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ALKALI METALS IN THE CORE? EXPERIMENTAL CONSTRAINTS ON MAGMA OCEAN PARTI-
TIONING OF CS, K, AND NA. C. B. Agee, N. M. Mills, D. S. Draper, Astromaterials Institute, University of

New Mexico, Albuquerque, NM 87131, agee@unm.edu.

Introduction: In earlier work, it was demonstrated
that refractory lithophile elements vanadium (V) and
chromium (Cr) become slightly siderophile at very
high temperatures and at low oxygen fugacities
(Chabot and Agee, 2003 [1]). Thus mantle depletions
in V and Cr (figure 1) are consistent with sequestering
a significant amount of these elements in the core dur-
ing a magma ocean stage of early Earth differentiation.
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Figure 1. From Palme and O’Neill (2004) [2] showing the CI nor-
malized abundance of some lithophile elements in the silicate Earth.

We now focus our experimental studies on cesium
(Cs) which also shows an apparent depletion in the
silicate Earth. A complicating factor here is that Cs,
like the other volatile elements, is depleted in the bulk
Earth relative to chondrites due to accretion processes.
This depletion of lithophile, volatile elements is shown
in figure 1 and is often referred to as the “volatility
trend”. A notable feature of the volatility trend is that
Cs actually falls below the trend, thus it is relatively
more depleted than the other volatile elements shown.
This depletion could indicate that there is some unac-
counted-for, accreted Cs that is sequestered in a reser-
voir other than the sampled silicate Earth — one possi-
ble reservoir being the Earth’s core. McDonough
(2004) [3] estimates that this depletion would be
equivalent to 55-60% of the Earth’s Cs residing in the
core, with a metal/silicate enrichment factor of about
three. Indeed, there have been several recent studies on
alkali metals, with much attention focused on potas-
sium (K), that support the hypothesis that these ele-
ments can become slightly siderophile, either through
compositional effects (Murthy et al., 2003) [4] or by
pressure induced electronic transitions (Lee et al.,
2004) [5]. Of the alkali metals, Cs shows the most pro-
nounced depletion deviation from the volatility trend,
and therefore one could argue that it is the most likely

of these elements to show slightly siderophile behavior
during conditions of core formation. For this reason,
we believe Cs partitioning studies between metal and
silicate should have the highest likelihood of the alkali
metals to reveal slightly siderophile behavior and
should have experimental priority. To this end we have
initiated a study to scope out the P-T-X conditions
under which Cs D-metal/silicate values can approach
unity or higher. We also present here data on partition-
ing of K and Na in order to elucidate systematics of the
other alkali metals at high pressures, high tempera-
tures, variable nbo/t, and sulfur content. Potassium
partitioning between metal and silicate, and the possi-
bility of K in the core have received much attention
recently. However, to our knowledge, there are no
studies that have examined the alkali metals as a
group. There is some indication that the heavy alkali
metals such as Rb and Cs will show the 4s to 3d elec-
tronic transition at lower pressures than Li, Na, and K.
If so, then variable mantle depletions and core enrich-
ments of light alkali metals versus heavy alkali metals
could potentially be used as geobarometer for the
depth of planetary core formation.

-

a.Cs

4 o

c. Na

.

—
'3-.\.}

N

—a—

D (metal/silicate)

4 001

=
2
o
2

komatite ——
pendotite —

l
5
10

P P P | P P Tl
10 15 20 25 3.0 35 15 2.0 25 30 35

nbolt
Figure 2. Variation in metal-silicate partition coefficient with melt
polymerization at 5 GPa and 2100 for (a) Cs, (b) K, and (c) Na. The
correlation of Cs measurements was significantly better than for the
other alkalis. It appears that Cs is the most responsive to changes in
melt polymerization, and that the degree of change is related to the
size of the alkali elements.
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Experimental: Experiments were carried out in
the Astromaterials High Pressure Laboratory at the
University of New Mexico, using a Walker-style
multi-anvil device. We ran several series of experi-
ments where P-T-X-fO2-S-nbo/t were varied inde-
pendently in order to isolate the various effects on
element partitioning. The pressure range was from 5-
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15 GPa, temperature from 1900-2400°C, metallic sul-
fur content from pure Fe to pure FeS, silicate nbo/t
from 1.26 to 3.1, and oxygen fugacity from two to four
log units below the iron-wustite buffer. Silicate melt
composition (nbo/t) and sulfur content of the molten
Fe-alloy were the two variables that influenced alkali
metal partitioning the greatest. Figure 2 shows that Cs
partitioning between metal and silicate strongly in-
creases with silicate melt de-polymerization, with K
and Na showing more modest increases. Figure 3
shows that D metal/silicate increases dramatically for
the alkali metals at sulfur contents of about 25 wit%.
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Figure 3. Variation in metal-silicate partition coefficient with S con-
tent for (a) Cs, (b) K, and (c) Na. The majority of experiments below
about 25 wt% S in the metal phase yielded analyses that were below
detection limits for each element. Above 25 wt%, D-values rise
significantly, with the larger alkali elements tending to be more
responsive than the smaller ones. Error bars are +/- 1o, and error
bars from analyses below detection limits are not shown. The Fe-
FeS eutectic composition (Fei et al. 1997) is indicated at 1 bar and 10
GPa.

Temperature showed a weak positive effect on D and
we observed no pressure effect on D for the alkali met-
als between 5 and 15 GPa.

Discussion: Under the conditions of our experi-
ments we observe marked increase in D metal/silicate
for Cs, K, and Na with de-polymerization of the sili-
cate melt and sulfur content of the metal. Cs shows the
largest increases in D of the three alkali metals investi-
gated with a maximum D-value of 0.345 (0.175 for K
and 0.119 for Na) in a sulfur-rich, peridotitic system at
5 GPa and 2100°C. For example, these experimental
Ds, if applied to a magma ocean scenario, would parti-
tion 14.2%, 7.7%, and 5.4% of the bulk Earth’s Cs, K,
and Na into the core. Our experiments indicate that
under certain conditions Cs is approaching “slightly”
siderophile behavior, however it is still significantly
lower than the D-value required to account for all of
the observed mantle Cs depletion through core forma-
tion (D~2-3).

We believe that further experimentation is war-
ranted, especially at pressures above 15 GPa. Because
silicate melt structure effects D, it is important to carry
out experiments at lower mantle pressures where sili-
con is closer packed and octahedrally coordinated with
oxygen. Another motivation for exploring higher ex-
perimental pressures is that we have not yet observed
the s-orbital to d-orbital transition predicted by Bukowinski
(1976) [7]. This shift should cause alkali metals to behave
more like transition metals, which also have electrons in d
orbitals, and thus display a drastically increased solubility in
iron, and a discontinuous change in D metal-silicate at some
high pressure threshold.

References:
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GIANT IMPACTS AND TERRESTRIAL PLANET EVOLUTION.  Craig B. Agnor and Erik Asphaug;ODEP, Department

of Earth & Planetary Sciences, University of California, Santa Cruz, CA 95064 (Email: cagnor@es.ucsc.edu)

The terrestrial planets are generally thought to have formed varying in degree from slight mass lost to shearing into several
via the collisional accumulation of smaller rocky bodies. As smaller embryos to complete destruction of the an embryo into

such, collisions represent an important evolutionary process,
one that plays a significant role in determining the final char-
acteristics of the planets (e.g. thermal evolution and associated
differentiation, rotation states, composition). Here we will
examine the frequency and nature of giant impacts (i.e. col-
lisions betweenv 10°km planetary embryos of similar size)
during planet formation, present model results of these colli-
sions, relate collision outcomes to different modes of planetary
accretion and discuss the implications of these giant collisions
for the evolution of the terrestrial planets.

Dynamical modeling of terrestrial planet accretion is typ-
ically divided into several separate regimes according to the
dominant modes of growth: (A) the formation ekm-sized
planetesimals; (B) the runaway and oligarchic accumulation
of planetesimals inte- 10km planetary embryos; and (C) the
late stage where continued planetary accretion requires colli-
sions between embryos and the sweep up of any remaining
planetesimals.

Recent work has elucidated many of the aspects related
to the transition between rapid runaway and the more gradual
oligarchic growth of planetary embryos [e.g. 1, 2, 3]. Through
the accumulation of smaller planetesimals, embryos’ feeding
zones expand and begin to overlap. As this occurs the embryos
(or *battling oligarchs’) will suffer close encounters and colli-
sions [3]. Thus, giantimpacts between embryos of comparable
mass are an integral part of accretion during the earlier stage
of runaway and oligarchic growth (B) when the total mass in
embryos may be small relative to the total mass of the swarm
of planetesimals, as well as the later (stage C) when planetary
embryos may dominate the mass distribution.

Studies of planet formation and planetary collisional evo-
lution have typically been conducted separately. Most dynam-
ical studies of planet formation employ inelastic mergers as a
simplifying model assumption [e.g. 4, 5, 6, 7]. On the other
hand, most of the work studying the collisional evolution of
terrestrial planets has focused on determining the ability of sin-
gle impacts to account for particular planetary characteristics
or the formation of satellites [e.g. 8, 9, 10].

We are using a smoothed particle hydrodynamics (SPH)
code [e.g. 11] to model giant impacts between planetary em-
bryos of the type prevalent during terrestrial planet accumula-
tion. Our efforts are focused on characterizing the outcomes
of the collisions and evaluating the geophysical processing
of the colliding embryos and growing planets. In addition
to the well studied aspects of mantle stripping via head-on,
high velocity impacts [8] and satellite formation through low-
velocity glancing blows [e.g. 12, 10], our simulation results
clearly demonstrate that for conditions common during terres-
trial planet accretion, collisions between planetary embryos
may have a variety of bulk outcomes including: merger or
rebound of embryos (i.e. ‘hit-and-run’ collisions), and erosion

much smaller debris [13, 14].
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Figure 1: Simulation results from a typical ‘hit-and-run’
collision. Two snapshots just before (top) and a few hours
after (bottom) an impact betweené = 0.10Mg target and

an impactor of masd/; = 0.01Mg. We used the Tillotson
equation of state with basalt (shown with blue/light particles)
and iron (shown with red/dark particles) material parameters
to model the mantle and core respectively. The two bodies
collide with a velocity fifty-percent greater than their mutual
escape velocity with an impact angleof 45°.
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Placing these model results in the context of planetary
formation models it is apparent that the material ultimately
incorporated into the planets may have suffered multiple giant
impacts, many of which were catastrophic thermodynamical
events and/or were non-accretionary rebound or disruptive im-
pacts. In this presentation we will discuss the connection
between the style of accretion (e.g. oligarchic vs. late stage),
impact dynamics and collision outcomes as well as their impli-
cation for the thermal, rotational and compositional evolution
of the terrestrial planets.

This research has been supported by NASA's PG&G and Ori-
gins programs.
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THREE-STAGE EPISODIC EARTH EVOLUTION. Nicholas Arndt' and Anne Davaille”, ' LGCA, University of Grenoble,
38400 Grenoble, France <arndt@ujf-grenoble.fr>, : IPGP, 4 place Jussieu, Paris, France

U-PDb ages of zircons in granites and large rivers record a
three-stage evolution of the continental crust. Plate tectonics
operated in the first stage, from ~4.4 to 2.7 Ga. Huge peaks
of crustal growth separated by long troughs dominated the
second stage, from 2.7 to 1.8 Ga. Semi-continuous growth
punctuated by large peaks characterized the last stage, from
1.8 to O Ga. Individual peaks in the second stage open with
massive mafic-ultramafic volcanism and climax 30 m.y. later
with intrusion of voluminous granitoids: each peak opened
with enhanced mantle plume activity, climaxed with acceler-
ated plate tectonic activity, and was followed by a long quiet
period when little crust formed. We develop a fluid-
mechanics model to explain the three-stage evolution and the
pronounced peak-and-trough pattern of the second stage.
Low temperatures in the mantle during the first and last
stages allowed the formation of thin, subductable oceanic
crust and led to a plate-tectonic regime. The crustal-growth
peaks of the second regime resulted from destabilization of a
hot lower-mantle layer. Domes rising from this layer par-
tially melted to form voluminous mafic magmas; they also
heated the upper mantle, initially accelerating crustal growth
but then forming thick unsubductable crust that temporally
choked off plate tectonics.
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PARTITIONING OF OXYGEN BETWEEN MAGNESIOWUSTITE AND LIQUID

IRON:

CONSEQUENCES FOR THE EARLY DIFFERENTIATION OF TERRESTRIAL PLANETS. Y. Asahara’,
D. C. Rubie! and D. J. Frost', ‘Bayerisches Geoinstitut; Universitat Bayreuth, D-95440 Bayreuth, Germany,

Dave.Rubie@uni-bayreuth.de.

Introduction: The partitioning of oxygen be-
tween silicates and liquid Fe-rich metallic alloy is a
key factor in controlling chemical differentiation dur-
ing core formation in terrestrial planets [1]. This is
because oxygen partitioning determines the oxygen
fugacity uniquely for a given bulk composition and
therefore controls the partitioning of Fe and other
siderophile elements during core formation.

Although oxygen was proposed many years ago to
be a possible light element in the Earth’s core, the ef-
fect of pressure on oxygen solubility in liquid iron has
been controversial. Based on phase relations in the Fe-
FeO system, oxygen solubility in liquid Fe increases
with increasing pressure. However, according to pre-
vious results on the partitioning of oxygen between
magnesiowdstite and liquid iron, oxygen solubility in
liquid iron has been shown to decrease with increasing
pressure [1,2]. Here we report new data on oxygen
partitioning between magnesiowdstite and liquid iron
in the Fe-FeO-MgO system, obtained over a wide P-T
range (3-25 GPa, 2273-3173 K), which resolve this
issue.

Experimental procedure: Experiments were per-
formed at high pressures and temperatures using a
Kawai-type multi-anvil apparatus. Starting materials
were mixtures of Fe metal and Fe,O; oxide powders
with a range of bulk oxygen contents. We used cylin-
drical capsules machined from MgO single crystals as
sample containers. Chemical analysis and image analy-
sis of recovered samples were carried out using elec-
tron microprobe analysis and scanning electron mi-
croscopy respectively.

Results: Oxygen contents in the quenched liquid
Fe range up to 7.5 wt%. In order to analyze the data,
we consider the following reaction of oxygen between
magnesiowdstite and Fe liquid:

FeO magnesiowiistite — Fe metal 0 metal (1)

The distribution coefficient, K, for this reaction is
independent of oxygen fugacity and is given by
Kd = XmetoxmetFe/meFeo

where XM, XM, X™ are the mol fractions of
oxygen in metal, Fe in metal and FeO in magne-
siowdistite, respectively. LnK, increases with increas-
ing temperature over the range of experimental condi-
tions and shows a linear relationship with 1/7 at 15-
24.5 GPa, and 2273-3173 K. The effect of pressure on
InK; is weak up to 25 GPa but InK,; appears to initially
decrease with increasing pressure, reach a minimum at
10-15 GPa and then increase at higher pressures (Fig.

1). This behavior is caused by the volume change (4V)
of reaction (1) being pressure-dependent and changing
from being positive at <10 GPa to negative at >15
GPa. The change in 4V is the result the FeO compo-
nent being more compressible in liquid Fe than in
magnesiowdistite.

1 T

0.5 3
0 T i 3133_K_::
T T —§>—*—£, 3073k

-0. ; — 1 3

2673k

0 5 10 15 20 25 30
Pressure (GPa)

Fig. 1. Relation between InK, and pressure up to 25 GPa.
Data from this study: filled triangles: 2373 K; open squares:
2473 K; filled diamonds: 2873 K; open circles: 3073 K; open
diamonds: 3150 K. Data from Ohtani and Ringwood [3] at 2
GPa: small filled triangle: 2373 K; small open square: 2473
K; small filled diamond: 2823 K. Squares with crosses: cal-
culated InK, at 2473K based on the data from [1,2]. Large
filled circle: InK, at 1 bar and 2473 K calculated using an
associated solution model for the Fe-O system. The model
discussed below is shown by the fitted lines.

The new experimental data, together with data
from Takafuji et al. [4] obtained using a laser-heated
diamond anvil cell up to 97 GPa and 3150 K, have
been fitted by the equation:

RTInK, = -AH + TAS — [AVdP
where 4H, A4S and AV are the changes in enthalpy,
entropy and volume, respectively, for the oxygen ex-
change reaction (1) and R is the gas constant. Activity
coefficients of oxygen in metal, Fe in metal and FeO in
magnesiowdistite were assumed to be unity. To evalu-
ate [AVdP, we used an equation of state for the FeO
component in liquid Fe that, together with a previ-
ously-determined equation of state of wustite, is con-
sistent with the observed pressure dependence of InK,.
Obtained parameters for the equation of state of the
FeO component in liquid Fe are: Vy ek = 14.7
cm®mol, K, = 18.6 GPa and K’ = 8.5. The values AH
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= 1.55 x10° J/mol and 4S = 51 J/K/mol are obtained
from the fit. The resulting model reproduces well the
entire data set, as shown in Figs. 1 and 2.

T
3073K k=4
s
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Pressure (GPa)

Fig. 2. Relation between InK, and pressure up to 140 GPa.
Open triangles show calculated InK; values based on data
obtained at 3000-3150 K by Takafuji et al. [4]. Because only
silicate perovskite coexisted with liquid Fe in their experi-
ments, we used the Mg-Fe partition coefficient between
magnesiowistite and Mg-perovskite [5] to estimate the com-
position of coexisting magnesiowstite for the determination
of K;. Other symbols are the same as in Fig. 1.

This new model resolves the earlier controversy over
the effect of pressure on oxygen solubility in liquid Fe:
at constant temperature, solubility decreases with in-
creasing pressure at low pressures but increases with
increasing pressure above 15 GPa.

Core Formation Model: We consider the conse-
quences of the dependence of oxygen partitioning be-
tween liquid Fe and silicate liquid on P and T for core
formation following the model of [1]. We assume that
the temperature at the base of the magma ocean is de-
fined by the peridotite solidus [6], and, for simplicity,
that the conditions of equilibration between metallic
liquid and silicate liquid are approximately those at the
base of the magma ocean. We assume a model primi-
tive bulk composition for Earth and Mars which has
the major elements Si, Al, Mg, Fe, and Ca in carbona-
ceous chondritic proportions with some proportion of
the total Fe being in the reduced metallic state. Three
different initial oxidation states are considered, in
which the initial FeO content of the silicate fraction
has values of 10, 18 and 25 wt%. The intermediate
FeO content is similar to that of the current Martian
mantle. The results are shown in Fig 3. In the case of
the Earth, the oxygen concentration in liquid Fe in the
magma ocean increases with increasing depth and,
consequently, the FeO concentration in the residual
silicate melt decreases (Fig. 3a). At a magma ocean
depth of 1000-1500 km (40-60 GPa), the FeO content
of the silicate liquid is reduced to about 8 wt.%, which

is comparable to the FeO concentration of Earth’s
mantle. Depending on the initial oxidation state, up to
8 wt% oxygen is contained in the Earth’s core, which
is consistent with theoretical predictions [7]. In the
case of Mars, because pressures and temperatures are
relatively low in a Martian magma ocean, oxygen
solubility in liquid Fe is low, independent of magma
ocean depth. Core formation thus has little effect on
the FeO content of the silicate fraction (Fig. 3b) and
the oxygen content of the Martian core is predicted to
be low (<3wt%). The model also explains the different
mass fractions of the cores of Earth (~30% of the total
planet) and Mars (~20%) because more metal segre-
gates from the magma ocean on Earth than on Mars.

Pressure (GPa) Pressure (GPa)
0 0 40 60 80 100 0 10 0 0

(@) Earth

26 [ e ma oo

Mars

FeO content of of residual silicate (wi%)
Fe0 content of residual silicate (wi%)

0 500 1000 1500 2000

Magma ocean depth (km) Magma ocean depth (km)

Fig. 3. Results of the core-formation model. The FeO content
(wt%) of the residual silicate mantle, as a function of magma
ocean depth, is shown for Earth (a) and Mars (b). The three
curves show results for starting compositions with different
oxygen contents: in the most oxidised composition (dashed
line, “oxidised™), the initial FeO content of the silicate frac-
tion was 25 wt% and 40% of the Fe was present as reduced
metal; in the intermediate composition (solid line), the initial
FeO content of the silicate fraction was 18 wt% and 60% of
the Fe was present as reduced metal; in the most reduced
composition (dotted line, “reduced”), the initial FeO content
of the silicate fraction was 10 wt% and 80% of the Fe was
present as reduced metal. The horizontal lines show the pre-
sent FeO contents of the mantles of Earth and Mars. For the
intermediate starting composition, a magma ocean 1400 km
deep would result in the present FeO content of the Earth’s
mantle and 8 wt% O in the core. In the case of Mars, the
intermediate starting composition results in the current FeO
content of the Martian mantle and a low O content in the
core (<2-3 wt%), irrespective of magma ocean depth.

References: [1] Rubie D. C. et al. (2004) Nature,
429, 58-62. [2] O’Neill H.St.C. et al. (1998) JGR, 103,
12239-12260. [3] Ohtani E. and Ringwood A. E.
(1984) EPSL 71, 85-93. [4] Takafuji N. et al. (2005)
GRL 32, 6313, doi: 10.1029/2005GL022773. [5] Kes-
son S. E. et al. (2002) PEPI 131, 295-310. [6] Zerr A.
et al. (1998) Science 281, 243-247. [7] Alfe D. et al.
(2002) EPSL, 195, 91-98.
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New and reinterpreted shock wave data for crystal-
line SiO,, M@,Si0,4, and MgSiO; yields melting points
of 4700 K at 75 GPa for SiO,-stishovite and 4900K at
115 GPa for SiO; in the CaCl, structure. For MgSiOs
we infer broad maximum peak in the melting tempera-
ture of perovskite structure crystal of 5300 K at 140
GPa. At 170 GPa MgSiO; enstatite driven into the
perovskite structure melts at 5000 K with a 2-3 % in-
crease in density. Mg,SiO, driven into the perovskite
plus periclase phase melts at 4150 + 100 K at 153 GPa.

New data for forsterite and wadlseyite shocked into
the melt regime yields a Grilineisen parameter that in-
creased with compression as predicted by [1] such that
a silicate melt will yield a ~2000 K adiabatic rise in
temperature over the pressure range of a deep magma
ocean.

Recent measurements on molten Angg4Dig 36, @ SiM-
plified basalt composition, taken to 110 GPa shows
greater compression of the liquid than the solid up to
50% compression range. Thus we find that basaltic
liquids are denser than the coexisting ultramafic solids
over the entire pressure range existing in the mantle,
and effectively extends the Stolper et al. [2] hypothesis
to a very wide range of pressures.

References: [1] Stixrude, L. and Karki, B. (2005) Sci-
ence 310, 297-299. [2 Stolper, E. M. et al. (1981) J. Geo-
phys. Res. 86, 6261-6271.





