Earth Planets Space, 59, 1035-1045, 2007

Rayleigh-Taylor instability after giant impacts: Imperfect equilibration of the
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Hf-W chronometry provides constraints on the timing of planetary accretion and differentiation, as the segre-
gation of a metal core from silicates should induce strong fractionation of Hf from W. In most previous studies,
it was assumed that a giant impact would perfectly reset the Hf-W chronometer. Here, we show the difficulty of
achieving perfect equilibration of the Hf-W system. Perfect equilibration requires iron to split into small droplets.
However, since the sedimentation velocities of small droplets are low, the Rayleigh-Taylor instability between the
upper metal-containing and lower metal-free layers results in quick overturning of the layers, unless iron droplets
were uniformly distributed in the entire mantle. Therefore, the lower metal-free layers cannot be equilibrated. We
calculated the isotopic evolution of the Hf-W system, taking into account the partial resetting of this chronometer.
Our study led to three conclusions: (1) collision conditions and the number of giant impact events affect the age
estimation of core formation, (2) the Earth’s W isotope ratio indicates that more than two-tenths of the volume of
the protoearth’s mantle must have been equilibrated at each giant impact, and (3) Mars should have experienced
a late, extensive equilibration event; it could have been a single giant impact.
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1. Introduction

Hafnium and tungsten are both highly refractory ele-
ments; hafnium is a lithophile element, whereas tungsten
is a moderately siderophile element that should partition
strongly into the metal phase during metal/silicate segre-
gation. The decay of now extinct '82Hf (half-life, 9 Myr)
to "82W is an ideal chronometer for tracing core formation
events, because Hf is retained in the silicate mantle while W
is largely partitioned into the core during core segregation
(Harper et al., 1991; Lee and Halliday, 1995; Harper and
Jacobsen, 1996).

It has been argued that the age of terrestrial core forma-
tion was limited by the accretion time and that it could have
occurred 60 Myr later than the formation of iron meteorites
(Lee and Halliday, 1995, 1996). Based on new measure-
ments of the W isotope compositions and Hf/W ratios of
several meteorites, the age of terrestrial core formation and
Earth’s accretion has recently been re-estimated by some
groups. These estimations were based on either a magma
ocean model or a two-stage model (Harper and Jacobsen,
1996; Jacobsen, 1988). The magma ocean model assumes
that growth of the Earth occurred at an exponentially de-
creasing accretion rate and does not consider the effects of
giant impacts. The main growth stage for the Earth as de-
fined in the magma ocean model of Yin et al. (2002), which
corresponds to 63% growth, was estimated to occur at about
10 Myr. In this model, the end of Earth’s accretion would
have occurred at about 55 Myr (Kleine et al., 2004a). On

Copyright (© The Society of Geomagnetism and Earth, Planetary and Space Sci-
ences (SGEPSS); The Seismological Society of Japan; The Volcanological Society
of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sci-
ences; TERRAPUB.

the other hand, the two-stage model assumes that Earth’s
core formed at a well-defined point in time by a single event
(e.g. a giant impact). This model age does not provide a re-
alistic age for core formation, but it does provide the earliest
time when core formation can have ceased (Halliday et al.,
1996; Halliday, 2004; Kleine et al., 2004a). In this model,
the Earth’s core formation would have ceased at about 30
Myr (Kleine et al., 2002; Schonberg et al., 2002; Yin et al.,
2002).

Some studies have considered the effect of partial reset-
ting of the Hf-W chronometer (Jacobsen and Harper, 1996;
Sasaki and Abe, 2003; Halliday, 2004; Kleine et al., 2004a;
Jacobsen, 2005; Nimmo and Agnor, 2006). These studies
have suggested that without a quantitative assessment of
the equilibration process resulting from giant impacts, we
cannot use Hf-W chronometry to determine accurately the
age of a giant impact or the age of metal-silicate separation.
Meanwhile, Kleine et al. (2004a) derived constraints for the
degree of metal-silicate equilibration during Earth’s accre-
tion by use of the '8>W excess of the Earth’s mantle relative
to chondrites conversely.

In this paper, we first discuss the mechanisms that can
cause imperfect equilibration of Hf-W systems as a result
of giant impact events. We then discuss how Hf-W age
measurements are affected by imperfect resetting. Finally,
we discuss the core formation events on Earth and Mars.

2. Mechanisms of Imperfect Equilibration of Hf-
W Systems

A giant impact can produce a global magma ocean on a

protoearth, which, on first glance, seems to lead to complete

metal-silicate equilibration as a direct result of the giant

1035



1036

impact, unless the impact leads to direct core merger. Rubie
et al. (2003) concluded that small metal droplets are formed
and that their settling through the magma ocean can achieve
chemical equilibration between metal droplets and silicate
liquid. In this section, however, we point to a difficulty
in achieving perfect equilibration in Hf-W systems, even
if small droplets are formed, as suggested by Rubie et al.
(2003).

2.1 Achievable resetting ratio by the Stokes sedimen-

tation of metal grains

To achieve perfect equilibration of the Hf-W system in a
mantle with added metal on the Earth’s surface, this metal
must split into small metal droplets and sink through the
mantle in order to equilibrate with the surrounding mantle.
There is isotopic and elemental exchange between the sink-
ing metal droplets and silicate melts to maintain the distri-
bution of W between metal and silicate, as defined by the
metal-silicate partition coefficient. The degree of equili-
bration of the Hf-W system in the mantle depends on the
total surface area of metal droplets. The smaller the metal
droplets, the easier the mantle can be equilibrated. First, we
estimated the required size of these droplets for complete
metal-silicate equilibration. In the following calculations,
we used the same physical properties (diffusivity and vis-
cosity in the magma ocean) as Rubie et al. (2003).

During the stage of planetary accretion, newly accreted
W in the impactor’s metal component equilibrates with
some portion of the W in the silicate melt of the target and
leads to a Hf/W ratio for this portion corresponding to the
value to meet the metal-silicate partition coefficient for a
mixture between impactor metal and target silicate. This
equilibration continues during the sedimentation of metal
in the silicate mantle. Suppose that metal in the impactor
splits into lots of metal spheres with radius » sinking at the
Stokes velocity:

_ 2Apgr?

o ey

where Ap; is the difference in density between the silicate
melt and metal, and g is the gravitational acceleration. Typ-
ical values are Ap; = 8 - 103 kg/m? and ¢ = 10 m/s?. The
viscosity of the silicate melt 1 is 1072 m-s/kg (Rubie et al.,
2003), assuming a completely molten global magma ocean
for the Earth’s mantle. We can estimate the equilibrated
volume from the metal spheres:

2r
T =—
Us

Veq = 277/ DT H, )
where D is the diffusivity of W in the silicate melt, D =
103 (Rubie et al., 2003), and H is the depth of the magma
ocean in the target body. We adopt the present-day depth of
Earth’s mantle, H = 2.9 x 10° m. The volume of mantle in
which the equilibration of the Hf-W system takes places at
a single giant impact, Ve, is given by the sum of veq over all
of the iron particles. We define the resetting ratio of the Hf-
W chronometer to be the ratio of V.4 and the total volume
of the target mantle and impactor mantle.

First, assuming that the metal in the impactor breaks into
small metal spheres of equal size, we can easily estimate the

T. SASAKI AND Y. ABE: IMPERFECT EQUILIBRATION OF HF-W SYSTEM

1

0.8 I

0.6

0.4

Achievable resetting ratio

0 1 1
0 0.2 0.4 0.6 0.8 1

Radius of metal grain [m]
1 T T T

0.8 4

0.6 - —

04l .

0.2 —

Achievable resetting ratio

0 1 1
0 0.5 1 15 2

Radius of metal grain [m]

Fig. 1. The resetting ratio achievable as a function of the radius of
fragmented metals. We consider those cases in which the metals from
the impactor break into small fragments of equal size (upper), with a
size distribution of metal spheres given by a power law (lower).

resetting ratio of the Hf-W chronometer. As shown in Fig. 1
(upper), the radius of metal spheres must be less than about
20 cm to achieve perfect equilibration of the Hf-W system.
In this estimation, the target body was assumed to be the
size of the Earth, and the impactor body was assumed to be
the size of Mars, with the appropriate core sizes for each
object.

Next, suppose that the size distribution of metal spheres
is given by a power law. We can estimate V4 as a function
of the radius of the largest metal sphere:

M
Veq=/ 2nr~/DTHf (m)dm,

2—-b m\ b
e Mo (M)

where M is the maximum mass of metal spheres and M is
the mass of the impactor’s core. The cumulative power law
index b is known to be close to 1 for the impact fragments
(Oddershede et al., 1993). When b = 1 in Eq. (3), the
radius of the largest metal sphere should be less than about
40 cm to achieve perfect equilibration of the Hf-W system
(Fig. 1, lower).

In these estimations, we assumed that the metal and sil-
icate portions of impactors were well mixed at the impact
and placed upon the top of Earth’s mantle with iron split
into spheres of given size. Any part of the silicate com-
position through which the metal spheres passed was equi-
librated. We also assumed all metal accreted to the Earth
was involved in the metal-silicate equilibration. This gives
an extreme case of equilibration which is independent of
the Hf/W history and the initial W composition of the im-
pactor. For these reasons, Fig. 1 shows the upper limits
of the achievable resetting ratio for a given size of metal
droplets.

3
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Fig. 2. Sketch of the metal droplets’ behavior in the silicate melt layer, which is assumed to have a low viscosity in the upper layer and high viscosity
in the lower layer. Infalling ejecta and impact fragments descend in the low-viscosity upper layer at the Stokes velocity and are deposited over the
lower layer. The Rayleigh-Taylor instability then results in big blobs of metallic material sinking into the core.

2.2 The Rayleigh-Taylor instability and the Earth’s
core formation

As discussed in the previous section, the metal droplets
in the mantle must be centimeter-scale in size to achieve
perfect equilibration of the Hf-W system. In addition, the
droplets must descend in the mantle from the surface to
the core without producing large blobs or metal layers to
achieve perfect equilibration.

Many recent works have discussed the modeling of giant
impacts using a method known as smooth particle hydro-
dynamics, or SPH (e.g., Canup and Asphaug, 2001; Canup,
2004). These results show that if an impactor and most parts
of the target break into pieces, then the debris mixes during
the re-accretion onto the surface of the protoearth. Jacob-
sen (2005) observed that these SPH simulations suggest ac-
cretion with re-equilibration with the impactor and the tar-
get mantle. However, these simulations with N = 10%-
10° particles, implying particle sizes of about 10* km, do
not have enough resolution to consider sizes smaller than
meter-scale. Moreover, to date, no simulations that demon-
strate how the target’s mantle breaks and mixes with the
impactors in giant impacts exist. Therefore, it is not possi-
ble to discuss the metal-silicate equilibration based on these
SPH simulations.

Although a protoearth could be undifferentiated before
the first giant impact (i.e. iron droplets are distributed entire
mantle uniformly), it would become differentiated after the
giant impact (i.e. most metal would fall into the core). Gi-
ant impacts are considered to have occurred more than once
from the physically (Kokubo and Ida, 1998) and geochemi-
cally (Kleine et al., 2004a) point of view. Therefore, we do
not consider the case that the iron droplets are distributed
in the protoearth’s entire mantle in an undifferentiated state
before all giant impacts. Since giant impacts are expected
to occur at long intervals, the target body’s metal compo-
nent after an impact is assumed to fall into the core before
the next giant impact occurs, and so the target’s mantle is as-
sumed to hold no metal at the time of each giant impact. On
the other hand, the impactor’s metal component and mantle
are assumed to break into pieces as a result of the giant im-
pact, so that infalling debris from the impactor is assumed
to be a mixture of metal and silicate. SPH simulations for a
head-on impact case, that is, a low-angular-momentum col-
lision case, suggest the possibility that the impactor’s core

could sink into the target’s core without breaking (Cameron,
1997). However, because the mantle clearly cannot be equi-
librated in this case, the assumption of the break-up of the
impactor’s core and mixing of metal and silicate gives us
the higher limit of equilibration degree. Moreover, SPH
simulations have generally shown that while some of the
impactor’s core may diffuse into the target’s mantle, much
of the impactor’s core would be ejected and fall back to
the Earth later (Cameron, 2000), so that not all of the im-
pactor’s metal could be distributed in the entire mantle ini-
tially. Therefore, we assume that the iron droplets are dis-
tributed not in the entire mantle but only in the upper layer
of the mantle after the giant impact. These assumptions are
the initial conditions for our consideration.

In this section, we consider two possible scenarios for the
structure resulting from giant impacts: (1) two layers are
produced, a fully molten layer (upper layer) and a partially
molten layer (lower layer); (2) the entire mantle becomes
fully molten.

2.2.1 A fully molten layer (upper layer) and a par-
tially molten layer (lower layer) are produced In the
upper molten layer, the infalling debris of the impactor
and the broken target would be easily separated into metal
and silicate. Metal droplets would then descend in the up-
per molten layer and deposit over the lower viscous layer.
When the thickness of the accumulated metal layer exceeds
a critical value, the Rayleigh-Taylor instability becomes
important. Metallic materials would then fall through
the lower layer into the central part of the planet (EI-
sasser, 1963; Stevenson, 1981; Sasaki and Nakazawa, 1986)
(Fig. 2) in the form of kilometer-sized blobs. Since the size
of such metal blobs would be too large to achieve perfect
equilibration of the Hf-W system (Fig. 1), the lower layer
of the mantle, at least, could not be equilibrated. There-
fore, in this scenario, irrespective of the initial size of the
impactor’s falling metal droplets, the lower mantle cannot
be equilibrated.

2.2.2 The entire mantle is fully molten If an im-
pactor’s core breaks into droplets, they will be larger than
meter-scale at the impact, and the sinking of these metal
droplets, therefore, cannot equilibrate the whole mantle, as
shown in the Fig. 1. However, if these droplets can break up
into smaller droplets in the molten mantle, there is a chance
of perfect equilibration. Rubie et al. (2003) concluded that
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Fig. 3. Sketch of the metal droplets’ behavior in the silicate melt layer, which is assumed to be fully molten. After a giant impact, the ejecta and broken
impactor are mixed with each other and accrete to the protoearth as a mixture. The accreted mixture is separated into silicate and centimeter-scale
metal droplets, and then these droplets sink into a well-mixed metal-silicate layer (first sketch). If these droplets are small enough to achieve perfect
equilibration, the Rayleigh-Taylor instability between the silicate melt layer with metal droplets and the metal-free layer occurs immediately because
the growth of the Rayleigh-Taylor instability is much faster than the Stokes sedimentation of metal droplets (second sketch). Once the Rayleigh-Taylor
instability has grown, the layer with metal droplets sink into the core as a cluster, and so the mixture layer and metal-free layer overturn immediately
(third sketch). In this situation, the mixture layer that holds small metal droplets—the upper layer in the first sketch—has an equilibrated Hf-W
system. However, the metal droplets in the mixture layer cannot interact with silicate outside the cluster. Thus, there exist two regions in the mantle:
an equilibrated region (last sketch, lower layer) and a non-equilibrated region (last sketch, upper layer).

the metal could equilibrate with silicate melt in a magma
ocean because the molten metal dispersed as small droplets.
They considered the idea that the small metal droplets could
sink like “rainfall droplets” without forming big blobs and
that the silicate layer could achieve equilibration of the Hf-
W system by the Stokes sedimentation of these small metal
droplets.

However, even in such a situation, we point out that there
is the possibility of another type of Rayleigh-Taylor insta-
bility between the silicate melt layer with metal droplets
and the silicate melt layer that is metal-free (Kobayashi et
al., 1993) (Fig. 3). The Rayleigh-Taylor instability can oc-
cur between the upper mixture layer and the lower molten
silicate layer because the upper layer mixed with metal
droplets has a higher density than the lower metal-free layer.
If the growth of the instability is much faster than the sedi-
mentation of small iron droplets in the molten mantle, then
the overturn of metal-rich and metal-free layers should oc-
cur. In this case, the metal-free layers cannot be equili-
brated. This type of Rayleigh-Taylor instability is actually
observed in laboratory experiments (Iga and Kimura, 1993).

In the case where an impactor’s core initially breaks into
droplets small enough to achieve perfect equilibration, such
metal droplets would tend to stay at the top of the molten
mantle because the sedimentation velocity of small droplets
is very small, as we show in Subsection 2.3. Therefore, in

this scenario it is also likely that the upper silicate layer con-

tains many small metal droplets, and the Rayleigh-Taylor

instability between the upper and the lower layer should oc-

cur as depicted in Fig. 3.

2.3 Timescale comparison between Stokes sedimenta-
tion and the Rayleigh-Taylor instability

When any mass of dense liquid (molten metal) falls
through a less dense liquid (molten mantle), instabilities
tend to form at the interface that may eventually disperse
the dense mass into small droplets (Rubie et al., 2003). In
this section, we consider the consequences of the assump-
tion that the metals break up into small grains in the magma
ocean. We assumed a mixture layer of metal and silicate
on a metal-free layer. Since metal droplets are small, we
assume equilibrium is achieved in the mixture layer. How-
ever, whether or not equilibration of the whole mantle oc-
curs can be assessed by comparing the timescales between
the Stokes sedimentation and growth of the Rayleigh-Taylor
instability at the interface of the metal-silicate mixture layer
and the metal-free silicate melt layer. In this paper, we con-
sider two extreme cases: (1) the thick limit and (2) the thin
limit of the mixture layer (see Appendix).

Figure 4 shows that timescale ratios (growth of the
Rayleigh-Taylor/Stokes sedimentation) as a function of the
sinking depth of metal grains by Stokes sedimentation. In
both cases, the timescale of the growth of the Rayleigh-
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Fig. 4. Timescale ratios between growth of the Rayleigh-Taylor instability
and Stokes sedimentation as a function of the sinking depth by Stokes
sedimentation. The upper panel (1) shows an example of a thick mixture
layer, and the lower panel (2) the case of a thin mixture layer. The radius
of metal grains is 1 cm in both cases.

Taylor instability is much shorter than that of the Stokes
sedimentation. Therefore, the Rayleigh-Taylor instability
should grow quickly, before metal grains can descend sig-
nificantly through the mantle. Once the Rayleigh-Taylor in-
stability has grown, the mixing layer should fall or overturn
into the core as a cluster.

So far, we have estimated the timescale using a two-
dimensional rectangle box. It is also important to check
the validity of applying the results to spherical shells. In
fact, the linear stability analysis of the problem yields the
same results in two or three dimensions, and growth rates
obtained through a spherical harmonic expansion are inde-
pendent of azimuthal wavenumber (Goodman, 1990). It has
also been confirmed that the dominant wavelength of the in-
stability will remain the same in three dimensions (Miiller
etal., 1991).

2.4 Summary

After a giant impact, if two layers (low-viscosity upper
layer and high-viscosity lower layer) are formed, then the
metal grains will descend, deposit over the lower layer, and
then fall through the lower layer as a large blob produced by
the Rayleigh-Taylor instability between the metal layer and
the high-viscosity lower silicate layer (Fig. 2). In this case,
therefore, perfect equilibration of the Hf-W system cannot
be achieved.

If all of the mantle is rendered fully molten by a giant
impact, and the falling impactor’s metal debris has split
into small droplets (Rubie et al., 2003), these droplets can
descend through the molten mantle. Then, if the mantle
and metal droplets in the metal-containing layer are mixed
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well, this layer can be equilibrated completely. However,
even in this situation, the Rayleigh-Taylor instability acts
between the metal-containing layer and the metal-free layer
to cause the overturn of these two layers (Fig. 3), so that
these droplets cannot continue to descend to the bottom like
“rainfall droplets” and cannot equilibrate the entire man-
tle. Thus, although the metal-containing layer can be equi-
librated, the metal-free layer cannot be equilibrated for the
Hf-W system. Therefore, the complete metal-silicate equi-
libration by means of a giant impact cannot be expected in
this case either.

Jacobsen (2005) suggested that giant impacts would
completely reset the Hf-W chronometer in many cases. Al-
though it is based on the observation of SPH simulations,
the resolution of the models is still too coarse to be con-
clusive, as noted above. The consideration of the Rayleigh-
Taylor instability, to the contrary, leads to the conclusion
that perfect resetting occurs only in very limited cases; per-
fect equilibration is possible only when the iron droplets
are smaller than meter-scale and are distributed through-
out the entire mantle in the first place, without a metal free
layer being produced. However, such a distribution of metal
droplets is unlikely, in particular for repeated giant impacts,
as noted above. Thus, we conclude that it is difficult to ob-
tain complete equilibration of the Hf-W system during giant
impacts.

The occurrence of the Rayleigh-Taylor instability is not
limited to the core formation after giant impacts considered
here. If a metal-free layer exists below a newly accreted-
iron-silicate mixture, the Rayleigh-Taylor instability likely
occurs, and silicates in the metal free layer would not be
equilibrated with iron. Thus, complete metal-silicate equi-
libration also seems to be difficult in most case of core for-
mation other than that after giant impacts.

3. Isotopic Evolution of the Hf-W System in the
Case of Imperfect Equilibration

In this section, we calculate the isotopic evolution of the
Hf-W chronometer in the case of imperfect equilibration of
the Hf-W system. We focus attention on deriving required
conditions (not sufficient conditions) to meet the observa-
tional data for each equilibrating event. As such, we con-
sider cases for which the equilibration between metal and
silicate occurs most easily. We use assumptions and sim-
plifications which give us a higher limit of the resetting ra-
tio of each equilibrating event. Although such assumptions
may not be realistic, we can provide a number of required
conditions for each equilibrating event so as to obtain the
observed isotopic ratio.

The simplest model of fractionation is a two-stage model
with a single episode of core formation occurring at t =
t.t, where ¢ is defined with time running forward from the
origin of the solar system, T, years ago. The isotope time
evolution of reservoir j is given by

182Hf
€(les, Lobs) = Q- fj - <180Hf)
0

_ e_)‘ISZfobs]

“

where t,,s = Tp yields the present value (Harper and Ja-
cobsen, 1996). Isotopic evolution relative to the CHondritic

. [e—)»lxzfcf
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Uniform Reservoir (CHUR) began after 7. years from the
initial state. In the above equations A g, is the '82Hf decay
constant (0.0779 Myr ~!' (Vockenhuber et al., 2004)), and
0 = 10*("8°Hf/">W)cpur = 1.49 x 10* (Kleine et al.,
2004b). The Hf/W fractionation in a reservoir j relative to
CHUR is defined by the f-value:

(ISOHf/183W)j

C— -1
ik (180Hf/183W) chur

&)

We use values f; = 12 for the Earth’s region (Harper et al.,

1991 Yin er al., 2002) and (i) =1 x 10~ (Kleine er

al., 2002; Schonberg et al., 2002; Yin et al., 2002; Kleine et
al., 2005) from a survey of estimates of Hf/W ratios in the
silicate Earth. In fact, there is an uncertainty in the f-value,
and estimates range from 10 to 40 (Newsom et al., 1996).
The effects of varying the f-value on our conclusions are
discussed at the end of this section.

Recent studies on planetary formation have shown that
several tens of Mars-sized protoplanets are formed through
the successive accretion of planetesimals in the terrestrial
planet region. Then, during the final stages of planetary
formation, the protoearth suffers collisions with other pro-
toplanetary bodies, known as giant impacts (Kokubo and
Ida, 1998; Wetherill and Stewart, 1989). We therefore con-
sider two different stages: the protoplanet formation stage
and the giant impact stage.

In the protoplanet formation stage, through each impact
of a planetesimal, a part of the target body is equilibrated,
and the € value of this part is reset to the initial value.
All of the impactor’s mantle is assumed to be equilibrated
during the impact, and each impact equilibrates the target’s
mantle by k times the impactor’s volume, dV. The degree
of equilibration, k, resulting from each planetesimal impact
is a parameter in this model. Thus, each impact equilibrates
the target mantle in a volume k - dV. Therefore, the nth
impact, occurring at ¢ = t,, equilibrates a fraction « - % of
the target mantle, where V,, is the volume of the target bnody
at the time of the nth impact, and updates the € value to
€(ty, Tp) in the equilibrated region. Meanwhile, the rest of
the target mantle, of fractional volume (1—%- ‘\’,—Vn), retains its
value at the time of the (n — 1)th impact. In this calculation,
for simplicity, we assumed that the whole mantle is well
mixed after each impact and that the € value for any part of
the mantle has the average € value of the whole mantle at the
time of each impact. Therefore, the isotopic fractionation
by nth impact is given by

av av
EnZk'_'E(tnaTO)‘l'(l_k'_)'Gn—l

V. v (6)

where €(¢,, Tp) is given by Eq. (4). We iterated this calcula-
tion for each planetesimal impact a hundred million times at
regular time intervals before the formation of protoplanets.
In other words, we assumed that the planetesimal accretion
rate was constant in this calculation. Here we define the age
of protoplanet formation as the age of the end of the first
stage, or the end of planetesimal accretion to protoplanet. A
plot of € versus the age of protoplanet formation is shown in
Fig. 5. k is varied from 0.1 to 10; that is, each impact equili-
brated the target’s mantle by 0.1 to 10 times the impactor’s
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Fig. 5. Isotopic evolution of € as a function of protoplanet formation age
in the Earth’s region. Parameter & [Eq. (6)] is 0.1, 0.5, 1, 5, 10 from top
to bottom.

volume. This results in € values of 10-12 at 10 Myr (Fig. 5).
During this stage, the parameter k£ does not greatly affect the
isotopic fractionation until the formation of a protoplanet at
10 Myr, i.e., a factor of 100 difference in the parameter k
results in an € difference of only 2. Therefore, during this
stage, the Hf-W system’s isotopic evolution does not play
an important role, as long as it is assumed that protoplanet
formation was completed in less than 10 Myr (Kokubo and
Ida, 2000).

In the giant impact stage, each giant impact partially
equilibrates the target body and, thus, partially resets its
chronometer. We define the resetting ratio as the ratio of
equilibrated volume of mantle. The resetting ratio in rela-
tion to a giant impact, p, and the number of giant impacts,
n, are parameters in this model. All of the impactor’s man-
tle was assumed to be equilibrated by the giant impact for
simplicity, which leads to a larger estimation of the equi-
libration rate of the Hf-W system in our calculation. This
assumption also means that the W isotope composition of
the impactor mantle is reset at giant impact and that the re-
sults are independent of the Hf-W history of the impactor.
This simplification gives us a lower limit of the required re-
setting ratio of giant impact, which is discussed at the end
of this section. Each giant impact is assumed to equilibrate
a fraction p of the target’s mantle. We also assumed that the
whole mantle is well mixed after each giant impact. The €
value of the protoplanet, which was experienced during the
nth giant impact at a time f,,, is given by

)

We used the € value shown in Fig. 5 for the initial € value
at the first giant impact. We assumed that the first giant
impact occurred at 10 Myr, so the initial value of € was
fixed at 10, according to the result of Fig. 5. Subsequent
giant impacts were assumed to occur at regular intervals.
The Earth’s mantle has a € value of 0 and chondrites have
a value of —1.9, which means that the Earth’s mantle has
an excess of about 2 ¢ units (Kleine et al., 2002, 2004a;
Schonberg et al., 2002; Yin et al., 2002). We calculated
the age of the last giant impact satisfying this Earth’s ob-
servational data as a function of the resetting ratio of each
giant impact. In our calculations using Eq. (6) and Eq. (7),
the entire Earth’s core was assumed to be involved in the

€ =P E(tng’ To) + (1 —p) €
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Fig. 6. The age of the last giant impact as a function of the resetting ratio
of each giant impact, fitting to the observational data (¢ = 2) from Earth
samples. The number of giant impacts is assumed to be five. The initial
state is € = 10 at t = 10. The formation age of the Earth for perfect
resetting (resetting ratio = 1) is about 30 Myr, in agreement with a
previous study (Yin et al., 2002).

metal-silicate equilibration. This would not be a realistic
assumption. However, these calculations give us the higher
limit of equilibration at each giant impact event. Therefore,
from the viewpoint of obtaining the observed isotopic ratio,
we can obtain the lower limit of the resetting ratio required
for each giant impact. That is, we use assumptions that lead
to the “higher limit of equilibration” on calculating isotopic
evolution to obtain “the lower limit of required resetting ra-
tio” to meet the observed epsilon value. The number of
giant impacts, n, was varied from 2 to 10. Figure 6 shows
the result for n = 5, for example. The estimated age of
the last giant impact depends on the resetting ratio of each
giant impact, which must be greater than 0.3 to yield the
observed € value. The effect of the number of giant impacts
is shown in Fig. 7. It shows that the resetting ratio of each
giant impact and the number of giant impacts both affect
the estimation of the age of the last giant impact. The re-
sults indicate that the average resetting ratio of each giant
impact must be greater than 0.2 to yield a good fit with the
observations, even if giant impacts occurred ten times.

Although we use the f-value of 12 in Eq. (4) to solve
Eq. (6) and Eq. (7), as mentioned earlier, the f-value in
Eq. (4) is considerably uncertain (from 10 to 40). Therefore,
we check how does this uncertainty affect our conclusions
here. Figure 8 shows the age of last giant impact assumed
to have occurred ten times to form the Earth for f = 10,
12, 20, 30, 40, which was calculated in a manner similar to
the case of f = 12. It shows that the lower limit of average
resetting ratio of each giant impact is still about 0.2 in the
range from f = 10 to f = 40, which would not alter our
conclusions.

Our calculations tend to give an overestimation of the
equilibration rate of the Hf-W system, as all of the im-
pactor’s core and mantle is assumed to be equilibrated by
a giant impact. In practice, because some fraction of the
impactor’s core (mantle) may be added to the target’s core
(mantle) without equilibrating, the required resetting ratio
may be larger than that was estimated in this section. There-
fore, our value of 0.2 should be regarded as a lower limit of
the required resetting ratio of each giant impact, for a total
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Fig. 7. The age of the last giant impact as a function of the resetting ratio
of each giant impact, fitting to the observational data (¢ = 2) from Earth
samples. The number of giant impacts is 2 to 10 from left to right. The
initial state is € = 10 at# = 10.
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Fig. 8. The age of the tenth giant impact as a function of the resetting
ratio of each giant impact, fitting to the observational data (¢ = 2) from
Earth samples. The f-value is 10, 12, 20, 30, 40 from bottom to top.
Each initial e-value was calculated using Eq. (6) and Eq. (7) for each
f-value.

number of giant impacts less than or equal to ten.

Nimmo and Agnor (2006) considered two extreme sce-
narios after giant impacts: complete metal-silicate equili-
bration and core merging without any significant equilibra-
tion. They claimed that the observed isotopic data require
re-equilibration of impacting bodies with the target mantle
and ruled out direct core merging even for the largest im-
pacting bodies. Although the direct core merging is one
type of imperfect equilibration, it is not the only possible
way of imperfectness. The Rayleigh-Taylor instability dis-
cussed in Section 2 is another type of imperfect equilibra-
tion, which leaves some fraction of silicate without equili-
bration with iron, while direct core merging leaves some
fraction of iron without equilibration with silicate. Here
we showed that the observational data does not rule out in-
complete equilibration due to the Rayleigh-Taylor instabil-
ity. Our results indicate that the collision conditions and the
number of giant impacts are essential parameters to estimate
the age of the core formation event.

4. Discussion
‘We have shown that complete metal-silicate equilibration
by a giant impact cannot be expected even if the impact
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causes the whole mantle to become fully molten. We also
showed that the age estimate varies dramatically, depend-
ing on the resetting ratio and the number of giant impacts,
and that the resetting ratio of each giant impact is required
to be greater than 0.2 on average. In the fully molten man-
tle situation, the equilibrated region (silicate-metal mixture
layer) and non-equilibrated region (metal-free silicate melt
layer) could overturn in a very short time, as shown in
Fig. 3. If metal in the mixture layers (Fig. 3) becomes finely
dispersed as small droplets, as described by Rubie et al.
(2003), then only in these layers can the equilibration be-
tween metal and silicate be complete. An initially metal-
free mantle, however, could not be equilibrated, because
the overturn between the mixture layer and metal-free layer
must occur before the metal droplets are able to sink sig-
nificantly through the metal-free layer. This indicates that
the volume of the initially well mixed metal-silicate layer
resulting from each giant impact should be more than two-
tenths of the volume of the protoearth’s mantle.

Such a mixture layer may correspond to the impactor’s
core, mantle, and the target’s ejecta layer produced by a
giant impact. Therefore, whether or not the mixture layer
is well mixed and perfectly equilibrated between metal and
silicate depends on how the target and impactor break, melt,
vaporize, and accrete after a giant impact. In addition,
SPH simulations of giant impacts suggest that the collision
conditions of giant impacts greatly affect how the bodies
break up. We therefore consider that the Hf-W chronometer
also reflects collision conditions, such as the initial inward
velocity and incident angle of each impactor.

Giant impacts would also have some important conse-
quences for metal-silicate equilibration, including the par-
tial vaporization of the target’s mantle and possible break-
ing not only of the impactor’s core but also of the target’s
core. At the very high temperatures just after a giant impact,
some part of the target’s upper layer of mantle could va-
porize and mix effectively with the impactor’s metal. Such
vaporizations would enhance metal-silicate equilibration in
the upper layer; however, the vaporization of the deep man-
tle is unlikely because of its very high pressure. A gi-
ant impact could break the target’s core and distribute iron
droplets in the mantle. These droplets could then equili-
brate some part of the mantle; however, unless the iron
droplets are evenly distributed throughout the whole mantle,
the Rayleigh-Taylor instability will again prevent the equi-
libration of the whole mantle. Therefore, even in this case,
perfect equilibration would only occur under very limited
conditions, such as the complete vaporization of the target’s
mantle by a giant impact or the distribution of material from
a broken target core throughout the whole metal-free layer
of the mantle.

It is well known that the observed mantle abundance of
moderately siderophile elements such as Ni and Co is larger
than that predicted from low-pressure partitioning experi-
ments (Ringwood, 1966). On the other hand, high-pressure
experimental studies have shown that the high pressure and
temperature partitioning can resolve this problem (e.g. Li
and Agee, 2001). As shown below, our description of quick
overturn of the mixture layer shown in Fig. 3 is consistent
with a high pressure and temperature equilibrium between
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Fig. 9. Isotopic evolution of € as a function of protoplanet formation age
in the Mars region. Parameter £ [Eq. (6)] is 0.1, 0.5, 1, 5, 10 from top
to bottom.
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Fig. 10. The age of the core formation event of Mars as a function of
the resetting ratio, fitting to the observational data (¢ = 2, lowest value
observed in SNC meteorites).

metal and silicate for moderately siderophile elements in
a magma ocean scenario (e.g. Righter et al., 1997). Fig-
ure 3 shows that the segregated mixture layer including liq-
uid metal droplets is deposited at the base of the molten
mantle. Since the growth of the Rayleigh-Taylor instabil-
ity of the mixture layer is very fast, equilibration between
metal droplets and the silicate mantle occurs after the mix-
ture layer has settled down, i.e., metal-silicate equilibration
is expected to occur under high pressure at the base of the
molten mantle. Each giant impact brings about the over-
turn of the molten mantle, and so multiple giant impacts
could mix the molten mantle many times. Unlike tungsten,
other siderophile elements are not produced by the decay
of other elements. After multiple giant impacts, almost
all siderophile elements except W in the mantle are equi-
librated with metal under high pressure at the base of the
molten mantle. Thus, the abundance of these elements is
likely controlled by high-pressure equilibration.

We also considered the core formation event of Mars
from the viewpoint of Hf-W chronometry. We calculated
the isotopic evolution of € in the Mars region using Eq. (6)
with f = 2 (less than the protoearth’s value: f = 12). This
value was chosen because Mars is more oxidizing than the
Earth. W does not efficiently partition into the core, and
so the Hf/W ratio for the bulk silicate of Mars should be
lower than that of the Earth (Kong et al., 1999; Kleine et
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al., 2002). The result is shown in Fig. 9. The result shows
€ = 3—4 at 10 Myr, which is slightly larger than the € value
for Mars [e = 2, the lowest value observed in SNC mete-
orites, (Lee and Halliday, 1997; Kleine et al., 2002, 2004a;
Foley et al., 2005)], with a timescale of growth of proto-
planets from planetesimals of 10°—10° years in the terres-
trial planet region (Kokubo and Ida, 2000). This indicates
that Mars could have experienced some sort of equilibrat-
ing event after the formation of the protoplanets and result
is consistent with Nimmo and Agnor (2006), who implied
that Mars may not simply be a stranded planetary embryo.
We calculated the isotopic evolution for Mars in the same
way as for the Earth. Figure 10 shows the age of core for-
mation of Mars as a function of the resetting ratio of the
core formation event, fitting the lowest e-value observed in
Martian meteorites. This result indicates that the resetting
ratio of the core formation event of Mars is required to be
greater than 0.3. Therefore, Mars could have experienced
an event that equilibrated more than three-tenths the volume
of Mars’ mantle, such as a single giant impact.

S. Conclusions

To achieve perfect equilibration, the iron droplets must
be less than meter-scale, which makes the sedimentation
velocities of the droplets low. The sedimentation velocity
is therefore much slower than the growth of the Rayleigh-
Taylor instability between the upper, metal-containing sili-
cate layer and the lower, metal-free silicate layer. In other
words, if a metal-free layer exists in the first place, its equi-
libration is inhibited by the overturn of metal-containing
and metal-free layers. When the equilibration is imperfect,
the collision conditions and the number of giant impacts
must be known in order to estimate the age of core forma-
tion of the Earth. Nevertheless, measurements of the tung-
sten isotope of terrestrial and SNC meteorites can provide
constraints on giant impact events on Earth and Mars.
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Appendix A.

First we evaluate the characteristic growth time of the
Rayleigh-Taylor instability for the (1) thick mixture layer
and (2) thin mixture layer.

(1) Thick mixture layer: Suppose a fluid layer with thick-
ness b and density p; (metal grains + silicate melt) lies on
top of another fluid layer with the same thickness b but with
density p, (silicate melt), with p; > p,. Both fluid layers
have the same viscosity 1. The upper boundary of the top
layer and the lower boundary of the bottom layer are as-
sumed to be rigid surfaces. This assumption gives slower
growth of the Rayleigh-Taylor instability than occurs in the
free surface case. We can therefore estimate the upper limit
(longer limit) of the growth time. The growth time of a dis-
turbance t,,; depends on the wavelength A of the interface
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displacement (Turcotte and Schubert, 2001)
Lo 4p 62 + 6 cosh @ sinh 6
" (o1 — pa)gh sinh?0 — 92
(A.1)
0 — 27h

A

When the heavy fluid lies on top, the disturbance with the
shortest time constant grows and dominates the instability.
The wavelength that gives the smallest value for 7, is

A =12.568b (A.2)

The growth time of the fastest growing disturbance is ob-
tained by substituting Eq. (A.2) into Eq. (A.1) with the re-
sult

13.04

T = ————
" (p1— po)gh

(A.3)

(2) Thin mixture layer: Suppose a fluid layer with thick-
ness b and density p; lies on top of the semi-infinite fluid
layer with density p, (o1 > p;). Both fluid layers have the
same viscosity 1 and both upper and lower boundaries are
free because the upper layer is assumed to be a thin layer.
We can derive the relationship between the growth time of
a disturbance 7,,, and the wavelength A of the interface dis-
tortion with the same procedures as for situation (1).

The relationship between physical values at the surface
of the upper layer (z = H; subscript number 1) and the
boundary between two layers (z = 0; subscript number 2)
is described below:

W,
U,
S
F

[ —6 sinh @ + cosh @
—6 cosh @
—6 sinh 6

—0 cosh @ + sinh 6

6 cosh 6 6 sinh 6
6 sinh 6 + cosh @ 6 cosh 6 + sinh 6
6 cosh 6 + sinh 6 6 sinh 6 + cosh
6 sinh 6 6 cosh 6

—0 sinh 6
—0 coshf

where W, U are velocities, S is shear stress, and F' is sur-
face traction. 6 is the dimensionless layer thickness. We
applied the following boundary conditions: (1) shear stress
is zero and surface fraction corresponds to the surface dis-
placement at z = H; (2) the velocities and shear stress are
continuous and the surface fraction corresponds to the sur-
face displacement at z = 0. Therefore,

S =U, (A.5)
S, =0 (A.6)
Fr=—tW, (A7)
Fi = (1+380)W, (A.8)

—60 cosh + sinh 6

—0 sinh @ + cosh
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It is then possible to derive the following equation

A8t + (BiS+B)Tt+C =0 (A.9)
A = cosh@sinh# — 6 + sinh® 6§ (A.10)
By = cosh?60 — 6% + 6 + cosh@sinh6  (A.11)
B, = cosh? 6 + sinh? @ + 2 cosh 6 sinh 6 (A.12)

C = (cosh6 + sinh6)? (A.13)
s =27/ (A.14)
P1
which can be solved to derive
no
T2 =
7 pigh
Bi§+ B 4AB»6
B0+ By B i | (A.15)
AS (B18 + B))?

On the assumption that the lower layer is semi-infinite,
higher order terms of 6 can be assumed to be negligible
and Eq. (A.15) is expanded:

(ﬁp12 —V2p102 +4(2 + l)pzz) n

— (A.16)
' p1p2(p1 — p2)gb
The density of the upper layer, p; is obtained by
L1 “{psi * Vei + Pmetat © Vimetat} (A.17)

B Vsi + Vmetal

where Vi, Vineta and 0j, Pmetal represent volumes and den-
sities of the silicate melt and impactor’s core, respectively.
Typical values are pg(= 02) = 4 x 10> kg/m?, and ppe =
12 x 10° kg/m?>.

Next we evaluated the characteristic sedimentation time
of metal grains by Stokes sedimentation. According to
Eq. (1), the timescale t, for an iron sphere to sink a distance
of [ by Stokes sedimentation is given by

[ 9nl

Ty = —

= — A.18
vy 2Apggr? ( )

Thus, we can compare the timescales of Stokes sedimenta-

tion and the growth of the Rayleigh-Taylor instability using

Eq. (A.3), Eq. (A.16), and Eq. (A.18).
Tl 26.08 - Ap; -r?

T 9-(o1—p2)-bl

Lo 2 <ﬁ012 —V2p1p2 +4(V2 + 1)022) Apy - r?
T 9 p1p2(p1 — p2) - bl

(A.19)

(A.20)

Assuming that b in Eq. (A.19) is 1.45 x 10% m, the half
depth of the present Earth’s mantle, and » in Eq. (A.20) is
very small, e.g. 1 x 10* m, we can estimate the ratio 7,/ /Ts
and .2/ T;.
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