which is precisely 
what would be expected if all three planets had 
accreted from material with super-chondritic Sm/
Nd ratio. Of course, these compositions remain 
hypothetical as Mars and the Moon may not nec-
essarily have perfectly ‘terrestrial’ 142Nd/144Nd 
signatures (Bourdon et al., 2008). Despite this 
uncertainty, the seemingly super-chondritic 142Nd 
compositions of Mars, the Earth and the Moon 
challenge the conventional view that terrestrial 
planets have rigorously chondritic abundances of 
refractory lithophile elements. Future research 
will thus need to investigate possible mecha-
nisms for refractory elements fractionation dur-
ing planetary accretion and their consequences in 
terms of planetary composition. A revision of the 
Sm-Nd parameters for the bulk Earth would, for 
example, require a revision of the Lu/Hf, Rb/Sr 
and possibly Th/U ratios of the bulk silicate 
Earth, which would modify our perspective on 
the isotopic systematics in mantle derived rocks. 
As illustrated in Figure 1.12b, a bulk silicate 
Earth with Sm/Nd ratio ∼6% higher than chon-
dritic would provide a good match to the 143Nd 
evolution of the mantle prior to 2.5 Gyr, suggest-
ing that the Archean mantle was less depleted 
than previously thought. The presence of a large 
continental volume prior to 3 Gyr would thus no 
longer be required to explain the 143Nd signal in 

Archean rocks, thereby resolving the long-held 
paradox of the seemingly depleted signature of 
the Archean mantle, despite the lack of a large 
stable continental mass of that age.

CONCLUSIONS

The Earth’s mantle exhibits an elevated Hf/W 
ratio and a small but well resolvable 182W excess 
relative to chondrites, demonstrating that at least 
parts of the Earth’s core segregated during the 
lifetime of 182Hf. The 182W excess of the Earth’s 
mantle is about one order of magnitude smaller 
than excesses found in the silicate part of some of 
the oldest planetary objects (the parent bodies of 
differentiated meteorites). This observation is 
difficult to explain unless formation of the Earth’s 
core was protracted and involved some re-equili-
bration of newly accreted metal cores within the 
terrestrial magma ocean. The two-stage model 
age of the Earth’s core of ∼30 Myr assumes that 
the core formed in a single instant at the end of 
accretion and as such is not appropriate for mod-
eling the continuous segregation of the Earth’s 
core during protracted accretion. The two-stage 
model age, nevertheless, is useful because it pro-
vides the earliest time at which core formation 
can have been complete.

Determining the rate of the Earth’s accretion 
and timing of core formation based on the 182W 
excess of the Earth’s mantle requires knowledge 
of a number of parameters, including the degree 
to which the metal cores of newly accreted bod-
ies equilibrated with the Earth’s mantle and the 
timescales and conditions of core formation of 
the material that accreted to form the Earth. Our 
incomplete understanding of these processes 
makes determining an Hf-W age of the Earth’s 
core uncertain. Additional constraints on the rate 
of the Earth’s accretion are required and are pro-
vided by the age of the Moon. The indistinguish-
able W isotopic compositions of the bulk silicate 
Moon and Earth in conjunction with their differ-
ent Hf/W ratios require that the Moon formed 
late, >50 Myr after solar system formation. 
The late age of the Moon reveals that the Hf-W 
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systematics of the Earth’s mantle can be accounted 
for in two types of models. Either the Earth’s 
accretion took place by collisions that occurred 
at a slowly decreasing exponential rate with a 
mean-life of ∼40 Myr, or an initial rapid growth 
was followed by a long hiatus before the final, 
late Moon-forming impact. A better understand-
ing of the physics and chemistry involved in 
metal segregation during large impacts may help 
distinguishing between these two scenarios.

Ubiquitous 142Nd anomalies in early Archean 
rocks from West Greenland witness an episode of 
mantle-crust differentiation 30 to 100 Myr after 
formation of the solar system. This age constraint 
is identical within errors to the age of differentia-
tion of the Martian mantle, suggesting that both 
planets experienced early differentiation following 
magma ocean crystallization. The preservation of 
positive 142Nd anomalies in the mantle until 3.6 Gyr 
requires that the Hadean crust was a long-lived res-
ervoir with a lifetime of ∼1 Gyr. The lack of 142Nd 
heterogeneities in the late Archean mantle, if con-
firmed, would suggest that this early crust was 
compositionally more mafic than modern conti-
nents and was extensively recycled prior to the 
major episode of crustal growth 2.5 to 3 Gyr ago.

The radiogenic excess of ∼20 ppm measured in 
all ‘accessible’ terrestrial reservoirs suggests that 
part or all of the Earth’s mantle evolved with an 
Sm/Nd ratio 4 to 7% higher than chondritic for at 
least 4.53 Gyr. This early fractionation thus 
occurred before the Earth’s core had completely 
segregated and also prior to the giant Moon-
forming impact. This is difficult to explain unless 
the non-chondritic Sm/Nd composition of the 
Earth was inherited from accreting material (most 
likely the planetary embryos) rather than gener-
ated at a later stage by internal differentiation. As 
a consequence, the assumption of a chondritic 
Hf/W ratio of the bulk Earth may not be valid. A 
non-chondritic Earth would have a Hf/W ratio 
∼1.5 times higher than chondritic and also the 
Hf/W ratio of the bulk silicate Earth, which is 
estimated assuming a chondritic ratios of refrac-
tory lithophile elements, would be ∼1.5 times 
higher (Kleine et al., 2009). For a non-chondritic 
Earth, Hf-W ages become younger compared to a 

chondritic Earth (e.g. the two-stage model age is 
∼40 Myr instead of ∼30 Myr) but given the uncer-
tainties inherent in Hf-W models for the Earth’s 
accretion and core formation, this does not affect 
the main conclusions drawn here.

Martian and lunar samples define linear arrays 
in an ε142Nd vs Sm/Nd plot, which can be inter-
preted as planetary isochrons dating the crystalli-
zation of magma oceans on these planets. The 
Martian array yields an age of differentiation of 
4.52 Gyr, in agreement with the presence of 182W 
anomalies in these samples. The lunar array, on 
the other hand, yields a surprisingly young age of 
4.35 Gyr. The chronological significance of this 
trend is uncertain as it could represent a mixing 
relationship between magma ocean cumulates 
rather than a true isochron. An important obser-
vation, however, is that the Martian and lunar 
arrays do not intersect the chondritic reference 
composition, as would be expected if both planets 
had chondritic Sm/Nd and 142Nd/144Nd ratios. 
These arrays define a common intersect with the 
terrestrial value (at ε142Nd = 0 and 147Sm/144Nd = 
0.208), defining a plausible bulk composition for 
Mars and the Earth-Moon system. This observa-
tion supports the view that refractory lithophile 
elements in all the terrestrial planets may have 
experienced minor fractionation during accretion, 
which ultimately resulted in the super-chondritic 
142Nd/144Nd signature of the Earth’s mantle.
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