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Abstracts
ELEMENTAL FRACTIONATION DURING RAPID AC
CRETION OF THE MOON TRIGGERED BY A GIANT
IMPACT. Y.Abe 1 ,K.J.Zahnle2,andA. Hashimoto3, 1Department
of Earth and Planetary Physics, University of Tokyo, 7-3-1 Hongo,
Bunkyo, Tokyo 113-0033,Japan (ayutaka@geoph.s.u-tokyo.ac.jp),
2Mail Stop 245-3, NASA Ames Research Center, Moffett Field CA
94035, USA (kzahnle@mail.arc.nasagov) 3Department of Earth
and Planetary Sciences, Hokkaido University, Sapporo 060, Japan
(akihiko@cosmos.sci.hokudai.ac.jp).
Recently, Ida et al. [l] made an N-body simulation of lunar
accretion from a protolunar disk formed by a giant impact. One of
their important conclusions is that the accretion time of the Moon is
as short as one month. Such rapid accretion is a necessary conse
quence of the high surface density of a lunar mass disk accreting just
beyond the Roche limit (-3Re); the Safronov accretion time (a few
days) is even shorter. The energy of accretion always exceeds the
gravitational binding energy of newly arriving matter. Hence, with
out an energy sink, the accreting body is thermally unstable. For the
Earth and other planets, radiation acts as the sink. However, in such
a short accretion time, the Moon cannot radiate the accretional
energy. Even radiating at a silicate cloudtop temperature of roughly
2000 K, it would take more than 100 yr to radiatively cool the Moon.
The plausible alternative heat sinks are heat capacity, latent heat of
vaporization, and thermal escape of the gas to space (i.e., hydrody
namic blowoff). The latter becomes plausible for the Moon because
the scale height at 2000 K (-300 km) is a significant fraction of the
lunar radius.
The early stages of lunar (or "lunatesimal") growth release rela
tively little energy and can occur simply by heating the material,
especially if the accreting material is originally cold. However, the
material is unlikely to be cold, because the disk itself is hot and its
cooling time is long [2], while the lunar accretion time is very short.
Therefore, the Moon is likely to accrete condensed material just after
it condenses. Accordingly, the newly accreted material will be on the
verge of vaporization and will have very little heat capacity to spare.
The immediate heat sink is the latent heat of vaporization. Most ofthe
vapor will escape from the Moon, because the thermal energy in the
gas can be used to drive escape. However, vaporization is generally
incomplete. The latent heat of vaporization exceeds the energy of
accretion. Viewed globally, the accretional energy is about half the
energy required to vaporize the entire Moon. Thus, to first approxi
mation, half of the Moon-forming material can be vaporized and lost
during accretion. During this process, we would expect preferential
loss of relatively volatile elements. Escape will retard the rate of
accretion.
To test these ideas, we computed detailed models of the thermal
state of the Moon during accretion. We pay special attention to the
structure of the silicate atmosphere and its loss rate by calculating the
chemical species at equilibrium. We used the PHEQ program [3],
which includes 12 elements (H, 0, C, S, Mg, Si, Fe, Ca, Al, Na, Ti,
and N) and 272 compounds (including ionic compounds). Because
of the large heats of vaporization and ionization, the adiabatic atmos-

phere is nearly isothermal and massive escape is expected. The
pressure of the atmosphere is determined by the balance between
vaporization of accreting material and escape. If the accretion time is
one month, a 0.3-bar atmosphere is expected. Elemental fraction
ation depends strongly on the temperature of the accreting material.
The initial temperature of the material can be estimated from the
condition of gravitational instability in the protolunar disk. As shown
by Ida et al.,accretion starts when gravitational instability spreads the
disk beyond the Roche limit. The instability occurs when more than
99% of the material condenses. At this point, all of Ca, Al, Si, Mg,
and Fe, and 95% of Na (probably K also), are in condensed phases.
If the Moon is formed from the accretion of such material, volatile
elements such as Na and K are retained in the Moon only early in
accretion. At later times, K and Na are lost, and a fraction of the Mg,
Si, and Fe is lost. However, refractory elements such as Ca and Al are
retained, and so achieve a mild degree (factor 2) of superabundance.
References: [1] Ida S. et al. (1997) Nature, 389, 353-357.
[2] Stevenson D. J. (1987) Annu. Rev. Earth Planet. Sci., 15, 271315. [3] Okajima S. (1997) Master's thesis, Hokkaido University.

THE NEW MOON. G. Arrhenius, Scripps Institution of
Oceanography, University of California, San Diego, La Jolla CA
92037-0220, USA (arrhenius@ucsd.edu).
The late heavy bombardment of the Moon extends in time to
-3.8 Ga and continues to -3.5 Ga with decreasing frequency of re
corded impacts on the Moon. It has been generally assumed that this
phenomenon was due to an invasion of the inner solar system by a
swarm of asteroidal-sized objects that hit the Moon and all of the
terrestrial planets with severeness in proportion to their gravitation.
The extension of the record on Earth, and more fragmentarily on
Mars, into this time frame demonstrates a lack of the predicted
devastating effects. The sedimentary record on Earth consists of
segments of undisturbed laminated banded-iron formations that con
tain traces of what appears as biochemically evolved microbial life.
This record reaches back in time beyond 3.86 Ga The martian
igneous rock record indicates a crystallization age of 4.5 Ga, fol
lowed by shock events but without signs of remelting in late bom
bardment catastrophes.
These observations suggest, as one possibility, a local source of
bodies in lunar orbit that coalesced with the Moon. Alternatively,
solar-system-wide impacts may have been sufficiently sporadic to
have escaped recording in currently studied sedimentary sequences
on Earth. The latter alternative would have to be coupled with an
assumption of rapid recolonization of the hydrosphere by life. It
would than have arisen anew after each sterilizing impact or emerged
from protected survival niches.
These are speculations about of the absence of a recorded late
planetary impact period. Current experiments that aim at resolution
of this problem will be discussed.
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EVIDENCE FOR A LIGHT-RARE-EARTH-ELEMENT
DEPLETED SOURCE FOR SOME FERROAN ANORTHO
SITES. L. E. Borg 1 , M. Norman , L. E. Nyquist 1 , D. Bogard1 , G.
Snyder3, and L. Taylor3, 1 Mail Code SN2, NASA Johnson Space
Center, Houston TX 77058, USA, 2 GEMOC SchoolofEarth Sciences,
Macquarie University of Sydney, 2109 Australia, 3Department of
Geology, University of Tennessee, Knoxville TN 37996, USA.
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In troduction: In the lunar magma ocean model, ferroan an
orthosites (FANs) are expected to be derived from a relatively undif
ferentiated source with chondritic REE abundances and yield the
oldest radiometric ages of any lunar rocks. Samarium-neodymium
isotopic analyses of 60025 and 67016 by [l] and [2] yielded ages of
4.44 ± 0.02 Ga and 4.53 ± 0.12 Ga and initial £Nd values in excess
of -0.5. These ages are within error of ages determined on some Mg
suite rocks by [3]. Thus, the existing data are not completely consis
tent with the standard magma ocean model. We have completed
isotopic analysis on the pristine FAN 62236 in order to place further
constraints on lunar crust-forming processes.
Results: The results of our Sm-Nd analyses are presented in the
isochron plot in Fig. 1. Mineral and chemical separation procedures
are described in [4]. The isochron yields an age of 4.29 ± 0.06 Ga and
an initial £Nd of 3.1 ± 0.9. This age is significantly younger than
the ages determined on the other FANs. We also measured a small
positive £Nd anomaly of 0.24 ± 0.13 on two separate fractions of
62236.
These results are not predicted by the lunar magma ocean model
and may indicate the Sm-Nd systematics of 62236 have been reset by
impact metamorphism. However, there is no evidence to support this
contention. Samarium-neodymium abundances in plagioclase min
eral fractions are in good agreement with ion microprobe results from
other FANs [5] and suggest the isochron is unlikely to represent a
mixing line. Thermal resetting of the isochron following impact is
also unlikely because this process results in rotation of the isochron
about the whole rock point [6] and therefore produces an isochron
with a younger age and lower initial £Nd 43 value. Likewise, extended
cooling in an insulated megaregolith requires the 62236 source to be
even more strongly depleted in LREE than if 62236 cooled immedi
ately after separation from its source at 4.29 Ga.
Discussion: There are several aspects of this data that are not
consistent with a standard magma ocean model. First, the magma
ocean must exist for at least 150 m.y. (assuming 60025 is the first
143
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FAN) to 240 m.y. (assuming 67016 is the first FAN). Such slow
crystallization rates are at, or beyond, the limits expected from
models of thermal evolution of the magma ocean [7]. Second, the
young age of 62236 postdates formation of ur-KREEP [8], which is
expected to represent the last dregs of magma ocean crystallization.
Third, a two-stage model for the evolution of the Nd-isotopic com
position of 62236 constrains the 62236 source to have formed about
4.46 Ga with a 1 7Sm/144Nd ratio of 0.29. Thus, the high initial £Nd
value and positive £Nd anomaly require 62236 to be derived from
a source that was strongly depleted in LREErelative to HREE early
in its history (Fig. 2). In order to reconcile these observations with the
magma ocean model the magma ocean must have existed for a short
period of time, and the youngest FANs cannot be cumulates of the
magma ocean, but must form by another process.
Refe re nces: [l] Carlson and Lugmair (1988) EPSL, 52, 227238. [2] Alibert et al. (1994) GCA, 58, 2921-2926. [3] Shih et al.
(1993) GCA, 57, 915-931. [4] Borg et al. (1996) Meteoritics &
Planet. Sci., 32, A18. [5] Phinney (1991) Proc. LPS, Vol. 21, 29-49.
[6] Nyquist et al. (1981) LPS XXJI, 985-986. [7] Tonks and Melosh
(1990) Origin ofthe Earth, 151-174. [8] Nyquist et al. (1992) GCA,
56, 2213-2234.
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O SMIUM SOLUBILITY IN SILICATE MELTS: NEW
EFFORTS ANDNEWRESULTS. A. Borisov1 andR.J. Walker
1 Mail Code SN2, NASA Johnson Space Center, Houston TX 77058,
USA (aborisov@ems.jsc.nasa.gov), 2Department of Geology,
University of Maryland, College Park MD 20742, USA.
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Introduction: In a recent paper, Borisov and Palme [1] re
ported the first experimental results on the partitioning of Os between
metal (Ni-rich OsNi alloys) and silicate melt of anorthite-diopside
eutectic composition at 1400°C and 1 atm total pressure and at/02
from 10-S to 10-1 2 atm. Experiments were done by equilibrating
OsNi metal loops with silicate melt. Metal and glass were analyzed
separately by INAA.
I)Os ranged from 106 to 107, which is inconsistent with core/
mantle equilibrium for HSEs and favors the late veneer hypothesis.
Unfortunately, there was practically no /02 dependence of Os
partitioning, and the scatter of experimental results was quite serious,
so the formation of Os nuggets was suspected. This new set of
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experiments was specially designed to avoid or at least minimize the
nugget problem.
Experimental: In most respects, the procedure was similar to
that reported in [1]. But this time, to increase the expected Os
solubility, we decided to work in a more oxidizing region (from
1� to 1()-8 atm), where Ni solubility can reach the percent level. For
this reason the silicates were first saturated with Ni by equilibration
in a pure Ni loop at 1400°C for 2 days. Additionally, we expected that
most impurities (As, Sb, Bi, etc.) possibly responsible for nugget
formation [2] would evaporate during this preliminary step. Glasses
were crushed, inserted in Ni94Os6(at.) alloy loops, and equilibrated
at the same conditions for another 2 days. Final glasses were analyzed
by INAA(University ofCologne, Germany) and by isotope dilution
analysis (University ofMaryland).
Results and Discussion: In this study, we found an excellent
fo dependence ofOs solubility vs./0 , with Os content decreasing
fr�m about 100 ppb to about 5 ppb as}0 decreases(Fig. l). There is
still some scatter ofthe results, which ispartially due to the possible
heterogeneity ofexperimental samples and partially due to analytical
problems, especially in the reducing region. Slope of log Os vs.
log/0 is close to the theoretical value of0.75 (0.69 ± 0.08 for the
wholi dataset, solid line, or 0.87 ± 0.07 ignoring the most reducing
data, dashed line in Fig.I), implying that Qs3+ is the dominant Os
species in silicate melts
Os (Me)+ 0.75 02 = OsO 1.5
Toe recent application of the 190Pt- 1860s-isotopic system [3]
makes the comparison ofgeochemical behavior ofthese two ele-
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ments rather important. In Fig. 2 we plotted new Os data, recalculated
to pure solubility(assuming aos = X05 in Ni Os alloy) and compared
them with pure Pt solubility [2] in the same melt composition. There
is no overlap between these two sets of data, but at f02s more
oxidizing than rw, the solubility ofPt looks to be much lower than
Os solubility. It will be converted, for example, into higher !)Pt(sulf/
sil) compared to nos (sulf/sil), ifwe assume similar yo s(sulfide) and
YPt(sulfide) values. Much below IW, however, Os solubility may be
comparable, or even lower, than Pt solubility, resulting in 00• (Me/
sil) � !)Pt (Me/sil).
Acknowledgments: This work was performed while the first
author held a National Research Council/NASA Johnson Space
Center Research Associateship.
References: [1] Borisov A. and Palme H.(1998) N. Jb. Miner.
Abh., 172, 347. [2] Borisov A. and Palme H.(1997) GCA, 61, 4349.
[3] Walker R. J. et al. (1997) GCA, 61, 4799.

THE GIANT IMPACT AND THE FORMATION OF THE
MOON. A. G. W. Cameron 1 and R. M. Canup2, 1 Harvard
Smithsonian Center for Astrophysics, 60 Garden Street, Cambridge
MA 02138, USA, 2Southwest Research Institute, 1050 Walnut Street,
Suite 426, Boulder CO 80302, USA.
The earlier simulations by Cameron ofgiant impact scenarios for
the formation of the Moon [1-5] covered only a limited range of
parameter space. It was then assumed that at impact the Earth was
nearly fully formed and the impactor was rather small, and the total
mass ofthe impact was about 1 Earth. The angular momentum in the
simulated collisions usually approached twice that in the present
Earth-Moon system(= 2 lem), but this was not varied in a systematic
way. In summary, a limited part of parameter space was randomly
sampled.
During the last couple ofyears, with increased computing power
available, it has been possible to carry out a systematic survey ofa
larger part ofparameter space. The calculations ofthe giant impact
have used Smooth Particle Hydrodynamics (SPH). The survey as
sumed a proto-Earth-to-impactor mass ratio of7:3. The number of
particles involved in the survey was 10,000. After the survey had
found the approximate optimum parameters required to leave about
two lunar masses ofmaterial in orbit following the giant impact, more
detailed calculations were carried out in that parameter region using
20,000 particles. For the three most nearly optimum cases, calcula
tions are currently under way using 100,000 particles.
Toe first survey varied the angular momentum ofthe collision for
a total collisional mass of1 Earth and an angular momentum range
of1.0 to 3.25 lem. In a reasonable range ofI.Oto 1.25 lem the amount
of mass left in orbit was much too small to form the Moon; the
orbiting mass increased most ofthe way to the upper limit, and then
increasing amounts of mass escaped from the system. Beyond 3.25
lem no collision took place. The total colliding mass needed to be
reduced. The second survey chose a total colliding mass of0.5 Earth
and an angular momentum range of0.5-1.0 lem (beyond which no
collision took place). The same general pattern was observed; the
orbiting mass increased toward the upper limit of angular momen
tum. However, the instances of higher angular momentum were
unacceptable for forming the Moon because ofthe high content of
metallic Fe among the orbiting debris.
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Thus it was clear that optimum conditions for the giant impact
needed to be sought at an intermediate value of the total orbiting
mass. The third survey covered the total colliding mass range of 0.51.0 Earth at two values of angular momentum: 1.0 and 1.25 lem.
These results showed that, near a total colliding mass of 0.65 Earth,
about two lunar masses of material (all or nearly all rock free of
metallic Fe) were left in orbit. We considered this to be roughly
optimum, since much of the orbiting material would either be ejected
from Earth orbit or would collide with the Earth during the accumu
lation of the Moon. A fourth survey chose a total colliding mass of
0.65 Earth and computed simulations of the impact in the angular
momentum range 1.0-1.25 lem. We found 1.15 lem to be approxi
mately optimum.
Later simulations with 20,000 particles closely confirmed the
results obtained in the 10,000-particle survey, provided the compari
sons were made at the corresponding times in the two runs. This is
because a variety of angular-momentum transfer processes cause
particles to be lost from orbit, either by escape or collision with the
Earth, in the week or two following the impact.
In several of the approximately optimum cases, the integrations
of the SPH simulations were carried much further forward in time by
means of a symplectic N-body integrator [6,7]. These integrations
showed that the characteristic time required to reduce the number of
orbiting bodies by a factor of e is about a year, so that after several
years most of the mass has either escaped, collided with the Earth, or
accumulated into the Moon. For example, at a total colliding mass of
0.65 Earth, with an angular momentum of 1.1 lem, the accumulated
Moon has a mass of 0.95 lunar masses orbiting at 3.5 Earth radii; at
an angular momentum of 1.2 lem, the accumulated Moon has a mass
of 1.3 lunar masses at 4.5 Earth radii.
Earlier simulations of the formation of the Moon [8,9] assumed
a disk with a smooth surface density. In the current models, however,
the debris formed by the giant impact forms a long curving arc ending
in a substantial blob of material. This blob acts like a seed for
accumulation of the Moon, since it starts on a substantially elliptical
orbit that passes close to the Roche lobe where it can sweep up other
orbiting matter; its own apogee is thus lowered. This circumstance
results in somewhat higher accretion efficiencies than those found in
[8,9].
These combined calculations have thus carried through simula
tions of the giant impact until the Moon has formed just outside the
Roche lobe of the Earth with approximately the correct mass. The
Moon is largely free of metallic Fe. Prior to the giant impact the Earth
had accumulated about half of its final mass; after the giant impact,
it had about two-thirds of that final mass. Calculations are being
carried out with other values of the proto-Earth/impactor mass ratio
to explore the dependence on that parameter.
Under optimum conditions for the giant impact, the proto-Earth
undergoes two collisions. In the first collision the impactor is se
verely distorted and loses some material to the proto-Earth. The
remaining material then pulls itself together as the impactor with
draws a short distance; the impactor then approaches the proto-Earth
again for the second collision, in which the impactor is destroyed. All
ornearly all of the metallic Fe in the impactor falls through the mantle
of the proto-Earth to add onto the core; for at least several days the
proto-Earth forms a spinning mass quadrupole that can be effective
in transferring angular momentum to orbiting particles beyond the
synchronous rotation distance and absorbing angular momentum
from closer particles. Both processes tend to diminish the orbiting

material relatvely close to the proto-Earth. With all that angular
momentum in the spin of the proto-Earth, the equatorial flattening is
huge; the equatorial radius exceeds the equivalent nonspinning spheri
cal radius by about one-third. We have seen evidence for a huge
travelling wave propagating along the equator, but have not yet
analyzed it in detail.
After the giant impact, the Earth must still accumulate the final
third of its mass. Some of this mass will impact the Moon. The orbital
velocity of the Moon tends to increase the relative velocity of these
impacts in a majority of the cases. Hence the Moon will both gain and
lose mass in these events; whatever the net sign of the mass gain or
loss, we must think of the process as mixing lunar material with other
material of varied chondritic composition [e.g.• 10]. The debris
remaining in orbit after the giant impact is highly depleted in Fe,
whereas the material later accreted onto the Moon will probably be
of roughly chondritic composition. The latter material is likely to be
the principal source of the small iron core in the Moon.
The giant impact scenario described here, in which the collision
occurs when the proto-Earth is only half assembled, is the only
scenario so far identified that can yield a lunar-sized Moon leaving
the Earth-Moon system with an angular momentum equal to that of
the current Earth-Moon system.
References: [1] Benz W. et al. (1986) Icarus, 66, 515-535.
[2] BenzW. eta!. (1987)Icarus, 71, 30-45. [3] BenzW. etal. (1989)
Icarus, BJ, 113-131. [4] Cameron A. G. W. and Benz W. (1991)
Icarus, 92, 204-216. [5] Cameron A.G.W. (1997)Icarus, 126, 126137. [6] Wisdom J. and Holman M. (1991) Astron. J., 102, 15281538. [7] Duncan M. J. et al. (1998) submitted. [8] Canup R. M. and
Esposito L. W. (1996) Icarus, 119, 427-446. [9] lda S. et al. (1997)
Nature, 389, 353-357. [10] ChybaC. F. (1991)Icarus, 92, 217-233.
ACCRETION OF TERRESTRIAL PLANETS AND THE
EARTH-MOON SYSTEM. R. M. Canup 1 and C. Agnor2,
1 Southwest Research Institute, 1050Walnut Street, Suite 426, Boulder
CO 80302, USA (robin@boulder.swri.edu), 2University ofColorado,
Campus Box 392, Boulder, CO 80309, USA (Craig.Agnor@
colorado.edu).
Introduction: The leading paradigm for the origin of the ter
restrial planets is the planetesimal hypothesis, which proposes that
mutual collisions between objects in the protoplanetary disk resulted
in the accretional growth ofincreasingly massive bodies, ending with
the formation of planets in the 0.5-1.5-AU region. Two decades of
analytical modeling and numerical simulation have revealed three
general stages in the terrestrial accretion process: an early stage that
commences with dust grains in a gas-rich nebula and ends with the
formation of kilometer-sized "planetesimals"; an intermediate stage
in which planetestimals experience runaway growth and form lunar
sized "planetary embryos" in -lOS-106 yr; and a final stage domi
nated by mutual gravitational perturbations between planetary
embryos, resulting in large, stochastic impact events and the forma
tion of the final terrestrial planets after -108 yr. The prediction of a
final impact-dominated phase coincides nicely with observed fea
tures in our solar system that are believed to be the result of giant
impact events, including the Earth-Moon system.
The first stage of growth of planetesimals is perhaps still the least
understood phase of planetary accretion. Early models suggested that
gravitational instability played a dominant role [1], while recent
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Fig. 1. (a-c) The distribution of planets at three times in one simulation
of the late stage of terrestrial planet formation. (d) The growth history
of the Earth-like planet from (c) is shown as a function of time. In
particular, an impact with a body with roughly twice the mass of Mars
occurs at about 65 Ma (from Agnor and Canup, in preparation).
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work has suggested that low-velocity collisions and nongravitational
sticking mechanisms may be required [2]. Geochemical evidence
suggests there was widespread melting and differentiation of plan
etesimals in the terrestrial region by the end of this stage, perhaps a
result of some event associated with solar activity [e.g., 3].
The intermediate stage of collisional growth of roughly lunar
sized embryos has been extensively studied using statistical methods
[e.g., 4-9]. Recent work by [9] has modeled the accretional evolution
of initially kilometer-sized bodies throughout the entire terrestrial
region (0.5-1.5 AU). Results from this work suggest that a few tens
of planetary embryos with masses >1026 g (a lunar mass =7.35 x
1()25 g) form after about a million years and contain nearly all of the
total mass in the system.
The final stage of terrestrial planet formation thus likely com
mences with a few tens of lunar-sized bodies on fairly circular orbits,
which must then experience mutual perturbations and collisions to
yield the fmal planets. Until recently, modeling of this stage had been
limited to statistical methods, as the timescales involved (up to 100
million orbits) precluded simulations using direct N-body orbit inte
grations. Multiple works by Wetherill (7,8, 1OJ using a Monte Carlo
approach found on average about one impact between a body of
nearly Earth size and an impactor with at least a Mars mass per
simulation. This is the approximate type of impact that appears to be
required to yield the Earth-Moon system in the giant-impact sce
nario. Estimates of the thermal effects of accretion suggest that
melting and differentiation of bodies due to impact heating would
have occurred by the time bodies were Mars sized (or 10% of Earth's
mass).
Recently, new symplectic numerical methods have been devel
oped that allow for direct orbit integrations of systems for very long
dynamcial times with a high degree of accuracy (11). Thus for the
first time, direct three-dimensional simulations of the final impact
stage of planet formation are now possible [e.g., 12). In Figs. la-d,
results from simulations performed by the authors employ a newly
developed algorithm, SyMBA, that allows for collisions to be handled
in a completely symplectic manner [13]. Figures 1a--c are three-time
snapshots from one of our typical simulations, showing the growth
of a final set of three terrestrial planets after 200 m.y. from 50 initial
bodies. In general, our results echo those in (12) for the size and
orbital radius distributions of the end planets. Figure ld shows the
particular growth history of the Earth-like planet from Fig. le, which
in this case experienced a single large impact by a body with about
twice the mass of Mars at about 65 Ma The specific end-state and
history varies stochastically from simulation to simulation, but is
suggestive of a likely range of impact frequencies and timings. Fig
ure 2 is a composite plot of all impacts that occurred in four of our
simulations (two with and two without Jupiter and Saturn). Figure 2
demonstrates that on average several impacts with an impact angular
momentum greater than or equal to the current angular momentum of
the Earth-Moon system occur per simulation.
Comparisons can thus be made between theoretical predictions
from planetary accretion models and both (1) geochemical compo
sitional and timing constraints, and (2) dynamical constraints from
the properties of the current terrestrial planets, including the impact
required to form the Earth-Moon system. Key questions include the
following: (1) How likely are impacts capable of forming Earth
Moon systems in solar systems like our own? (2) Is the predicted
nature of the final stages of planetary formation consistent with
geochemical constraints, in particular those that limit the degree of
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radial mixing in the protoplanetary disk (e.g., distinct O-isotopic
signatures in material arising from meteorites, Mars, and the E arth
Moon)? and (3) Will our view of terrestrial planet accretion signifi
cantly evolve as we consider systems with very different giant planet
architectures?
References: [1] Goldreich andWard(1973)Asrrophys.J., 183,
1051-1061. [2] Cuzzi et al. (1993) Icarus, 106, 102-134. [3] Gaffey
(1990) in Origin ofthe Earth. [4] Greenberg et al. (1978) Icarus, 35,
1-26. [5] Wetherill and Stewart (1989) Icarus, 77, 330-357.
[6] Wetherilland Stewart(1993)/carus, 106, 190-209. [7] Wetherill
(1990) Annu. Rev. Earth Planet. Sci., 18, 205-256. [8] Wetherill
(1992) Icarus, JOO, 307-325. [9] Weidenschilling et al. (1997)
Icarus, 128, 429-455. [10] Wetherill (1985) Science, 228, 877-879.
[11] Wisdom and Holman (1990) Astron. J. [12] Chambers and
Wetherill, Icarus, in press. [13] Duncan et al. (1998) Astron. J., in
press.
LEAD-LEAD CONSTRAINTS ON THE TIMESCALE OF
EARLY PLANETARY DIFFERENTIATION. R. W. Carlson
andF. Tera, DepartmentofTerrestrial Magnetism, Carnegie Institution
of Washington, 5241 Broad Branch Road, NW, Washington DC
20015, USA.
Introduction: The U-Pb-isotopic system provides unparalleled
chronological resolution in the determination of absolute ages of
events occurring in early solar system history. Proper comparison of
these absolute ages with the relative chronologies emerging from
studies of now-extinct nuclides such as 26AI, S3Mn, and 1s2Hf re
quires identification of fixed time points in the evolution of materials
in the early solar system.
Uranium-Lead Model Ages: Single-stage model ages are com
monly calculated for U-Pb analyses by subtracting an estimate of the
initial Pb-isotopic composition of the solar system, usually defined
by the Pb in sulfides from the Canyon Diablo meteorite. For minerals
with high U-Pb ratios, such as chondritic phosphates [e.g., 1] and the
pyroxenes from angrites and eucrites, the assumption that the non
radiogenic Pb in these minerals has the isotopic composition of
Canyon Diablo Pb is questionable. First, most meteoritic materials
show clear evidence of contamination with terrestrial Pb introduced
during terrestrial weathering. For example, leaching experiments on
"clean" mineral separates from eucrites and angrites show that more
than 90% of the Pb in the separates is easily removed by leaching in
diluted acids. Furthermore, the Pb removed by leaching usually has
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the isotopic composition of modem terrestrial Pb [2,3]. Second, if the
meteoritic minerals resided in a whole rock characterized by high U/
Pb, as is the case for eucrites and angrites, later recrystallization of
the mineral, or continual Pb diffusion during a prolonged cooling
history, would lead to incorporation of radiogenic, not primitive, Pb.
Both of these phenomena lead to single-stage U-Pb model ages that
overestimate the true age of crystallization of the mineral.
Lead-Lead Systematics: The 207Pb- 206Pb systematics of me
teorite whole rocks and minerals allow independent evaluation of the
problem outlined above. The oldest materials in the solar system are
generally assumed to be the Ca-Al-rich inclusions (CAis) in carbon
aceous meteorites. Indeed, the Pb-Pb systematics of CAis from the
Allende meteorite [4] provide the oldest age (4.566 Ga) of any
meteoritic material. However, the line passing through the Allende
CAI data on a plot of 207 Pb/206Pb vs. 204Pb/206Pb falls to the
unradiogenic side of Canyon Diablo Pb. This indicates that, if this
age is valid, the Allende CAis, formed from a source with a Pb
isotopic composition distinct from that of any other meteoritic ma
terial. Allende CAis thus must have formed either in a different part
of the solar nebula than other meteoritic materials, or included a
significant component of nonsolar Pb during their formation. The
latter case introduces the possibility that the Allende CAI age may
date an event that precedes solar-system formation and thus should
not be used as a marker for intra-solar-system events.
In contrast to the Allende CAI Pb data, chondrules in Allende
provide a Pb-Pb age of 4.560 Ga with an initial Pb consistent with
Canyon Diablo Pb [5]. Data for phosphates from the St. Severin
chondrite [1,4] fall along the same Pb-Pb line as do pyroxenes from
the angrites LEW 86010 and Angre dos Reis [3] and phosphates from
Angre dos Reis [4]. This line corresponds to an age of 4.559 Ga,
within error ofthat of the Allende chondrules, suggesting that 4.5594.560 Ga may mark the initiation of igneous processing of materials
in the solar system.
Mineral Pb-Pb isochrons for eucrites tend toward significantly
younger ages and a wider spread in ages. Ages obtained for eucrites
range from 4.540 Ga for Juvinas [6] to 4.52-4.51 Ga for several
noncumulate eucrites [2]. Cumulate eucrites give concordant Pb-Pb
and Sm-N d ages that range from 4.484 to 4.399 Ga, significantly
younger than obtained for the noncumulate eucrites [2]. This rela
tively wide range in ages indicates a prolonged history of igneous
activity in the early solar system, even on the relatively small parent
planetesimal(s) of the eucrites. Whether the young ages of the cumu
late eucrites reflect endogenous igneous activity or impact melting
remains an open question.
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THE POPULATION OF IMPACTORS AFI'ER THE GIANT
IMPACT. L. Dones1, andK. J.Zahnle 1, 1 Mai1Stop 245-3, NASA
Ames Research Center, MoffettField CA 94035-1000, USA (ldones@
mail.arc.nasa.gov; kzahnle@mail.arc.nasagov), 2SanJose State Uni
versity Foundation.
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Introduction: After the Moon-forming impact, the Earth and
Moon would have been subject to impacts by asteroids, comets, and
leftovers of accretion. All are plausible sources of the impactors that
produced the Late Heavy Bombardment (LHB). The LHB might
have included a "Lunar Cataclysm," or cratering spike, near 3.9 Ga
[1]. A mechanism for such a cataclysm involving asteroid showers
following the breakup of a large main-belt asteroid has recently been
proposed [2). However, this model, while reasonable, requires a
massive main belt or unlikely breakup event.
Accretional Leftovers: Extrapolation of simulations of run
away accretion suggest that a few Earth-crossers with masses up to
1024-1()25 g might remain after the Giant Impact. As a pilot study for
a long-term project to investigate various models for the LHB, we are
performing long-term orbital integrations of some of the present
near-Earth asteroids (NEAs). We take the NEAs as analogs for the
population of small bodies that remained near Earth after the Giant
Impact. The dynamical half-life t112 of the NEA population is near
10 m.y. [3], a shorter time than previously believed. However, NEAs
can evolve into long-lived orbital niches, resulting in a slow power
law decay of the number N of objects remaining; typically, for t>>
t112 , N- N0 t 112 /2t, where N0 is the number of objects at time 0, and
t is the time [4]. If-10% of these objects impact the Earth [3], 0.020.4% are likely to strike the Moon, and there is a reasonable chance
that enough mass would remain to produce the late lunar basins at
3.9 Ga
Orbitallntegrations: We have usedtheRMVS3integrator[5]
to perform orbital integrations of 20-100 "clones" each of 20 NEAs
and Mars-crossing asteroids for times up to tens of millions of years.
Our sample includes the largest NEAs, such as (1036) Ganymede,
(433) Eros, and (4954) Eric, and a group of Amors, Apollos, and
Atens on highly inclined orbits. This latter group includes (2102)
Tantalus, an Earth- and Mars-crosser with an inclination of 64°. We
find that Eros has a 93% chance to survive the next 10 m.y., and the
highly inclined NEAs have a 98% chance of survival for 10 m.y.
Typical lifetimes of these asteroids are likely to be-50-100 m.y. We
will discuss the relation between our results and previous sugges
tions for orbits suitable for long-term "storage" of accretional left
overs [6].
References: [1] Ryder G. (1990) Eos Trans. AGU, 71, 313.
[2] Zappala V. et al. (1998) Icarus, 134, 176. [3] Gladman B. J. et al.
(1997) Science, 277, 197. [4] Dones L. et al. (1996) in Completing
the Inventory of the Solar System (T.W. Rettig and J. Hahn, eds.),
p. 233. [5] Levison H.F. and Duncan M. J. (1994) Icarus, 108, 18.
[6] Wetherill G. W. (1977) Proc. LSC 8th, p. 1.

SMART-I, with a planned launch date of 2001, will be the first
Small Mission for Advanced Research in Technology of the ESA
Scientific Programme Horizons 2000. The mission is dedicated to
the testing of new technologies for preparing future cornerstone
missions, using solar electrical propulsion in deep space. The mis
sion operational lifetime contains periods for cruise phase and an
orbital phase around the Moon. The SMART-I spacecraft launch
mass is 350 kg. Two solar-electric propulsion systems are being
considered: (1) stationary plasma thrusters (e.g., PPS-1350), which
provide high thrust (70 mN) and medium specific impulse (1600 s),
and (2) ion thrusters (e.g., RIT-10, UK-10), which provide low thrust
(20 mN) and high specific impulse (3000 s).
The SMART-I mission will be placed in orbit around the Moon
using solar-electric propulsion. The total mass of the payload will be
between 10 and 25 kg, depending on the choice of thruster and the
exact mission scenario. Observations can also be carried out during
the cruise phase of the mission. We summarize here some science
goals (and the type of instruments which could address them) on
SMART-I.
Lunar science will include (1) geology, morphology, stereo map
ping, and topography (high- and medium-resolution cameras);
(2) mineralogy (visible and infrared spectromapper); (3) lunar
geochemistry (X-ray spectroimager); and (4) exospheric environ
ment (wide FOV imager).
The scenario for the SMART-I mission includes a phase for
several months on a lunar orbit of 1000 km perilune and 10,000 km
apolune. The lowering of the orbit would increase the fuel mass
significantly. The preselected scientific payload includes the follow
ing:
1. GEMINI, a high-resolution imaging system that uses a detec
tor development ongoing for Rosetta. A lightweight 1-m focal length
telescope will allow a resolution of 14 m at 1000 km and provide
superb images from the Moon. A specific technique of TOI (time
delayed integration) for the CCD allows for drifting of the CCD
charges during the exposure in order to gain sensitivity without
smearing by orbital drift.
2. AMIE is a microimager experiment based on a development
from the ESA Techology Research Programme. It includes a CCD,
optical head, and control electronics in a mass of 35 g. The experi
ment also includes a low-power micro-DPU, which will be of major
interest for future missions.
3. SI is a visible-NIR spectral imager for the distribution of
minerals on the Moon and other SMART-I targets.
4. IXS is an imaging X-ray spectrometer that builds on develop
ments made for the XMM X-ray CCD cameras. It uses bended MCP
as a new technique for X-ray collimation (based on lobster eye
principle) providing a spatial resolution of 3-10 arcmin. It allows for
the mapping of the elemental distriubtion of SMART-I targets (Si,
Mg,Fe, Mg, Na, 0, and C in the energy range of 0.5-10 ke V). It also
includes a solar X-ray monitor for absolute calibration. In addition,
IXS can be operated during the cruise phase to monitor the X-ray
variability of cosmic sources.
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5. SPEDE (Spacecraft Potential, Electron and Dust Experiment)
will characterize the plasma environment around the SMART-I
spacecraft.
6. SMOG (Survey of Molecular Oxygen in the Galaxy) will
focus on the technological demonstration in view of FIRST. It will
also be used for thermal mapping of the Moon.
The SMART-I mission will address, as a follow-up to recent
lunar missions, some key topics oflunar science, such as the accretional
processes that led to the formation of the planets, the origin of the
Earth-Moon system, the dichotomy between the farside and the
nearside, its relatively long-term activity and the thermal and/or
dynamical processr.s responsible for this volcanic and tectonic activ
ity, and the exterr,..J processes on the surface (impact craters, erosion,
and regolith formation, deposition of ice, and volatiles).
EXPERIMENTAL INVESTIGATION OF OSMIUM PARTI
TIONING AND IMPLICATIONS FOR CORE FORMATION.
S. Fortenfantl, D. B. Dingwell1, D. C. Rubie 1 , A. Hofmann2, P.
Schiano3, J. L. Birck3 , C. Gessmann4, M. Tubrett5, and G. Jenner5,
1Bayerisches Geoinstitut, Universitat Bayreuth, 95440 Bayreuth,
Germany (sophie.fortenfant@uni-bayreuth.de), 2Max-Planck• lnstitut
fiir Chemie, Mainz, Germany, 3IPGP, Universite de Paris VII, France,
4Department of Earth Sciences, University of Bristol, 5Department
of Earth Sciences, Memorial University of Newfoundland, St. John's,
NF AIC 5S7, Canada
Introduction: To evaluate if core formation involved chemical
equilibrium between metal and silicate or if accretion was a complex
and heterogeneous process with several stages, metal-silicate parti
tion coefficients (l)MIS) are required for siderophile elements over a
wide range of physical conditions. The partition coefficients for
some highly siderophile elements (HSE) have recently been deter
mined at 1 atm. Values as high as 1012 were found for Ir at oxygen
fugacities if0z) appropriate for core formation [1,2]. DMJS for Re, Pt,
and Rh have been found to be several orders of magnitude lower [2].
The large differences between partition coefficients of HSE and the
extremely high values obtained to date make metal/silicate equilib
rium at high temperature unlikely. The hypothesis that a late veneer
of chondritic material was added to the Earth after completion of core
formation appears more plausible. To further investigate these ques
tions, an experimental study of Os partitioning has been initiated
both at 1 atm and high pressure.
Low-Pressure Study: Borisov and Palme have recently pio
neered Os partitioning at 1 atm under controlledf0z using the loop
technique [3]. The partition coefficients, whose values range be
tween 1()6 and 107 appear to be independent off02 and show consid
erable scatter. These results may be indicative of technical problems
with the loop technique as previously discussed (presence of metal
particles, or "nuggets," in the quenched silicate liquid and uncer
tainty of chemical equilibration between metal and silicate) [1,3].
To complement these preliminary data and to circumvent poten
tial disadvantages of the loop technique, the present investigation
uses the mechanically assisted equilibration technique [4]. A cru
cible made of the investigated metal (in pure or alloyed form) filled
with silicate melt is kept at high temperature in a gas-mixing furnace
under highly reducing conditions controlled by a CO:CO2 mixture.
The melt is then stirred with a spindle also fabricated from the
investigated metal. In the present work, the crucible and the spindle

are made of a Ni-Os alloy containing -5 wt% Os. The Ni solubilities
in the melt can be used as a comparative base for siderophile element
behavior. The silicate melt corresponds in composition to the 1-atm
eutectic in the anorthite-diopside system. The initial conditions cho
sen for the experiment are T = 1350°C and logf02 = 10-1 2. After
quenching, the glass samples are analyzed by microprobe for major
elements (Si, Al, Ca, and Mg), ICP-AES for Ni, and ID-NTIMS for
Os. The ID-NTIMS technique is ideal for Os analysis even at
femtomole level of concentration [5].
High-Pressure Study: A further study has been initiated to
investigate the effect of high pressure on partitioning of HSE. The
partitioning of Os and Re between liquid metal and magnesiowilstite
is determined as a function of pressure, temperature, andf0z using a
multianvil apparatus. Magnesium oxide capsules are filled witha Fe
Ni-Os-Re-O starting material and react during the experiment to
formmagnesiowiistite. Preliminary experiments have been performed
at 1950°C and 10 GPa over a range off02. The composition of the
quenched metal and magnesiowiistite (Mg, Fe, and Ni) is determined
by microprobe. Rhenium and Os in the magnesiowiistite are analyzed
by LA-ICP-MS [6].
Results and Conclusions: Preliminary results from the low
pressure study show that the solubility of Os in the silicate melt is at
about the ppb level. Calculated DMIS values are too high to explain
abundances of Os in the mantle, assuming metal-silicate equilibrium
during core formation, as has also been concluded from other studies
of siderophile element partitioning at 1 atm.
In the high-pressure experiments, the concentrations of Os in
magnesiowiistite are at the parts per million level and the observed
increase in concentration withf02 is consistent with likely valence
states of Os. Estimated metal-oxide partition coefficients lie between
100 and 1000 and are several orders of magnitude lower than the
metal-silicate partition coefficients obtained at 1 atm. These results
suggest that equilibrium between liquid metal and magnesiowUStite
(in the lower mantle) during core formation could have contributed
to the present high Os concentrations in the Earth's mantle.
References: [l] Borisov A. and Palme H. (1994) GCA, 59,
481-485. [2] Ertel W. (1996) thesis. [3] Borisov A. and Palme H.
(1997) N. Jahr. Mineral., submitted. [4] Dingwell D. B. (1994)
GCA, 58, 1967-1974. [5] Birck J. L. et al. (1997) Geostandards
Newsletter, 20, 19-27. [6] Hirita T. et al. (1998) Chem. Geol., 144,
269-280.
THE HADEAN, THROUGH A GLASS TELESCOPICALLY:
OBSERVATIONS OF YOUNG SOLAR ANALOGS.
E. J.
Gaidos, Jet Propulsion Laboratory, Pasadena CA 91109, USA
(gaidos@gps.caltech.edu).
Investigations into the Earth's surface environment during the
Hadean eon (prior to 3.8 Ga) are hampered by the paucity of the
geological and geochemical record and the relative inaccessibility of
better-preserved surfaces with possibly similar early histories (i.e.,
Mars). One approach is to observe nearby, young solar-mass stars as
analogs to the Hadean Sun and its environment. A catalog of 38 G and
early K stars within 25 pc was constructed based on main-sequence
status, bolometric luminosity, lack of known stellar companions
within 800 AU, and coronal X-ray luminosities commensurate with
the higher activity of solar-mass stars <0.8 b.y. old. Spectroscopic
data support the assignment of ages of 0.2-0.8 Ga for most of these
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Fig. 1. Spectra of the Sun (Kurucz et al. and NSF/NOAO) and the
young solar analog DX Leo demonstrating the relative depletion of solar
Li. It has been proposed that such depletion is caused by loss of the
original cooler, Li-rich convective zone [4].

stars [ l]. Observations of these objects will provide insight into
external forces that influenced Hadean atmosphere, ocean, and sur
face evolution (and potential ecosystems), including solar luminos
ity evolution, the flux and spectrum of solar ultraviolet radiation, the
intensity of the solar wind, and the intensity and duration of a late
period of heavy bombardment.
The standard model of solar evolution predicts a luminosity of
0.75 Le at the end of the Hadean [2], implying a terrestrial surface
temperature inconsistent with the presence of liquid water and mo
tivating atmospheric greenhouse models [3]. An alternative model of
solar evolution that invokes mass loss, constructed to explain solar
Li depletion, attenuates or reverses this luminosity evolution [4].The
enhanced solar wind required for such mass loss may have pro
foundly affected the evolution of the atmospheres of Earth and the
other terrestrial planets [5]. This model can be tested by Li abundance
measurements (Fig. 1). The continuum emission from stellar wind
plasma during significant mass loss may be detectable at millimeter
and radio wavelengths [6].
The Earth (and Moon) experienced a period of intense bombard
ment prior to 3.8 Ga [7], long after accretion was completed in the
inner solar system and possibly associated with the clearing of
residual planetesimals in the outer solar system [8]. Such a bombard
ment may have contributed volatiles and organics to the surface [9],
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Fig. 2. Optical and infrared photometry of the GS solar analog K Cet
compared to a model by Kurucz (1993). Single-temperature emission from
dust scaled by the CUITent zodiacal cloud of the solar system is added.
CUITent photometry can rule out lOOx zodiacal, while future observations
will be sensitive to 1 Ox zodiacal levels.
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but also have limited the appearence of a biosphere [10]. While
planetary systems around solar systems cannot be detected directly
with present technology, the thermal emission from the interplan
etary dust generated during a similar heavy bombardment period can
be. Midinfrared observations of a large, uniform sample of solar
analogs are used to constrain the frequency and duration of such
events (Fig. 2).
References: [1] Gaidos E. J. (1998) Pub!. Astron. Soc. Pac., in
press. [2] Gough D. 0. (1981) Solar Phys., 74, 21. [3]Kasting J. F.
(1993)Science, 259, 920. [4] Boothroyd A. I. et al. (1991)Astrophys.
J., 377,318. [5]KassD. M.andYungY.L. (1995)Science, 268,697.
[6] Whitmire D. P. et al. (1995) JGR, 100, 5457. [7] Chyba C. F.
(1991) Icarus, 92, 217. [8] Fernandez J. A. and Ip W.-H. (1983)
Icarus, 54, 377. [9] Chyba C. F. et al. (1990) Science, 249, 366.
[10] Maher K. A. and Stevenson D. J. (1988) Nature, 331, 612.
IS THERE AN ALTERNATIVE FOR THE HUGE IMPACT
GENERATED ATMOSPHERE? M. V. Gerasimov 1, Yu. P.
Dikov2, 0.1. Yakovlev3 , and F. Wlotzka4, 1 Space Research Institute,
Russian Academy of Science, Profsoyuznaya Street, 84/32, Moscow
117810, Russia (mgerasim@mx.iki.rssi.ru), 2Institute of Ore Deposits,
Petrography, Mineralogy, and Analytical Chemistry, Russian
Academy of Science, Staromonetny per., 35, Moscow 109017, Rus
sia, 3Vemadsky Institute of Geochemistry and Analytical Chemistry,
Russian Academy of Science, Kosygina Street 19, Moscow 117975,
Russia, 4Max-Planck-Institut filr Chemie, Mainz, Germany
(wlotzka@mpch-mainz.mpg.de).
The Earth's primordial atmosphere is considered to be the result
of impact degassing during planetary accretion. Experiments on the
decomposition of a serpentine and calcite during a shock wave load
ing showed that a rather efficient decomposition could be achieved
beginning with the impact velocities that corresponded to escape
velocities of a relatively small (about Moon-sized) planetary embryo
[1,2].During further accumulation of planetary mass, the decompo
sition of serpentine and carbonates with the release of H2O and CO2
(gases considered to be the main product of impact degassing) into
the primordial atmosphere was considered to be complete. The sink
rate of H2O and CO 2 from the primordial atmosphere was evaluated
mainly as atmospheric impact erosion, thermal and EUV-driven
escape from the atmosphere, hydration and carbonization of surface
minerals, dissolution of gases in magma ocean, loss of water for
oxidation of Fe, etc. [3-5]. The growth of the atmosphere was
considered to be a result of source and sink processes during each
impact event. The rehydration of 100% of degassed material during
an impact is considered to be an end effect when no hydrous atmo
sphere is formed [5]. But even a small efficiency of impact degassing
(the ratio of volatiles that remain in the atmosphere after an impact
to the amount delivered by a planetesimal) was calculated to produce
an abundant H2O-CO 2 atmosphere.
During a set of impact simulation experiments we have investi
gated the chemistry of volatiles and their interaction behavior with
condensing silicates at conditions similar to impact vaporization
[6,7]. First, the experiments showed that the gas mixture was not
limited only by H2O and CO 2.During high-temperature vaporization
of silicates, a wide variety of gases were formed, including oxides
[SO2, CO 2, CO (CO/CO2-I), HP] and reduced gas components
(H2, H2S, CS2, COS, and hydrocarbons). Second, experiments on
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high-temperature vaporization of mafic and ultramafic rocks and
minerals in water and/or CO2 containing atmospheres showed that
condensing silicates provide intense trapping of water and/or CO2
during the hot stage of vapor cloud expansion. The amount of water
trapped by formation of different hydroxides could be about 10 wt%
ofsilicate mass. The trapping ofatmospheric CO 2 is preceeded by the
formation of carbonates, carbides, hydrocarbons, and elemental C
phases. Preliminary results indicate that Ni is also trapped by forma
tion of-NO3 , -H2N, and -CN phases. The maximum concentrations
of trapped CO2 and N were measured up to 4 wt% and 0.1 wt%
respectively. Trapping is efficient even at low partial gas pressures.
Impact-induced trapping ofatmospheric gases was not accounted
for by theoretical modt...s, but it seems to be an efficient process
controlling the atmospheric mass. The ratio of volatiles added to the
atmosphere after an impact to the amount delivered by a planetesimal
can be not only positive but sufficiently negative as well. During the
impact of a planetesimal analogous to an ordinary chondrite on the
growing Earth with a dense atmosphere, the removal of gases from
the atmosphere seems to be more probable as a result of release and
trapping processes. The capacity ofthe sink buffer exceeds the whole
planetary volatile inventory. The trapping efficiency of gases inside
the vapor plume suggests a model for the formation of a primordial
atmosphere of moderate density.
References: [1] BosloughM. 8. et al.(1980)Proc. LPSC11th,
2145-2158. [2] Boslough M. B. et al. (1981) LPS Xll, 104-105.
[3] LangeM. A. and Ahrens T.J.(1982)Icarus, 51, 90--120.[4] Abe
Y. and Matsui T. (1985) Proc. LPSC 15th, inJGR, 90, C545-C559.
[5] Zahnle K.J. et al.(1988)Jcarus, 74, 62-97.[6] GerasimovM. V.
et al.(1994,) Geochem. Intl., 31(11), 135-146. [7] Gerasimov M. V.
et al. (1994) LPS XXV, 415-416.

SILICON AND OXYGEN SOLUBILITIES IN LIQUID ME
TAL AS A FUNCTION OF PRESSURE, TEMPERATURE,
AND OXYGEN FUGACITY. C. K. Gessmann 1 and D. C.
Rubie 2, 'Department ofEarth Sciences, University of Bristol, Wills
Memorial Building, Queens Road, Bristol BS8 1 RJ, UK(christine.
gessmann@ bristol.ad.uk), 2Bayerisches Geoinstitut, University of
Bayreuth, 95440 Bayreuth, Germany(dave.rubie@uni-bayreuth.de).

imposed by varying the Si- and O-contents of the starting material.
The quenched liquid metal and magnesiowiistite compositions were
analyzed by electron microprobe. Oxygen fugacities were calculated
relative to the iron-wiistite(IW) buffer from the Fe content ofliquid
metal and the FeO content ofmagnesiowiistite, assuming ideal Fe-Ni
and Fe-Mg mixing behavior in the metal alloy and in the oxide solid
solutions respectively.
Results: The solubilities of both Si and O in Fe-Ni-metal
liquid at experimental conditions are greater than expected, even at
pressures as low as 5-9 GPa [2]. The highest concentrations of Si in
liquid metal are present in the most reducing experiments(-4 log bar
units below the IW buffer), while those ofO show the opposite trend:
0 is most soluble in liquid metal under relatively oxidizing condi
tions (close to the 1W buffer curve).
The solubility of Si in liquid metal increases considerably with
decreasing J02(at constant P,T) reaching values around 4-6 wt% at
IW-3. In addition, its solubility also increases with increasing pres
sure (at constantf0z, and with increasing temperature(at constant
P, fo/ This result is supported by the data of[3) obtained at 2.5 GPa
and 1750°C. The observed solubility behavior suggests that consid
erable amounts of Si are dissolved in liquid metal (1) at extremely
reducing conditions and(2) atf02 levels close to the 1W buffer curve
at P,T conditions exceeding those ofthe present study. However, the
solubility ofO as a function off02 and pressure varies inversely with
that ofSi. The highest O contents in liquid metal(around 1 wt%) have
been observed atJ02 slightly below the IW-buffer curve. Moreover,
in contrast to Si, the O solubility decreases with increasing pressure.
Only an increase in temperature appears to increase the solubility of
0 in liquid metal.
Conclusion: Extrapolating the experimental results to higher
pressures and temperatures suggests significant Si solubility in liquid
metal even at "moderate" J02, i.e., J02 values that are relevant to
scenarios of core formation. However, because of inverse solubility
behavior of Si and O as a function of both J02 and pressure, it is
unlikely that the presence of both Si and O contribute significantly
to the density deficit in the Earth's core.
References: [l] PoirierJ-P. (1994) Phys. Earth Planet. Inter.,
85, 319-337. [2] Gessmann C. K. and Rubie D. C. (1998) GCA, 62,
867-882. [3] KilburnM. R. and Wood B. J.(1997) EPSL, 152, 139148.
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Introduction: Understanding the cause ofthe density deficit of
the Earth's core is one ofthe important problems relating to the early CONTRASTING EARLY EVOLUTIONARY HISTORIES
history ofthe Earth and the formation ofits Fe-rich core. Differences OF THE EARTH AND MOON. T. L. Grove and S. A. Bowring,
between geophysical measurements and experimental results on the Department of Earth, Atmospheric and Planetary Science, Mas
density of Fe in high-pressure experiments indicate this density sachusetts Institute of Technology, Cambridge MA 02139, USA
deficit, which may be accounted for by the presence of one or more (tlgrove@mit.edu).
light components in the Fe-Ni metal. While a number of possible
Consider an alternative to a giant impact origin ofthe Earth-Moon
candidates for such light components, such as C, Si, 0, S, and other
elements, have been proposed and discussed (for review see [11), system. Could coaccretion and orbital evolution have led to substan
experimental data on the solubility of these elements in liquid metal tial melting of the Moon early in its history, independent of the
alloys are scarce.
thermal evolution of the Earth? On the Moon, the early history of
Experimental: The solubilities ofSi and O in liquid metal were differentiation processes from 4.5 to 3.9 Ga are well preserved in the
determined in multianvil experiments over the P-T range 5-23 GPa lunar highland samples and in the record provided in lunar mare
and 1800°-2400°C. An Fe-Ni-powder doped with Co, Ti, Si, O, and basalts that erupted during the equivalent of the Earth's preserved
other trace elements was used as a starting material and held in MgO Archean record. In contrast, the record ofprocesses preserved in the
capsules. At run conditions the metal was always a liquid. During the Earth's early crust is incomplete. The Earth record has been largely
experiments, the liquid metal reacts with theMgO capsule to produce eradicated by recycling of crustal material into the interior via plate
magnesiowiistite. A 3.5-log unit range off02 was systematically tectonics. However, the rare remnants of ancient crust that are pre-

LPI Contribution No. 957 11

served (4.0 and 3.8 Ga) paint a picture ofearly Earth that differs little
from modem Earth.
The impact scenario implies complete melting of the Earth. Indi
rect evidence from siderophile-element abundances in the Earth's
mantle is not consistent with metal segregation from a molten Earth
[1]. The volatile-element enrichment ofthe Earth is also inconsistent
with early wholesale melting. Therefore, available evidence does not
conclusively support wholesale melting ofthe Earth. What ifthe two
bodies experienced completely different early thermal histories?
The first 0.5 b.y. of Earth's history is not directly preserved.
However, the Nd-isotopic composition of mafic Archean rocks is
consistent with the development ofa depleted mantle reservoir early
in Earth's history [e.g., 2]. This evidence is consistent with a magma
ocean on Earth. However, the size of this magma ocean is uncon
strained. Tungsten-isotopic evidence indicates core formation oc
curred 60 m.y. after accretion [3], but the mechanism of metal
segregation cannot be uniquely determined [4].
When the preserved crust and mantle records ofboth planets are
compared, different early evolutionary histories emerge. On Earth,
granitoids are important components ofthe early Archean crust, and
their existence implies cool, hydrous melting [5]. The igneous
pressure-temperature conditions preserved in the Earth's ancient
tectosphere indicate mantle temperatures similar to those present in
the modem mantle [6]. Early ultramafic mantle melts, such as the
3.49-Ga Barberton komatiites, are hydrous, subduction zone mag
mas that record mantle temperatures similar to those inferred for
modem midocean ridges [7]. The earliest record from the crust
indicates differentiation conditions similar to those that occur today.
Therefore, Earth preserves no early record of high-temperature,
global differentiation events.
The Moon, a much smaller body, and one depleted in heat
producing elements (U, Th, and K) [8], preserves a record of a
profound differentiation event. A significant fraction of the mass of
the planet was melted during the first 0.5 b.y. oflunar history, and a
magma ocean enveloped 30-50% of the planet. Isotopic constraints
limit the time interval ofmagma ocean formation to 4.4 to 4.1 Ga. By
3.7 Ga, the Moon had cooled significantly and formed a rigid thick
lithosphere sufficient to support elastically the lunar maria [9]. Mare
magma generation ended at -3.2 Ga.
The thermal histories ofthese two bodies seem to follow indepen
dent paths. Could the larger body that is relatively enriched in heat
producing elements record a "cooler'' early history? What process
made the Moon "hot enough" to melt significantly early in its his
tory? Do the thermal histories of the Earth and Moon need to be
coupled? A model that is consistent with these contrasting thermal
histories involves coaccretion of the Earth and Moon. A modest
magma ocean forms in the outer portion of the early Earth and the
core segregates in a partly molten mantle. The abundant heat
producing elements and large volatile inventory trapped and pre
served during accretion lead to early whole-Earth convection. Vola
tile-induced melting generates a Hadean water ocean, and processes
much like those on modem Earth are established by the time the
Moon's magma ocean has solidified. Could orbital instabilities in the
Earth-Moon system induce frictional heating in the early Moon and
cause extensive melting [10] and lunar magma ocean formation?
This scenario could account for the formation ofa large magma ocean
on the Moon, despite the Moon's geochemically depleted character
istics. Such a scenario is not unique in the solar system. The relation
between Io and Jupiter is more complex than that of the Earth-Moon

system, but it provides an analogous example of satellite-planet
interaction that resulted in extensive melting oflo, as well as eruption
temperatures that are similar to those recorded in lunar ultramafic
glasses [11].
References: [1] Holzheid and Palme, this volume. [2] Bowring
and Housh (1995) Science, 269, 1535-1540. [3] Lee and Halliday
(1995) Science, 378, 771-774. [4] Stevenson (1990) in Origin ofthe
Earth (Newsom and Jones, eds.), pp. 231-249. [5] Campbell and
Taylor (1983) GRL, JO, 1061. [6] Cox et al. (1987) in Mantle
Xenoliths (Nixon, ed.), pp. 537-550. [7] Parman et al. (1997) EPSL,
150, 303-323. [8] Taylor (1975) Lunar Science: A Post-Apollo
View, 372 pp. [9] Solomon (1986) in Origin ofthe Moon (Hartmann
et al., eds.) pp. 435-452. (1 0] Touma and Wisdom (1998)Astron. J.,
115, 1653-1663. [11] McEwen (1998) LPS XX.IX, Abstract #1528.
TUNG STEN- AND LEAD-I SOTOPI C MODELS AND
RECENT SIMULATIONS OF A GIANT IMPACT ORIGIN
OF THE MOON. A. N. Halliday, Department ofEarth Sciences,
Eidgenossische Technishe Hochschule Zentrum, Sonneggstrasse 5,
CH-8092, Zurich, Switzerland (halliday@erdw.ethz.ch).
Some recent models for the giant impact theory oflunar origin (1]
involve a collision between a proto-Earth that is perhaps only halfthe
present Earth mass and an impactor that is larger than those previ
ously considered [2]. Such new models have a direct bearing on the
interpretation ofW-isotopic data for the Earth and Moon [3-5]. Ifthe
Earth was only half accreted at the time of the giant impact [1] and
.
this took place -50 m.y. after the start of the solar system [5], the
accretion rate ofthe Earth must have been about 5x slower than that
predicted by Wetherill [6]. The slower the rate ofterrestrial accretion
and core formation, the smaller the isotopic effect of excess 182W
produced in the silicate Earth by the decay ofl82Hf (T 112= 9 m.y.).
Ifsuch accretionary rates are correct, it is not difficult to explain why
the silicate Earth, should have a chondritic W-isotopic composition,
even ifterrestrial core formation commenced at the start ofthe solar
system [7].
The W- and Pb-isotopic compositions of the silicate Earth ex
pected as a consequence of slow accretion can be explored with
continuous core-formation models. It is assumed that the Earth's
core grew in its present proportion during progressive accretion [7,8]
and that the accreting material, including any giant impactor, had (on
average) chondritic Hf-W and W-isotopic composition. The accreting
material mixes and isotopically equilibrates with the silicate portion
ofthe proto-Earth, and further concomitant metal segregation results
in growth of a core in proportion to the increased mass of the Earth.
The resultant change in the W-isotopic composition of the silicate
Earth as a result of loss of W to the core, dilution with chondritic
material, and decay of 182Hf is calculated for the first 200 m.y. of
Earth's history. Changes in W partitioning between silicate- and
metal-rich Earth reservoirs as a result ofchanges in oxidation state do
not greatly affect the final outcome. Three scenarios are considered.
1. Growth of the Earth (and its core) at an exponentially de
creasing rate. In these models the masses of the Earth and its core

50 m.y. after the start of the solar system are about halftheir present
masses. There is no giant impact but this slow rate ofaccretion alone
means that the W-isotopic composition of the silicate Earth never
becomes much more radiogenic than chondritic, consistent with the
W-isotopic data for the Earth and Moon [5]. However, such pro-
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tracted accretion and core formation results in 207Pb/204Pb that is not
as radiogenic as that considered representative of the silicate Earth,
given reasonable estimates ofµ (or the present day value of 206Pb/
204Pb) in the silicate Earth.
2. Growth of the Earth at an exponentially decreasing rate for
50 m.y. terminated by a giant impact. After 50 m.y. of accretion, it
is assumed that Earth is at least half-formed, and then a giant impact
adds the remaining mass. A concomitant proportional increase in the
size of the core occurs, but there is no subsequent accretion or core
formation. In this scenario, accretion is terminated abruptly, the
dilution with chondritic W ceases, and a small residual excess of
radiogenic W is produced in the silicate Earth. However, this effect
disappears if the impact occurs a little later, e.g., at 60 m.y. In these
models, the 207Pbf204Pb of the silicate Earth is in excellent agreement
with independent estimates.
3. A giant impact followed byfurther later growth of the Earth.

Recent simulations [l] involve a typical mass ratio of the proto-Earth
to impactor of 7:3. Keeping this ratio fixed, one can examine the
differing effects for various values of the total mass of the Earth after
the giant impact. These yield near chondritic W-isotopic composi
tions for the silicate Earth after the impact at 50 m.y. for all total earth
masses of 0.65-0.9 of the present Earth mass, regardless of how
radiogenic the W-isotopic composition of the silicate Earth was prior
to impact. The Pb-isotopic composition is dependent on the total
Earth mass achieved by the impact. If >20% of the Earth still accretes
slowly after the impact, the 207Pbf204Pb of the silicate Earth does not
attain its estimated mean value of >15.4.
Broadly speaking, the W-isotopic compositions of the silicate
Earth are readily explained by slow accretion, even without a giant
impact. If accretion, including the giant impact, terminated early (at
or before 50 m.y.), an excess of 18 :ZW would be expected with
continuous core formation.Conversely, if>20% of the Earth remains
to be accreted slowly after 50 m.y., the 207Pb/ 204Pb of the silicate
Earth is harder to explain:
References: [I] Cameron A.G. W. and Canup R. M. (1998)
LPS XXIX, Abstract #1062. [2] Cameron A.G. W. and Benz W.
(1991) Icarus, 92, 204-216. [3] Lee D-C. andHalliday A. N. (1995)
Nature, 378, 771-774. [4] Lee D-C. and Halliday A. N. (1996)
Science, 274, 1876-1879. [5] Lee D-C. et al. (1997) Science, 278,
1098-1103. [6]WetherillG. W.(1986)inOriginof theMoon(W. K.
Hartmann et al., eds.), pp. 519-550. [7] Halliday A. N. et al. (1996)
EPSL, 142, 75-89. [8] Jacobsen S. B. andHarper C. L. Jr. (1996) in
Earth Processes: Reading the Isotope Code (A. Basu and S. Hart,
eds.), pp. 47-74. [9] Lee D-C. and Halliday A. N. (1997) Nature,
388, 854-857.
CONSEQUENCES OF EARLY INTENSE BOMBARDMENT
INTHEEARTH-MOONSYSTEM. W. K.Hartmann,Planetary
Science Institute, Tucson AZ 85719, USA.
The increase oftheEarth-Moon system cratering rate prior to 3.84.0 Ma (relative to the present rate), has been documented from lunar
data. If Earth's mass accumulated in -50 m.y., as indicated by
isotopic data, this gives one more data point on the curve of impact
flux vs. time, at time = 4.5Ga The "initial impact flux" of 1 Earth
mass in 50 m.y. gives a cratering rate of -109x the present rate.
These data are internally consistent, because they fit decay rates
of interplanetary debris being swept up by the newly formed planets.

Thus, it is possible to make a model of the impact rate from -4.5 to
3.9 Ma, declining with a gradually increasing half-life, and leveling
out into a rate close to today's rate by -3.5 Ma
This model predicts extreme churning of the Earth's forming
crust and chaotic disruption of the environment in the first few
hundred million years. This model is also inconsistent with the
proposal by Ryder that cratering was negligible for some period
before -3.9Ga. Further work is needed to test, and choose between,
these very different models.
ISOTOPIC CONSTRAINTS ON THE PRESERVATION OF
PRIMORDIAL HETEROGENEITY IN THE EARTH'S
MANTLE. E.H.Hauri 1, W.G. Minarik2, and Y. Fei2, 1 Department
of Terrestrial Magnetism, Carnegie Institution of Washington, 5241
BroadBranchRoad,NW,WashingtonDC20015,USA,2Geophysical
Laboratory, Carnegie Institution of Washington, 5251 Broad Branch
Road, NW, Washington DC 20015, USA.
New experimental data on the partitioning of trace elements
between high-pressure phases and ultramafic melt makes it possible
to use key trace-element ratios to constrain the composition of puta
tive primordial mantle reservoirs formed during differentiation of a
terrestrial magma ocean. Most important in this regard are the parent/
daughter ratios of the radiogenic isotope systems Rb/Sr, Sm/Nd,
Lu/Hf, U + Th/Pb, Re/Os, and Hf/W. Radiogenic isotope systems,
through the action of time, magnify small variations in these trace
element ratios. With new high-quality partitioning data on phases
such as majorite garnet, silicate perovskites, and magnesiowilstite, it
is now possible to estimate accurately the isotopic evolution of
various mantle layers that have been predicted to form during cooling
of a terrestrial magma ocean. Comparison of these calculated isoto
pic signatures to known modem mantle reservoirs places strict limits
on the extent of preservation of primordial mantle heterogeneity in
the modern Earth.
Compatible trace elements are particularly crucial to the debate
over whether signatures of majorite and Mg-perovskite fractionation
are preserved in the modern mantle. New partitioning data, with
reduced temperature gradients(<50° C) and long run times(>20 min),
show that many elements previously reported to be compatible in
majorite and Mg perovskite are actually incompatible. As a result,
substantial amounts of majorite and Mg perovskite can fractionate
from a terrestrial magma ocean without producing large shifts in
trace-element ratios such as Ti/Eu, Zr/Sm, and Sc/Sm.
Hafnium is a key element in constraining the preservation of
primordial mantle stratification. The new partitioning data show that
Hf is only slightly compatible in Mg perovskite, much less so than
reported in previous studies [1]. The mild compatibility ofHf in Mg
perovskite relaxes the constrains imposed by the Lu-Hf system on the
extent of a preserved perovskite signature. The amounts of Mg
perovskite fractionation permitted by the partitioning data vary de
pending on whether the lower mantle participates in the formation of
continental crust (with consequent Lu/Hf fractionation), but are
generally less than the amount suggested from simple major-element
mass balance models [2]. The homogeneous and chondritic terres
trial W- isotopic data, though sparse on materials derived directly
from the convecting mantle, suggest that any significantMg-perovskite
fractionation probably occurred after the first 60-80 m.y. of Earth
history.
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The recently discovered compatibility of Re in garnet [3] raises
the possibility of early Re/Os shifts due to fractionation of majorite
garnet, and measurements to test this hypothesis are under way.
Partitioning of Re into majorite, and subsequent sinking of majorite
into the lower mantle, may provide an explanation for supra
chondritic 187Os/ 188 Os in mantle-derived samples with high 3Hef
4He, but the amounts of majorite fractionation which can be tolerated
by other isotope systems is limited. Further isotopic constraints on
the preservation of primordial heterogeneity (including core-mantle
interaction) will be discussed.
References: [1] Kato T. et al. (1988) EPSL, 89, 123-145.
[2] Agee C. B.andWalkerD.(1988)EPSL, 90, 144-156. [3] Righter
K. and Hauri E. H. (1998) Science, 280, 1737-1741.
THE LIGHT ELEMENT IN THE CORE AND CORE-MAN
TLE INTERACTIONS. V. J. Hillgren and R. Boehler, Max
Planck-lnstitut fiir Chemie, Postfach 3060, 55020 Mainz, Germany
(hillgren@mpch-mainz.mpg.de).
Introduction: Two long-standing problems in the origin and
evolution of the Earth's core are the identity of the light alloying
element(s) and the origin and nature of the seismically anomalous D
layer directly overlying it. The answers to both these problems may
lie in high-pressure geochemistry through the increased solubility of
elements and oxides in metal [1,2] and possible reactions between
metal and silicate at core-mantle boundary pressures [3,4].To inves
tigate these possibilities, we conducted a diamond-anvil cell study of
the high-pressure and temperature reactions between metal and sili
cate.
Experimental Procedures: Our basic sample consisted of a
metallic plate in contact with San Carlos olivine. The metal was either
pure Fe, Fe-FeS mixtures, or Fe silicides with 17 and 9 wt% Si. We
insulated the sample assemblage from the highly conductive dia
mond anvil with a plate of Al2O3 , MgSiO3 glass, or CaF2• After
loading the sample into the diamond cell, the samples were dried
overnight in a vacuum oven and then sealed under Ar.This procedure
ensured that there was no water or O from the atmosphere present, so
that the oxygen fugacity prevailing during the experiment was set by
the sample assemblage. The interface between the metal and silicate
was heated with an YLF laser with a hot spot ranging from 20 to
50 µm. The metallic portion of the sample was melted during heat
ing, and the initially clear San Carlos olivine darkened due to the
transformation to the high-pressure phases of perovskite and
magnesiowUstite. The samples were recovered after the runs, pol
ished down to the heated surface, and analyzed by electron micro
probe.
Results and Conclusions: Through various combinations of
starting silicate, metal and cover plate, we produced a variety of final
assemblages: Mg,Si-perovskite (pv) plus Fe metal, pv and mag
nesiowustite (mw) plus Fe metal, pv and mw with S-rich Fe metal,
and pv and mw with Fe metal enriched in Si, and Ca,Si-perovskite
(Ca-pv) and Fe metal enriched in Si.
We find that if Fe metal equilibrated with the major mantle
minerals pv and mw during core formation, then neither O nor Si is
very soluble in metal. Although there is a general trend for both O and
Si solubilities to increase with pressure and temperature, even at
1 Mbar we find <1 wt% 0 and 0.2 wt% Si in the metal. Thus, neither
is likely on its own to be the major light element in the core.
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A run with -4 wt% S in the metal has much higher O (-1 wt%)
and lower Si (-0.03 wt%) in the metal than a run at similar tempera
ture and pressure with no S (0.3 wt% and 0.07wt% respectively).
Preliminary analysis of another S-bearing run shows veins of FeO
running through the S-rich metallic liquid, which also suggests
enhanced solubility of O in S-rich metallic liquids. Thus, it is pos
sible that a combination of O and S is responsible for the density
deficit in the outer core.
In a run with a starting metal composition of 17 wt% Si (P =
560 kbar, T = 2800K), the Si content of the metal dropped to 11 wt%
during heating, and the Fe in the adjacent silicate was reduced to
<4 wt% from 8 wt%. Thus in order to have large amounts of Si in the
core, the Fe content of the mantle would have to be reduced to below
that observed. If an oxidized component is later added to bring the Fe
content up to that observed in heterogeneous accretion models, the
core and mantle would be out of equilibrium. This could result in a
chemical reaction as the two try to reequilibrate and form aD" layer
enriched in Si and depleted in Fe.However, this would produce a D"
that is intrinsically less dense than the rest of the mantle, and is hard
to reconcile with the jump in seismic velocity associated with D"
inferred to be due to a density increase. Thus, this is an unlikely
scenario.
Further experiments under very reducing conditions resulted in
Ca,Si-pv in equilibrium with Fe containing 6 wt% Si (P = 625 kbar,
T 2900 K) and 4 wt% Si (P 750 kbar, T 3400K). The metal in
both experiments also contains small of amounts of Ca (0.2-0.4 wt%),
showing that under such reducing conditions Ca can partition into the
metal and potentially be fractionated from the other highly refractory
elements in the mantle.
In conclusion, we find that neither O nor Si is very soluble in Fe,
and each is unlikely on its own to be the light element in the core.
However, S enhances the solubility of 0, and thus a combination of
these two elements could be responsible for the density deficit in the
core. Finally, a chemical reaction between a Si-rich core and the
mantle would produce a D" layer that is less dense than the overlying
mantle, and is therefore not consistent with seismic observations.
References: [1] Ringwood andHibberson (1990)Phys. Chem.
Mineral., 17, 313-319. [2] Ringwood et al. (1990) Nature, 347,
174-176. [3] Knittle and Jeanloz (1989) GRL, 16, 609-612.
[4] Knittle and Jeanloz (1991) Science, 251, 1438-1443.
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EARLY HISTORY OF THE EARTH: INSIGHTS FROM
SIDEROPHILE ELEMENTS IN THE EARTH'S MANTLE.
A.Holzheid 1 andH. Palme2, 1Department of Earth, Atmospheric and
Planetary Sciences, Massachusetts Institute of Technology, Cam
bridge MA 02139-4307, USA (holzheid@mit.edu), 21nstitut fur
Mineralogie und Geochemie, Universitlit zu Kllln, Kolo, Germany.
A popular model to explain the siderophile-element concentra
tions in the present Earth's mantle holds that an equilibrium distri
bution of molten core formed an Fe alloy with silicate liquid.However,
observed abundances of siderophile elements in the Earth's mantle
compared with experimentally derived solubilities of these elements
in silicate melts are inconsistent with an early Earth magma ocean.
One likely model to explain the siderophile elements in the Earth's
mantle would be a hierarchical growth of the Earth, the so-called
inhomogeneous accretion model [1-3], where increasingly oxidized
material is added to the growing Earth with at least two core forma-
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tion events, the latest metal-silicate separation event as late as 60 m.y.
after the beginning of accretion [4], and a late chondritic veneer as the
source of the highly siderophile elements after core formation was
completed.
Moderately siderophile elements have metal-silicate partition
coefficients l)MIS (i.e., the concentration ratio of an element in the
metal and coexisting silicate phase) below 10,000. Their abundances
in the Earth's mantle vary from 0.3 (Fe) to 0.04(Ge) of a nominal CI
component. The comparatively high absolute abundances of Fe, Ni,
and Co in the Earth's mantle and the largely unfractionated ratios
among them, in particular the nearly chondritic Ni/Co ratio, have
long been recognized as an important clue to the accretion and core
formation of the Earth. Ni and CoDMIS, derived from the experimen
tally determined solubilities, decrease with increasing pressure and
temperature [e.g., 5-9], i.e., Ni and Co become less siderophile with
increasing P and T. The pressure influence on the partition behavior
seems to be more pronounced at lower pressures. While the Ni-Fe
and Co-Fe exchange partition coefficients, K0Ni-Fe and K0Co-Fe,
determined by [6], appear to converge at pressures of -28 GPa and
temperatures of 2000 ° C, all other studies show a convergence of
K0 Ni-Fe and K0 Co-Fe at pressures higher than 80 GPa if at all. At these
high pressures, the observed chondritic ratio of Ni and Co could be
explained, but the expected absolute abundances would be lower by
orders of magnitude compared to the observed concentration levels
in the Earth's mantle. The melting relations of natural peridotites at
30 GPa [9] show that magnesiowtistite (mw) and perovskite (pv) are
the predominant silicate phases in a deep magma ocean.While metal
mw partition coefficients of Ni and Co are lower than metal-silicate
partition coefficients [8,9], the metal-pv partition coefficients are
significantly higher than DMIS [9]. The Earth's mantle would there
fore be even more depleted in Ni and Co. Based on the experimentally
derived partition coefficients at high pressures, a magma ocean
scenario fails to explain the moderately siderophile element abun
dance levels in the Earth's silicate mantle.
Highly siderophile elements(HSEs) haveDMIS above 10,000 and
occur in essentially chondritic abundances in the Earth's mantle at
0.7% of a nominal CI-component. The ratios among the HSEs in
upper mantle rocks are approximately chondritic. The solubilities of
Ir and Pt at 1 atm are 2-3 orders of magnitude lower than those of Pd
and Au, leading to large differences in metal-silicate partition coef
ficients between these two groups of HSEs [e.g., 10]. Compared to
moderately siderophile elements, temperature dependences ofHSEs
are not very pronounced [e.g.• 10-14]. Results of high-pressure
experiments have shown thatDMIS for Pd, Pt, and Ir show no signifi
cant pressure dependence for pressures up to 20 GPa, corresponding
to a depth of -600 km within the Earth [15,16]. The extremely
variable partition coefficients at 1 atm and at higher pressures, their
weak dependence on temperature, and their more or less indepen
dence of pressure would not allow metal-silicate equilibration to
produce the rather uniform pattern of chondritic normalized HSE
observed in upper mantle rocks. The HSE inventory of the present
upper mantle as a result of a metal-silicate equilibrium distribution
within a magma ocean is therefore also impossible.
One possible explanation of the high mantle abundances of mod
erately siderophile and highly siderophile elements is inhomoge
neous accretion [1-3]. In this class of models, moderately siderophile
elements are added by oxidized chondritic components after most of
the metal core has formed. The material contains S, which is then lost
as a sulfide component, together with theHSEs, to the core. Addition
of a late chondritic veneer to the Earth after cessation of core forma-

tion would raise the HSE concentrations to the observed present
levels in the Earth's mantle. Less than 1% of the total mass of the
Earth as chondritic component is enough to provide the mantle
inventory of HSEs. Its contribution to the moderately siderophile
element abundances is negligible.
References: [1] Wanke et al. (1984) in Archean Geochemistry
(Kroner, ed.), pp. 1-24, Springer Verlag, Berlin. [2] Ringwood
(1984) Proc. R. Soc. London, A395, 1-46. [3] O'Neill (1991) GCA,
55, 1159-1172. [4] Lee and Halliday (1995) Nature, 378, 771-774.
[5] Thibault andWalter(1995)GCA, 59, 991-1002. [6] Li andAgee
(1996) Nature, 381, 686-689. [7] Holzheid et al. (1995)Abstr. Vol.
EJM, 7, 110. [8] Ohtani et al. (1991)Phys. Earth Planet. Inter., JOO,
97-114. [9] Ito et al. (1998) AGC, Monogra ph, 101, 215-225.
[10) Borisov and Palme (1995) GCA, 59, 481-485. [11] Borisov
and Palme (1997) GCA, 61, 4349-4357. [12] Borisov et al. (1994)
GCA, 58, 705-716. [13] Borisov and Palme(1996) Mineral. Petrol.,
56, 297-312. [14] O'Neill et al. (1995) Chem. Geol., 120, 255-273.
[15] Holzheid et al.(1998) LPS XXIX, Abstract #1296. [16] Righter,
personal communication.
GEOPHYSICAL CONSTRAINTS ON THE EXISTENCE
AND SIZE OF A LUNAR METALLIC CORE: A REASSESS
MENT BASED ON INITIAL LUNAR PROSPECTOR DATA.
L. L. Hood, Lunar and Planetary Laboratory, University ofArizona,
Tucson AZ 85721, USA.
The mass of a possible Fe-rich lunar metallic core is a basic
constraint on lunar bulk composition and, hence, lunar origin mod
els. Initial Lunar Prospector data provide additional evidence relat
ing to this question in two ways. First, an improved gravity solution
has yielded a refined moment of inertia factor of C/MR2 = 0.3932 ±
0.0002 [l]. This result is approximately consistent with upper limits
assumed in earlier assessments and density modeling that indicates
the possible existence of an Fe-rich core with a radius in the range of
200-450 km [2]. Second,Lunar Prospector magnetometer data can
yield measurements of the residual induced magnetic dipole moment
of the Moon after extended exposure (hours or more) to a uniform
magnetic field during passages through the near-vacuum environ
ment of the geomagnetic tail. The induced moment is directly relat
able to the radius of a highly electrically conducting core. Similar
measurements have previously been reported using data from the
Apollo 15 and 16 subsatellite magnetometers [3]. Here, we report
initial attempts to measure the lunar-induced moment in the geomag
netic tail using data from theLunar Prospector magnetometer(R. P.
Lin, leadCo-I;M. Acuna andL.Hood,Co-ls).During the April 1998
tail-lobe passage, theLunar Prospector orbit plane was nearly paral
lel to the Sun-Moon line and was therefore optimally oriented for
measurements of the induced moment.Careful editing and averaging
of magnetic field data rotated into a coordinate system defined by the
mean tail-lobe field orientation yields evidence for an induced mo
ment with an amplitude that corresponds to a conducting core radius
of 450 ± 100 km. Data from the November tail-lobe passage will be
necessary to confirmthis preliminary result and may be available by
the time of the meeting. Also, model calculations will be presented
to estimate the minimum implied conductivity of the electrically
conducting core.
References: [1] Konopliv et al. (1998) Science. [2] Hood and
Jones (1987) Proc. LPSC 17th, in JGR, 92, E396. [3] Russell et al.
(1981) LPS XXII, 831.
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CHEMICAL AND ISOTOPIC CONSTRAINTS ON THE
ORIGIN OF THE EARTH AND MOON. M. Humayun,
Department of the Geophysical Sciences, University of Chicago,
5734 South Ellis Avenue, Chicago IL 60637, USA (hum8@midway.
uchicago. edu).

15

similar nebular histories, and they do not imply an origin of lunar
matter from the terrestrial mantle.
The chemical and isotopic effects of the escape of a silicate vapor
atmosphere are characterized by intense mass fractionation of all
affected elements. Gravitational fields of the Earth and Moon will
only allow losses at exceedingly high temperatures, and are other
wise extremely retentive to all gaseous species heavier than H and
He. Particularly important is the Li/Yb ratio, which is similar be
tween the Earth and Moon and is expected to be the ratio most quickly
lowered by escape at temperatures above the condensation tempera
ture of Li (and Mg silicates).
The similarity of the o41K between the Moon and Earth is a
powerful argument against volatile element loss from these bodies at
any stage since condensation from the nebula. Taken together with
the greater chemical depletion ofK and other alkalis in the Moon, this
is the most cogent evidence for a nonterrestrial origin of lunar
material.
A nonterrestrial source for the Moon is a powerful argument in
favor of the giant impact hypothesis. Some particular formulations of
this hypothesis that invoke massive chemical fractionation during
the impact process are not supported. Further discussion of these
points will be presented.
References: [l] Humayun M. and Clayton R. N. (1995) GCA,
59, 2131-2148. [2] Esat T. M. (1996) GCA, 60, 3755-3758.

Introduction: Precise measurements of the isotopic composi
tion of K stable isotopes in the bulk Earth, Moon, eucrites, and
chondrites revealed no evidence of mass fractionation [l]. Likewise,
isotopic mass fractionation has not been found in Mg, Si, and Ca
between the Earth and Moon. Interpretation ofthese data has been the
subject of much discussion [2], representing a significant obstacle in
our understanding the use of isotopes as cosmochemical constraints.
A set of simple considerations is set forth here, providing interpreta
tional guidelines for the use ofcertain stable isotopes to determine the
nature ofcosmochemical processes that determined the composition
of the Earth, Moon, and other solid solar-system materials. If these
stable isotopes are to be useful in cosmochemistry, such a basic
understanding must exist. The considerations are (1) certain light
stable isotopes show little or no resolvable mass fractionation within
planetary bodies (e.g., Mg, K, and Ca); i.e., low-temperature equilib
rium.isotopic fractionations for these elements is too small to resolve;
(2) kinetic isotopic fractionations are sufficiently large to be clearly
resolvable; (3) such kinetic isotopic fractionations occur during
evaporation of condensed material; and (4) condensation of vapor
produces no resolvable isotopic fractionation. Ifthese conditions are
satisfied, light stable isotopes of Mg, K, Ca, and, to a lesser extent,
Si, can be used to place firm constraints on the role ofhigh-temperature EXTINCT NUCLIDES AND THE ORIGIN OF THE EARffl
processes in determining the chemical composition of the Earth and AND MOON. S. B. Jacobsen and Q. Z. Yin, Department ofEarth
Moon.
and Planetary Sciences, Harvard University, Cambridge MA 02138,
A second set of considerations is required for applying chemical USA (jacobsen@neodymium.harvard.edu).
and isotopic constraints on extremely hot bodies having a significant
gravitational field; i.e., the gravitational potential must be included
A number of important questions relating to the evolution of the
in energetic considerations for vapor loss. For objects >100 km in early Earth and Moon may be investigated by using extinct as well as
diameter, the gravitational potential exceeds the thermal energy long-lived radionuclide chronometers. In particular, the time scale
required to vaporize a molecule from a condensed solid or liquid. and functional shape of accretion and core formation may be inves
Thus, the molecule needs significant additional energy to escape the tigated. The existence of early magma oceans, and whether a giant
planetary gravitational field, failing which it forms an atmosphere impact gave rise to the moon, may also be addressed.
Transport models for radionuclides and trace elements provide
around the body. Loss ofmolecules from an atmosphere proceeds by
several processes: (1) Jeans or thermal escape, (2) hydrodynamic powerful tools for investigating timescales associated with planetary
escape (which is a limiting case of Jeans escape), and (3) impact accretion, given appropriate data on extinct and long-lived chronom
erosion of the atmosphere. This last process is important only when eters. They may be used to constrain the rate of accretion and core
an object is undergoing intense accretion, and then only for mol formation as well as the growth of the earliest crust on the Earth and
ecules that have long residence times in the atmosphere. It is unlikely Moon. The models are based on isotopic and chemical mass balance
to be important for extremely hot, silicate vapor atmospheres that between a primitive nebular reservoir, the primitive mantle, the core,
have lifetimes of thousands of years. For the present, we will ignore and the early crust. In particular, two simple continuous models will
impact erosion. Both Jeans escape and hydrodynamic escape are be considered: (1) a model where the core and the silicate mantle is
mass-dependent loss mechanisms, and fractionate both the isotopic made directly from undifferentiated chondritic material, and (2) a
compositions and the interelement ratios in the atmosphere in a model involving chemical and isotopic equilibration in a magma
direction of preferential loss of the lighter molecular species. This ocean before core segregation. These models are useful in assessing
results in significantly more loss ofLi over Yb, K over Rb andCs, and the interpretation of two-stage model ages. They show that for long
will not allow the loss ofhighly volatile elements like TI and Pb. Such lived systems (such as the U-Pb system), the two-stage model age
processes are excluded by the existing chemical and isotopic data for yields the mean time of core formation directly for both models. For
the lunar and the terrestrial compositions. The chemical differences extinct nuclides, however, this is not true. Different models yield
between Earth and Moon can then only be understood in terms of different two-stage model ages that can be very different from the
. inheritance of these chemical signatures from the proto-lunar matter, mean time of core formation. The calculated two-stage model ages
which must then be distinct from terrestrial mantle material. That are shown to depend on the decay constant of the particular system,
having been said, the long time emphasis placed by many geochem the type of chemical fractionation, and the transport mechanism
ists and cosmochemists on the similarity of the Earth and Moon is involved. Only in the trivial case where all reservoirs involved
unsupportable. Similarities can originate from both objects having equilibrate at the same time should one expect to obtain concordant
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two-stage model ages for both long-lived systems and a variety of
extinct systems.
Systems affected by the volatile element depletion in the Earth,
such as U-Th-Pb, 53 Mn-53Cr, and the I-Pu-Xe chronometers, may
also be affected by accretion and/or core formation. The volatile
elements Pb, Mn, Cr, I, and Xe all show depletions in the Earth,
which may be primarily related to gas/dust separation in the solar
nebula rather than accretion itself. Also the 53 Mn-53 Cr and U-Pb
systems may also have been fractionated by core formation in the
Earth. Uncertainty over the exact decomposition of the respective
fractionations, however, makes it difficult to use these chronometers
to constrain the time scale of terrestrial accretion and core formation.
The ideal extinct nuclide accretion chronometer is one in which
the parent/daughter ratio is fractionated both strongly and uniquely
by core formation. This requires (1) both the parent and daughter
elements to be refractory, and (2) a strong fractionation between
these elements due to core formation. Two systems that possess these
properties are 182Hf (half-life: 9 m.y.)- 182W, and 97Tc (half-life:
2.6 m.y.)-97Mo. Core segregation has produced nearly three orders
of magnitude of fractionation between Hf-W-Mo-Re (and Tc by
inference, assuming that Tc behaves geochemically like Re) in the
residual silicate mantle. Iron meteorites show a "deficit" in 1 82W
relative to the silicate Earth. This is due to the strong partitioning of
the parent 182Hf into the silicate phase, while W is partitioned into the
metal phase during the formation of the Earth (as well as meteorite
parent bodies). In contrast, iron meteorites show an "excess" of 97Mo
relative to the silicate Earth. This is expected due to the decay of 97Tc
and the fact that Re (Tc) is substantially more depleted than Mo in the
silicate Earth. The time elapsed from the production of 97Tc to the
core/mantle segregation is calculated to be <20 m.y. using a simple
two-stage model. A magma-ocean model, with a short mean time
(10-20 m.y.) of core formation, provides a mechanism to account for
both the Mo- and the W-isotopic data
The widespread radiogenic W-isotopic signatures observed in
lunar samples also support very early formation of the Earth-Moon
system (before 182Hf became extinct). A scenario with core forma
tion in the Earth after 60 Ma (after 1 82Hf extinction, giving the -chond
ritic W -isotopic signature for BSE) and the Moon formed by giant
impact at the same time (but with radiogenic W-isotopic signatures
for the Moon) seem implausible. While late (>60 Ma) radiogenic
ingrowth of 1 82W as a result of unique, extreme chemical fraction
ation of Hf/W in the lunar interior remains a possibility, it is easier
to have Moon formed early (~20 Ma) to develop the observed
stratified W-isotopic composition in the lunar interior.
The 146Sm - 142Nd chronometer makes it possible to constrain the
time of events related to formation of the earliest crusts as well as
crystallization of both the terrestrial and lunar magma oceans. The
present data suggest a final crystallization of terrestrial and lunar
magma oceans at -100 Ma and therefore a total accretion interval of
-lOOm.y.
RARE-GAS SOLIDS AND PLANETARY INTERIORS. A. P.
Jephcoat, Department of Earth Sciences, Parks Road, Oxford, OX1
3PR, UK (andrew@earth.ox.ac.uk).
Introduction: Chemical inertness and surface volatility, com
bined with low abundance, have made the rare gases a unique trace
elemental and isotopic system for constraining the formation and

evolution of the solid Earth and its atmosphere [1 ]. Thi"s geochemical
role developed in parallel with extensive physical-property measure
ments on the condensed rare gases [e.g., 2]. Here we examine the
implications of recent high-pressure measurements of the melting
temperatures of the heavy rare-gas solids (RGS) Ar, Kr, and Xe with
new diamond-anvil cell (DAC) methods [3], together with their
pressure-volume relations, for the total rare-gas inventory of the
terrestrial planets since formation.
Melting and Solid Formation in the Earth: All the rare gases
crystallize under sufficient pressure to form close-packed solids and
the solid-liquid phase transition boundary appears to rise steeply
with pressure possibly exceeding the temperature of cooled planet
ary adiabatics. Confidence in these melting curves is provided by the
experimental observation of the coincidence of the melting curves of
solid Ar and Kr with the melting curve of pure Fe. Clusters of rare
gas atoms not bound structurally within a host phase could be
thermodynamically stable as dense solid phase alloys or form as
fluids, depending on actual temperatures. The formation of free
clusters during cooling of planetary material containing rare gases
clearly depends on the solubility mechanisms at high pressures and
the probability that discrete phases will form at low planetary con
centrations. DAC and shock-wave studies on the solubility of Ar and
volatiles [4] suggest that the solubility of the rare gases in melts and
solids falls as the host phases are compressed.
Microscopic Behavior: Ion implantation experiments in both
metals and ceramics [5] show that atomic-scale precipitates and
microscopic bubbles of all rare gases form readily in conditions of
supersaturation (low solubility). These inclusions have high internal
pressures - solid Kr bubbles have been formed epitaxially in Ni at
pressures as high as 6 GPa and melted at temperatures consistent with
the recent laser-heated DAC data. Growth of rare-gas bubbles in
implanted solids is known to be promoted by vacancy trapping and
thermal vacancy production at grain boundaries at high tempera
tures -conditions that are dominant during planet formation - and
enhanced by migration and coalescence growth mechanisms. Fur
ther, rare-gas bubbles are known to migrate preferentially up tem
perature gradients.
Implications for Terrestrial Rare-Gas Inventory: Pressure
induced changes in physical properties, low solubilities, and diffu
sional growth mechanisms suggest that dense solid or fluid inclu
sions of rare gases, formed initially at nanometer scales, may have
resulted in incomplete planetary degassing. Mechanical separation
of inclusions into deeper regions during early planet formation could
provide a straightforward explanation for the unexpectedly low ab
solute abundance of Xe observed in the atmospheres of both Earth
and Mars. Irrespective of their density, mechanical transport of RGS
particulates in Fe into the planetary core may have been sufficient to
establish a separate core reservoir: Calculations of reentrainment
from a bed of particles into a convecting system [6] suggest that the
crystal sizes above which reentrainment is not readily achieved are
surprisingly small, especially for the Earth's core, where particle
sizes must remain below 10-8 m to be reentrained from the core
boundaries. Growth of RGS inclusions could well exceed this size
over the age of the Earth.
Radiogenic Production of RGS in the Earth's Core: The
natural radiogenic production of rare-gas isotopes is analogous to ion
implantation studies at room temperature. If 40Ar has been produced
in the core throughout the age of the Earth, migration and coales
cence of 40Ar solid at the top of the outer core (with a density -50%
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that of liquid Fe alloy, insoluble in lower mantle material but with
approximately equal density), could hinder incorporation into the
mantle and represent a reservoir of 40Ar isolated from the Earth's
surface and the atmosphere since core formation.
References: [1] Ozima M. (1975)GCA, 39, 1127-1134; Pepin
R. 0. (1991) Icarus, 92, 2-79; Allegre et al. (1996) GRL, 23, 35553557. [2] Klein M. L. and Venables J. A., eds. (1976) Rare Gas
Solids, I & II, Academic, London. [3] Jephcoat A. P. and Besedin
S. P. (1998) in Properties ofEarth and Planetary Materials at High
Pressure and Temperature (M. H. Manghnani and T. Yagi, eds.),
pp. 287-296, AGU, Washington, DC. [4] Wiens R. C. and Pepin
R. 0. (1988) GCA, 52, 295-307; Chamorro-Perez E. et al. (1996)
EPSL, 145, 97-107. [5] Templier C. (1991) in Fundamental Aspects
of Inert Gases in Solids (S. E. Donnelly and J. H. Evans, eds.),
pp. 117-132, NATO ASI B279, Plenum. [6] Solomatov V. S. et al.
(1993) EPSL, 120, 387-393.
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general fractionation that might be difficult to erase.
One means of circumventing this argument is if subsequent con
vection homogenized a heterogeneous mantle. The best argument
against this is the observation of Meisel et al. [9] that the Os-isotopic
composition of fertile spinel lherzolites approaches chondritic. Be
cause Os is compatible and Re incompatible during basalt genesis,
this close approach to chondritic Os would not ordinarily be expected
if spine! lherzolites formed by the mixing of random, differentiated
lithologies. Thus, it seems likely that there are mantle samples that
have never been processed by a magma ocean.
Are Tungsten Isotopes in the Earth and Moon the Same? No.
Lee and coworkers [10,11] have presented W-isotopic data for both
the Earth and Moon. In particular, a search was made for W 182
anomalies, the decay product of short-lived Hf182 (t 112 = 9 m.y.). The
W-isotopic composition of the Earth is chondritic, implying that
either fractionation ofW and Hf during core formation occured after
most of the Hfl 82 had decayed, ";!;27 m.y. after the formation of
chondrites (AC), or that late accretion erased the radiogenic W 182
TESTS OF THE GIANT IMPACT HYPOTHESIS. J. H. signature. This timing may be consistent with the -4.54-Ga Pb-Pb
Jones, Mail Code SN2, NASA Johnson Space Center, Houston TX age of the Earth [12] (-20 m.y. AC).
77058, USA (john.h.jonesl @jsc.nasagov).
In contrast, lunar rocks sometimes have positive W 182 anomalies
[11], and it is unlikely that these anomalies are due to greater W
Introduction: The giant impact hypothesis [1] has gained popu depletion during lunar core formation (13]. One possible solution is
larity as a means ofexplaining a volatile-depleted Moon that still has that core formation in the Moon occurred earlier than on Earth.
a chemical affinity to the Earth [e.g., 2]. As Taylor's Axiom decrees, Another possibility is that extensive differentiation of the lunar
the best models of lunar origin are testable, but this is difficult with magma ocean produced regions with highly fractionated Hf/W ra
the giant impact model [1]. The energy associated with the impact tios, so that the effects of trace Hfl82 were magnified. Regardless, an
would be sufficient to totally melt and partially vaporize the Earth important early chronometer gives different results for the Earth and
[3]. And this means that there should be no geological vestige of Moon.
earlier times. Accordingly, it is important to devise tests that may be
References: [1] Hartmann W. K. et al., eds. (1986) Origin of
used to evaluate the giant impact hypothesis. Three such tests are the Moon, 781 pp. [2] Clayton R. N. (1993) Rev. Earth Planet. Sci.,
discussed here. None of these is supportive of the giant impact model, 21, 115-149. [3] Melsoh H.J. (1990) Origin of the Earth, 69-83.
but neither do they disprove it.
[4] Jones J. H. and Drake M. J. (1993) GCA, 57, 3785-3792.
Is the Moon's Volatile Depletion Due to the Giant Impact? [5] Humayun M. and Clayton R. N. (1995) GCA, 59, 2131-2148.
No. Or at least lunar alkali element abundances must be due to some [6] O'Neill H. St. C. (1991) GCA, 55, 1135-1157. [7] Jones J. H.
other process. First, if the Moon were mainly composed of (1997) Philos. Trans. Roy. Soc., 354A, 1481-1494. [8] Tonks W. B.
devolatilized Earth materials, we would expect that the Rb/Cs ratio and Melosh H.J. (1990) Origin ofthe Earth, 151-174. [9] Meisel T.
of the Moon would be higher than that of Earth, because Cs is more et al. (1996) Nature, 383, 517-520. (10] Lee D.-C. and Halliday
volatile than Rb. In actuality, the Rb/Cs ratio of the Moon is lower A. N. (1996) Science, 274, 1876-1879. [11] Lee D.-C. et al. (1997)
Science, 278, 1098-1103. (12] TeraF. (1981) GCA, 45, 1439-1448.
than the Earth's [4].
Second, it is expected that volatile loss would have fractionated [13] Rammensee W. and Wiinke H. (1978) Proc. LSC 8th, 399-409.
the isotopes of K during a giant impact. However, Humayun and
Clayton [5] have shown that the isotopic composition of lunar K is
identical to all other solar-system materials. Thus, for the giant im TERMINAL PHASES OF EARffl AND VENUS FORMA
pact model to be viable, the Moon's alkalis must have been added TION DYNAMICS. W. M. Kaula and F. Varadi, Department of
after the impact as a late veneer [e.g., 6].
Earth and Space Sciences,University of California, Los Angeles CA
Is There Any Evidence that the Earth Ever Had a Magma 90095-1567,USA(wkaula@ess.uclaedu;fvaradi@atmos.uclaedu).
Ocean? No. Another anticipated result of the giant impact is a
terrestrial magma ocean [3]. This melting event was likely not an
Introduction: Modelings of terrestrial planet formation in the
opportunity to homogenize but, rather, an opportunity to differenti forward direction obtain the runaway growth of embryos in nearly
ate. And because there are mantle spine! lherzolites whose composi circular orbits at spacings of a few 0.01 AU [1-S]. Subsequent
tions closely approximate that of the bulk silicate Earth, this seems evolution to form a planetary system similar to the solar system to imply that there was never a global magma ocean [7]. The model with spacings of a few 0.1 AU - is slow and unsure, if dependent
of [8] indicates that turbulent convection, in the early stages of a entirely on gravitational interaction among the embryos. The effects
magma ocean crystallization, would have prevented crystal-liquid ofJupiter and Saturn in their present orbits are reduced in stimulating
fractionation. But at issue is this: Is there a difference between 10% collisions, because orbiters a few 0.01 AU apart will react in parallel
partial melting (i.e., basalt genesis) and 90% crystallization? In the ways to perturbations by a planet always more than 4 AU distant.
former case, basalts are known to escape their source regions, and Mechanisms that have been suggested to have stimulated the eccen
they may escape in the latter case as well. This could produce a tricities include the loss of solar nebula of significant mass [6], the
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breakup and loss of an Earth-sized body at the distance of the present
asteroid belt [3], and the inward motion of Jupiter [7]. But a back
ward approach from the final orbits may help estimate the likely
orbits of the penultimate protoplanets, products of"oligarchic" growth
[5].
General Considerations: Gladman [8] derived a critical dis
tance �c• the closest approach between two orbits in isolation about
the primary allowed in a stable configuration

TABLE 1.

Stage

Mass/Illa

S-m.a.(AU)

Eccen.

2

0.15
0.65
0.80
0.20
0.80
0.80
0.20
0.80
1.00

0.677
0.797
0.937
1.103
0.761
0.946
1.112
0.763
0.972

0.077
0.065
0.021
0.099
0.071
0.016
0.109
0.073
0.068

3

where e; and e0 are the inner and outer eccentricities, µ is the sum of
the two mass ratios to primary, and a is the semimajor axis. For the
Earth and Venus,µ== 5.4 x 1D-6and maximum e;, e0== 0.074, 0.067,
the distance Ac is 0.148 AU, compared to the minimum difference of Jcarus, 106, 247-263. [9] Kaula W. M. (1998) Rencontres de Blois,
0.165 AU between Earth's perihelion and Venus's aphelion dis 9, in press. [10) Wisdom J. and Holman M. (1991) Astron. J., 102,
tance. Eccentricities also make significant the relative locations of 1528-1538.
perihelia, with an antialignment - a difference of 1t - favoring
stability. The major planets enter not only by causing the oscillations
in eccentricity, but also by driving the perihelion precessions, an
THE EFFECT OF OXYGEN FUGACITY AND SILICATE
effect favoring stability.
The Earth and Venus orbits thus seem rather stable, as should be MELT COMPOSITION ON THE PARTITIONING OF
expected. The question is whether the orbits of the immediate precur TITANIUM, VANADIUM, CHROMIUM, AND MANGA
sor protoplanets were unstable enough to lead to collisions in a NESE BETWEEN LIQUID METAL AND SILICATE MELT.
reasonably short timescale, satisfying isotopic data indicating forma M. R. Kilburn and B. J. Wood, Department of Earth Science,
tion within 0.1 m.y. after meteorite formation. On collision of equal University of Bristol, Queens Road, Bristol, BS8 lRJ, UK
mass bodies, Ac increases by a factor of 2113, while (a.,-a j) increases (m.kilburn@bristol. ac.uk; b.j.wood@bristol.ac.uk).
by a factor of 2 - hence !:y(a.,-a;) decreases, increasing stability.
Introduction: The segregation of the metallic-Fe core from the
Also, for a collision between a protoplanet near aphelion and another
near perihelion, then, from momentum conservation, the eccentricity silicate mantle was one of the most fundamental events in the Earth's
of the merged body will be smaller than those of the colliding bodies early history, yet the processes involved and the conditions under
which core formation took place are poorly constrained. It has been
[9].
Favoring collisions is the likely unevenness of protoplanetmasses. known for some time that the abundances of siderophile elements in
If there are angular momentum exchanges between bodies of differ the Earth's mantle are not consistent with core-mantle equilibrium.
ing mass, then'the smaller body will have larger oscillations in eccen Although depleted relative to undifferentiated chondritic meteorites
tricity. Thus a combination of two small protoplanets flanked by two siderophile elements, such as Co, Ni, W, and Re, are up to 3 orders
largerprotoplanets is most likely to lead to a collision of the two small of magnitude more abundant than predicted by metal-silicate parti
bodies -an evolution conducive to stability of three planets instead tioning behavior at 1 bar. Conversely, some elements normally
of the actual two, while a sequence of, e.g., small, big, big, small is considered to be lithophile, such as V, Cr, and Mn, show modest
depletions in the mantle, implying that the missing portion was
more likely to lead to a terminal two.
Numerical Experiments: A systematic survey of all possibili sequestered to the core during core formation. Recent experimental
ties suggested in the previous section is tedious. The main effort so studies clearly show that several factors influence the partitioning
far has been on integrations starting with four planets of masses behavior of elements between liquid metal and silicate melt: pres
totaling Earth's plus Venus', semimajor axes in the range 0.65-1.15 sure, temperature,f02, silicate melt composition, and light-element
and randomly selected other elements, the most critical parameter component [1-2). Many theories of core formation have been pro
being the standard deviation of Gaussian-distributed eccentricities. posed to account for the observed distribution of elements ranging
Jupiter and Saturn are included. The integration is by a modification from high-pressure and high-temperature equilibrium at the base of
of the Wisdom-Holman technique [10). When energy conservation a magma ocean to heterogeneous accretion with the addition of late
fails by lD-6, the integration is switched to a Cowell-Stormer. Col stage oxidized material to the mantle.
Another important constraint on core formation concerns the
lisions are defined as close approaches with 0.1 Hill sphere radii =
0.1(µ/3) 1 13a = 0.001 AU. We give here one case that led to an observed density deficit within the core and the nature of the light
elements generally attributed to account for this. Recent geochemical
outcome similar to the actual planets.
References: [1] Lissauer J. J. (1993) Annu. Rev. Astron. Astro models [3] propose a mixture of Si and S. Kilburn and Wood [4]
phys., 31, 129-174. [2] Kokubo E. and Ida S. (1996) Icarus, 123, show that the incorporation of Si into the metal requires very reduc
180-191. [3] Wetherill G. W. and Chambers J. E. (1997) LPS ing conditions, and these conditions affect the lithophile/siderophile
XX.Vlll, 1547-1548. [4] Weidenschilling S. J. et al. (1997) Icarus, nature of some elements such as Ti, V, Cr, and Mn. In this study we
128, 429-455. [5] Kokubo E. and Ida S. (1998) Icarus, 131, 171- performed experiments to investigate the effect of silicate composi
178. [6] Ward W. R. (1988)lcarus, 73, 330-348. [7] Liou J.-C. and tion and melt structure on metal-silicate partitioning, at constant
Malhotra R. (1997) Science, 275, 375-377. [8] Gladman B. (1993) temperature and pressure, over a wide range of/02.
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Experimental Study: Liquid metal silicate melt partitioning presence of an already differentiated upper mantle at the time of
experiments were performed using piston cy tinder apparatus at formation of the oldest-known rocks on Earth (Greenland; Austra
2.5 GPa and 1750°C. Starting materials consisted of a mixture of lia). This could suggest that small amounts of crust formed prior to
metallic Fe doped with FeS and synthetic basalt, in approximately 4.0 Ga, but was later been mixed in with the upper mantle. The late
equal ratios. ThefOz was varied with the addition of metallic Si to the heavy bombardment may have provided the necessary stirring of the
metal component. A suite of trace elements, including Ti, V, Cr, and Earth's surface.
Mn, was added to each starting composition. Capsules were com
To answer the question of whether there might be any chance to
posed ofMgO and the composition of the silicate phase was modified recover some record of such a late heavy bombardment period on
by the use of either SiOz or forsterite layers to isolate the starting Earth, we have begun a study of some the oldest rocks on Earth, from
composition from the capsule. Analysis of the run products was Isua in Greenland. The approach of the study is two-fold: first, we
performed by electron microprobe and in some cases SIMS.
are attempting to identify any remnant evidence of shock metamor
Results: The capsule liners enabled us to vary the range of phism in these rocks by petrographical studies, and second, we are
silicate compositions and melt structures. Using nbo/t as a measure searching for possible presence of an extraterrestrial component in
of the degree of melt depolymerization, it was found that values these rocks by geochemical analyses. Regarding the petrographical
ranged from 2 for Si-rich melts to 4 for Mg-rich melts. Oxygen analyses, we focused on the mineral zircon, which is present in trace
fugacities ranged from 2 to 7 log units below the iron-wtistite buffer amounts in most of these rocks, and which has been shown to contain
for Si concentrations of 0-20 wt% respectively. These results show a range of shock-induced features at the optical and electron micro
that asfoz decreases, the partition coefficients of Ti, V, Cr, and Mn scope level. Furthermore, zircon is very resistant to erosion and other
increase such that these elements become siderophile. Plotting the forms of alteration; while planar deformation features (PDFs) in
partition coefficient, log l)(metal/silicare) as a function of log fOz (rela quartz may have long been annealed, those in zircon have a good
tive to iron-wtistite) for each element, it is possible to obtain the chance to survive for several billion years as shown by the presence
valency of the oxide species in the silicate phase.We derive valencies of shocked zircons in the -2-b.y.-old Vredefort and Sudbury impact
of 4+ for Ti and Si, 3+ for V, and 2+ for Mn and Fe. From the structures.
partitioning behavior of Cr, however, we obtain an intermediate
The identification of suitable rocks for a shock-petrographical
valency of 2.5, possibly due to both 3+ and 2+ species coexisting, or study is difficult. Some type of sedimentary rock might be best suited,
nonideal mixing in the melt. The effect of melt structure appears to but there is some controversy as to whether terrigenous elastic sedi
play only a very minor role in the partitioning behavior of these ments occur at Isua Most units that have been interpreted as
elements. At constant temperature, pressure, and log fOz all elements metasediments turn out to be strongly metasomatized intrusive
show little apparent variation in partition coefficient across the range gneisses. There are a few graded turbidite units, but they also appear
of nbo/t values in this study. The partitioning data for Ti, V, Cr, and to be dominated by volcanics. We focused on some of the samples
Mn show that/Oz has a far greater effect on metal-silicate partitioning that have not been proved positively to be plutonic, and that have
than silicate composition or melt structure.
mixed zircon populations, either because they represent multiphase
References: [1] Righter K. et al. (1997) Phys. Eanh Planet. intrusives or because they are eroded from a mixed source. Five
Inter., 100, 115-134. [2] Hillgren V. J. et al. (1996) GCA, 60, 2257- samples of the most well-constrained sediments (Bouma sequence
2263. [3] Allegre C. J. etal. (1995) EPSL, 134, 515-526. [4] Kilburn turbidite) yielded, unfortunately, no zircons. Zircons were separated
M. R. and Wood B. J. (1997) EPSL, 152, 13-148.
from felsic schists, which are of somewhat more dubious origin. Our
petrographic study of grain mounts of hundreds of zircon crystals
showed a wide variety of zircon shapes and zonation patterns. Shapes
THE LATE BEAVY BOMBARDMENT ON THE EARffl? range from well rounded to very high aspect ratios. Grain sizes are
A SHOCK-PE TROGRAPHIC AND GEOCHEMICAL also variable, but are mostly between 60 and 150 µm. Where exten
SURVEY OF SOME OF THE WORLD'S OLDEST ROCKS. sive zonation is observed, the outer zones are generally euhedral with
C. Koeberl1, W. U. Reimold2, I. McDonald3, andM. Rosing', 1Institute nicely developed pyramidal faces. Inner zones/cores may be well
of Geochemistry, University of Vienna, Althanstrasse 14, A-1090 rounded or euhedral to subhedral in shape. Many crystals contain
Vienna, Austria (christian.koeberl@univie.ac.at), z0epartment of inclusions, for example, of apatite needles. While many grains are
Geology, University of theWitwatersrand, Johannesburg 2050, South strongly fractured, most fractures are irregular or even curved. Single
Africa, 3School of Earth and Environmental Sciences, University of planar fractures do occur, but never as part of sets. In fact, sets of
Greenwich, Chatham Maritime, Kent ME4 4AW, UK, 4Geologisk irregular fractures were not observed either. In conclusion, no evi
Museum, Oster Voldgade 5-7, DK-1350 Kobenhavn K, Denmark. dence of visible shock deformation was observed in these samples.
However, a large number of samples from different locations should
A variety of data obtained from Apollo rocks indicated that the be studied before we can come to any conclusions regarding shock
Moon had been subjected to intense postaccretionary bombardment history.
ca 4.6-3.9 Ga In addition, there is some evidence (although disputed
A variety of rocks were analyzed for their chemical composition,
by some workers) of a short and intense late heavy bombardment including the PGE abundances. The samples included turbidite sedi
period, ca 3.9 ± 0.1 Ga During this period, some of the multiringed ments from the well-preserved Bouma sequence; a greywacke/felsic
basins seem to have formed, which were later filled by mare basalts. gneiss and two conclomerate/felsic metasomatite samples; and BIF
If a late heavy bombardment occurred on the Moon, the Earth must from the Bouma sequence succession, which are representative of
have been subjected to an impact flux at least as intense. The conse quartz-magnetite BIF and are from two different locations and pos
quences for the Earth must have been devastating. Geochemical data sible two different stratigraphic units. Analyses for PGEs were done
(mainly in the form of Nd-isotopic data) exist that indicate the by ICP-MS after Ni-sulfide fire assay with Te coprecipitation. Of
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nine samples that could be analyzed, two yielded measurable amounts
of Ir (detection limit: 0.03 ppb); both samples are from the BIF
sequence. These same samples also have Ru and Rh above detection
limit. Platinum, Pd, and Au content in the samples are highly vari
able. Chondrite-normalized abundance patterns show variations by
a factor of 3-4, although the background concentrations of Pd and Pt
(which are too high) remain unclear. Taken at face value, the elevated
Ir content may indicate a remnant meteoritic phase, but no clear
evidence for large amounts of extraterrestrial matter in the lsua rocks
studied so far was found.
IDGH-RESOL"'..JTION N-BODY SIMULATION OF LUNAR
ACCRETIONFROM ANIMPACT-GENERATEDDISK. E.
Kokubo 1, S. Ida2, and J. Makino3, IUniversity of Tokyo, Komaba,
Meguro-Ku, Tokyo 153, Japan (kokubo@chianti.c.u-tokyo.ac.jp),
2Tokyo Institute of Technology, Ookayama, Meguro-Ku, Tokyo
152, Japan, 3University of Tokyo, Komaba, Meguro-Ku, Tokyo 153,
Japan.
We present the high-resolution N-body calculation of the lunar
accretion from a circumterrestrial disk of debris generated by a giant
impact on Earth. Our calculation is inspired by the pioneering work
of [1), which was the first published N-body calculation of lunar
accretion from an impact-generated disk. They modeled the disk by
1000-1500 particles, which were not enough to see the evolution of
the spatial structure of the disk. By using the special-purpose com
puter for N-body problem HARP [2), we use 10,000-30,000 par
ticles for the disk.
The particle disk is modeled by the power-law surface density
distribution and the power-law mass distribution. We use the 4th
order Hermite integrator for time integration [3). Mutual gravita
tional interactions among all particles are calculated by HARP. The
normal and tarigential components of the coefficient of restitution are
0.01-0.1 and 1, respectively. When two particles collide, we merge
them if their rebound velocity is less than their surface escape veloc
ity and the sum of their radii is smaller than 70% of their Hill radii [4),
which corresponds to the fact that the two particles are outside their
Roche limit. We also perform simulations without artificial accretion
in which large bound particle aggregates are formed outside the
Roche limit. The aggregates are often deformed or sometimes dis
rupted by Earth's tidal force. The results of our simulations suggest
that the approximate treatment of accretion is generally valid.
We follow the evolution of the disk for 1000 TK -10 months,
where TK is the Kepler period at the distance of the classical Roche
limit.
The typical outcome of the simulation is the formation of one
large moon on a nearly circular orbit just outside the Roche limit.
This result hardly depends on the initial condition of the disk as long
as the disk is compact; in other words, most of the disk's mass exists
inside the Roche limit. The evolution of the disk is summarized as
follows: (1) The disk shrinks through the mutual collisions of par
ticles. (2) Gravitational instability takes place and particle clumps
grow inside the Roche limit. The size of the clumps is consistent with
that expected from the linear stability analysis of a self-gravitating
disk. (3) The clumps are elongated by the Kepler shear, which forms
spiral arms with m = 5-10 modes. (4) Particles are transfered to the
outside of the Roche limit through the spiral arms. When a spiral arm
is extended beyond the Roche limit, the tip of the spiral arm is

detached from the arm to form a small aggregate. The rapid accretion
of these small aggregates forms a lunar seed. (5) The seed grows by
sweeping up particles transfered over the Roche limit. (6) When the
Moon becomes large enough to gravitationally dominate the disk, it
shepherds the rest of the disk to the Earth. The Moon is almost
completed by stage 5. Our result shows that the timescale up to
stage 5 is about 100 T K (- a month).
The efficiency of incorporation of disk material into a moon is
20-50%, which increases with the initial specific angular momen
tum of the disk. The results of the high-resolution simulations give
a larger moon mass and more probability of a single moon than those
of [1]. The lunar mass is more consistent with the analytical argument
by [ l ).
References: [1) Ida S.et al. (1997)Nature, 389,353. [2) Makino
J. et al. (1997) Astrophys. J., 480, 432. [3) Kokubo E. et al. (1998)
Mon. Notes R. Astron. Soc., 297, 1067. [4) Ohtsuki K. (1993) Icarus,

106,228.

THE INFLUENCE OF LUNAR MANTLE CONVECTION
ONPARTIALMELTINGANDTHECOOLINGOF A SMALL
CORE. W. Konrad and T. Spohn, Institute of Planetology, Uni
versity of Munster, Wilhelm-Klemm-Strasse 10, D-48149 Munster,
Germany (konradw@uni-muenster.de).
The Moon is one of the smaller terrestrial planetary bodies.
However, heat transport by mantle convection must have played an
important role during its early history. We present a thermal evolu
tion model of the Moon that simulates axisymmetric mantle convec
tion. The model assumes Newtonian rheology to determine the radial
viscosity profile depending on the average radial temperature profile.
Convection is heated internally by radioactive isotopes. The present
day global average U abundance is assumed to be 30 ppb. The model
considers a crust with a thickness of 60 km that is enriched in
radioactive isotopes with respect to the mantle. The crustal U concen
tration is assumed to be 240 ppb. In addition to internal heating, a
metallic core with a radius of 450 km containing 8 wt% S is assumed
to have an initial temperature exceeding lower mantle temperatures
by about 100 K. The existence of a similar core formed at high
temperatures has been inferred from geochemical considerations [1).
The initial thermal state of the model implies that the differentia
tion into core and mantle as well as the formation of the crust fol
lowing the crystallization of the early magma ocean have been
completed. Therefore, the starting point of the model is chosen at
0.2 b.y. after formation of the Moon. The initial temperature profile
comprises a cold thermal boundary layer close to the surface, a zone
in the upper mantle corresponding to a solidified magma ocean where
the average radial temperature profile is close to the solidus, an
adiabatic profile in the lower mantle, and a hot thermal boundary
layer at the core mantle boundary.
The cooling of the Moon results in the thickening of the lithos
phere. Depending on the thickness of the initial magma ocean and the
mantle abundance of radioactive isotopes, the thickness of the ther
mal lithosphere increases to -670 km at present while the elastic
lithosphere thickness grows to -380 km. Mantle convection domi
nates the heat transport in the lower mantle up to the present day and
causes lower mantle temperatures to remain nearly constant in the
range of -1700-1750 K. The initial hot thermal boundary layer
causes upwelling mantle plumes early in lunar history. These plumes
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cause pressure-release melting in the upper mantle at depths between
about 250 km and 700 km, roughly corresponding to the source
regions of mare lava. The duration of partial melting in the mantle
depends strongly on the early lower mantle temperatures and the
thickness of the primordial magma ocean. A further contributing
factor is the internal radiogenic heating rate of the mantle. A mag
matic activity period of at least 2 b.y. inferred from dating of surface
mare units [2] requires early mantle temperatures close to the solidus
throughout the whole mantle even if a present-day Th concentration
of 30 ppb in the mantle and corresponding U and K abundances are
assumed to contribute to internal heating.
The remanent magnetization of lunar samples can be interpreted
as evidence for a dynamo-mechanism operating in an at least partially
liquid metallic core [3]. Taking into account the ages of magnetized
samples, the dynamo was active only prior to 3 Ga [4]. In our model
the core cools during the first b.y. of lunar history until it has reached
thermal equilibrium with the lower mantle. This heat loss causes
thermal convection within the liquid core, which in turn is able to
drive a dynamo. After the early core cooling stage is terminated, core
temperatures are controlled by the thermal state of the lower mantle.
Due to the thermostat effect of mantle convection, lower mantle
temperatures do not decrease significantly thereby causing core
temperatures to remain in the range of-1700-1750 K. Thus, a core
containing 8 wt% S might remain entirely liquid during the 4.6 b.y.
of lunar evolution. As no solid inner core is being formed, and
consequently neither the release of latent heat nor chemical convec
tion are available as energy sources for the generation of a magnetic
field, the dynamo is shut off as soon as the early core cooling phase
is finished.
References: [1] Righter K. and Drake M. J. (1996) Icarus, 124,
513-529. [2] Schultz P. H. and Spudis P. D. (1983) Nature, 302,
233-236. [3] Runcorn S. K. (1977) Proc. LSC 8th, 463-469. [4]
Russell C. T. et al. (1993) JGR, 98, 18681-18695.
FORMATION OF THE EARTH IN THE PRESENCE OF
JUPITER AND SA TURN. S. J. Kortenkamp and G. W. Wetherill,
Department of Terrestrial Magnetism, Carnegie Institution of
Washington, WashingtonDC20015, USA (kortenka@dtm.ciw.edu).
Recent discoveries of possible extrasolar giant planets orbiting
very close to their central stars [1] have revived discussion about the
origin and evolution of Jupiter and Saturn. One scenario, recently
revived by Boss [2], is that Jupiter and Saturn formed from gravita
tional instabilities in the cool outer regions of the early solar nebula.
Formation timescales for this process are -100 yr, with the giant
planets forming toward the end of the accretion of the Sun itself and
quite possibly prior to a quiescent stage of disk evolution during
which planetesimal formation is usually considered to occur. Gravi
tational interactions between the massive planets and the even more
massive gaseous disk then cause the planets to migrate toward the
Sun [3], presumably giving rise to the small orbits of the known
extrasolar giant planets.
Boss's disk models have led him to entertain the notion of a "best
of both worlds" scenario for planet formation, wherein Jupiter and
Saturn formed from GGPPs in the cool outer disk and the terrestrial
planets formed in the hot inner disk by the conventional method of
collisional accumulation of small planetesimals. If this is the case,
then formation of terrestrial planets and asteroids and formation of

gas giants, which have traditionally been modeled as separate pro
cesses, may have occured simultaneously and thus affected each
other.
The so-called "standard model" of terrestrial planet and asteroid
formation postulates that small micrometer-sized grains in the early
solar nebula coagulated into larger aggregates [4]. These macro
scopic particles further accumulated into planetesimals in the range
of tens of meters to a few kilometers, which are largely decoupled
from the gaseous nebula Gas drag then dissipated energy and angu
lar momentum, circularizing the orbits and reducing their mutual
inclinations while slowly causing them to decay toward the Sun. By
this process the planetesimals evolved on very nearly circular copla
nar orbits perturbed only by their mutual gravitational interactions.
After- lOS yr, collisional and orbital evolution resulted in the run
away growth of a few dozen Mercury- to Mars-sized planetary
embryos between 0.5 and 3 AU, each separated by about-0.05 AU
[5]. Models pertaining to the final stages of terrestrial planet forma
tion typically permit these embryos to evolve for 5-10 m.y. before
introducing Jupiter and Saturn and dissipating the gaseous nebula
[6]. The resulting simulated planetary systems have a number of
features in common with the terrestrial planets of our solar system,
but also demonstrate unsolved problems.
Here we address a variation in the standard model of terrestrial
planet and asteroid formation. Specifically, we investigate whether
the early formation of Jupiter and Saturn would help or hinder
formation of terrestrial planetary embryos in the inner solar system.
The distribution of encounter velocities is one of the key factors
that controls the rate of planetesimal growth. In this regard, the
gravitational influence of giant planets is important because of the
smooth secular perturbations that act on orbits at all semimajor axes.
Using a symplectic N-body integrator modified to account for gas
drag, we modeled the orbital evolution of planetesimals subject to
Jupiter and Saturn perturbations. For a given planetesimal density,
gas drag causes the orbits of smaller bodies to decay faster than those
of larger bodies. When a range of planetesimal sizes was studied [7],
we found that as the orbits of smaller bodies decay past the orbits of
larger bodies, the orbits of the two sets were not in phase; that is, they
did not evolve on coplanar concentric orbits. We studied planetesi
mals with radii in the range 0.1-1000 km (masses from 1013 to 1()25 g
with p = 3 g cm-3). We found the encounter velocities (Vr) of
planetesimals to be strongly dependent on their relative sizes. We
also found that the perturbations of Jupiter and Saturn are quite
sensitive to their initial semimajor axes and decrease when the
planets' heliocentric distances are increased to allow for protoplanet
migration. Perturbations from Jupiter in its present orbit at 5.2 AU
resulted in peak encounter velocities of Vr < 800 m s- 1 in the asteroid
belt and Vr < 170 m s-1 near 1 AU. In the asteroid belt, peak encounter
velocities dropped to Vr < 500 m s- 1 with Jupiter at 6.2 AU, to
vr < 190 m s-1 with Jupiter at 7.2 AU, and to Vr < 170 m s-1 with
Jupiter at 8.2 AU.
Gas dynamic modeling using these encounter velocities indicates
that formation of asteroids up to the size of Ceres is precluded unless
the semimajor axis of Jupiter was beyond -8 AU at that time and
migrated to its present position subsequent to asteroid formation. In
contrast, formation of terrestrial planet embryos within 1 AU of the
Sun does not seem to be seriously hindered by prior formation of
giant planets. It is possible, though not yet rigorously demonstrated,
that this could produce a depleted asteroid belt but permit formation
of a system of terrestrial planet embryos in <106 yr, initially by
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nonrunaway growth and transitioning to runaway growth after-IOS yr.
References: [1] Mayor M. and Queloz D. (1995) Nature, 378,
355-359; Marcy G. W. and Butler R. P. (1996) Astrophys. J. Lett.,
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Lett., 464, 153-156; Butler R. P. et al. (1997) Astrophys. J. Lett., 474,
115-118. [2] Boss A. P. (1996) Astrophys. J., 469, 906--920; Boss
A. P. (1997) Science, 276, 1836-1839; Boss A. P. (1998)Astrophys.
J., 503, 923-937. [3] Trilling D. E. et al. (1998) Astrophys. J., 500,
428-439. [4] Weidenschilling S. J. and Cuzzi J. N. (1993) in Pro
tostars and Planets Ill (E. H. Levy and J. I. Lunine, eds.), pp. 10311060, Univ. of Arizona, Tucson. [5] Wetherill G. W. and Stewart G.
R. (1993)Icarus, 106, 190-209; Kokubo E. andlda S. (1996)Icarus,
123, 180-191; Weidens�,li.lling S. J. et al. (1997) Icarus, 128, 429455. [6] Wetherill G. W. (1996) Icarus, 119, 219-238; Chambers 1.
E. and Wetherill G. W. (1998) Icarus, submitted. [7] Kortenkamp
S. J. and Wetherill G. W. (1998) LPS XXIX, Abstract #1616;
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TUNGSTEN ISOTOPES AND THE ORIGINS OF ENSTA
TITE CHONDRITES AND THE EARTH. D-C. Lee1 and A. N.
Halliday2, 1 Department of Geological Sciences, University of
Michigan, Ann Arbor MI 48109, USA (dclee@umich.edu),
2Department of Earth Sciences, Eidgenossische Technische
Hochschule, CH-8092, Ziirich, Switzerland (halliday@erdw.ethz.ch).
Enstatite chondrites are highly reduced and this has led scientists
to believe that they might have formed from an accretionary feeding
zone located relatively close to the Sun. Enstatite chondrites have
also been linked with the origin of the Earth because of their similar
ity in O-isotopic compositions [1]. It is, therefore, of interest to study
enstatite chondrites with the newly developed Hf-W-isotopic system
to test if such an inferred genetic relationship is warranted. Despite
a large Hf-W, the silicate Earth yields a W-isotopic composition
identical to that of carbonaceous chondrites, implying that the Earth's
core did not form until �0 m.y. after the formation of the solar
system, or that the Earth's accretion was slower than previously
thought [2,3). The fact that the W-isotopic compositions of the
silicate Earth and carbonaceous chondrites are identical provides
evidence that the bulk Earth must have accreted from materials with,
on average, chondritic Hf-W. However, it is important to know if
other classes of chondrites, in particular the enstatite chondrites,
have the correct W-isotopic compositions to provide an appropriate
source for the materials in the Earth.
Four enstatite chondrites, Abee (EH4), Indarch (EH4), Hvittis
(EL6), and ALHA81021 (EL6), have been analyzed in this study. In
an attempt to test if we can also resolve internal isochrons, we have
analyzed magnetic (largelymetal) and nonmagnetic (largely silicate)
fractions that were physically separated with a hand magnet in addi
tion to whole rocks. In addition to bulk metal measurements, a
portion of the metal separate from each sample was treated with hot
6N HCl until most of the metal was dissolved. This solution was then
decanted from the residue (containing minor undissolved silicates),
which then underwent additional treatment to achieve complete
dissolution. These fractions are referred to as metal leachates and
metal residues.
It is found that, in general terms, the phases with higher Hf-W
exhibit more radiogenic W. Furthermore, on a plot of 182W/ 1 84W vs.
180 Hf1 184W, the metals, metal leachates, and metal residues for all

four enstatite chondrites are collinear with the metals, metal leachates,
metal residues, mechanically separated silicates, and whole-rock Hf
W data for ordinary and carbonaceous chondrites [4,5]. The slope
corresponds to a 1 82Hf/180Hf of (1.83 ± 0.39) x 1Q-4, consistent with
the data for the H4 chondrite Forest Vale and a differentiation age of
afew million years after the start of the solar system [4,5). However,
the mechanically separated silicate fractions from all of the enstatite
chondrites define a line of very different slope, offset from the
extension of the metal isochron. All the nonmagnetic fractions of
enstatite chondrites lie on a line that intercepts the bulk carbonaceous
chondrite data, but with a shallower slope corresponding to a 18 2Hf/
1 80 Hf of (6.3 ± 1.2) x 10-5 . The most straightforward explanation for
this result is that both the metals and the silicate fractions differen
tiated from a reservoir with a W-isotopic composition and Hf-W
identical to that of carbonaceous chondrites, but that they did so at
different times. The silicates appear to have differentiated as late as
-20 m.y. after the start of the solar system. An alternative explanation
to consider is that the W in the silicate fractions isotopically ex
changed with another unknown reservoir of W after formation of the
enstatite chondrite material in its parent body and that this open
system process selectively lowered the 182W/18 4W of the silicates.
However, this hypothetical reservoir is not sampled by the meteorites
themselves, nor is it likely that such a process would yield such
consistent compositions and collinearity with the data for bulk car
bonaceous chondrites. Therefore, we prefer the explanation that the
enstatite chondrites represent mixtures of silicate and metal that
differentiated from chondritic protoliths separately and at distinct
times. How these components were then juxtaposed is currently
unclear. The net result is that all of the enstatite chondrite whole-rock
W-isotopic compositions are anomalously unradiogenic (-1.5 to
-2.0 Ew units) compared with carbonaceous and ordinary chon
drites. Not only is the resultant mixture very different from other
chondrites, it is also distinct from the silicate Earth. Thesedata would
appear to be inconsistent with models for the formation of the Earth
from enstatite chondrite materials as sometimes inferred on the basis
of O-isotopic data.
References: [1] Clayton R. N. (1993) Annu. Rev. Earth Planet.
Sci., 21, 115-149. [2] Halliday A.N. et al. (1996) EPSL, 142, 15-89.
[3) Lee D-C. and Halliday A. N. (1995) Nature, 378, 771-774.
[4) Lee D-C. and Halliday A. N. (1996) Science, 274, 1876-1879.
[5] Lee D-C. and Halliday A. N. (1998) Mineral. Mag., 62A, 868869.
ELEMENT PARTITIONING CONSTRAINTS ON FOR
MATION AND COMPOSITION OF THE EARTH'S CORE.
J. Li 1, C. B. Agee2, and Y. Fei l, 1Geophysical Laboratory, Carnegie
Institution of Washington, 5251 Broad Branch Road, NW,
Washington DC 20015, USA (jieli@gl.ciw.edu), 2NASA Johnson
Space Center, 2101 NASA Road 1, Houston TX 77058, USA.
Introduction: Element partitioning study provides a number
of constraints on the formation and composition of the core. First,
partitioning of siderophile elements between the core and mantle
should explain the "excess" siderophile elements in the mantle [1].
Second, partitioning of light element(s) between the core and mantle
should supply the core with the right amount of light element(s) to
account for the density deficit in the core [2]. Third, partitioning of
light element(s) between the inner and outer core should be consis-
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tent with the observed difference in density deficits (relative to pure
Fe) between these two reservoirs [3].
In this study, high-pressme and high-temperature experiments
have been conducted to investigate the pressure, temperature, and
composition effects on partitioning of siderophile elements Ni and
Co between core-forming Fe alloy and mantle silicate melt and
minerals, partitioning of light elements S, 0, and Si between core
formingFe alloy and mantle silicate melt and minerals, and partition
ing of light elements S and C between solid and liquid Fe. The
implications ofthese results for mechanism ofcore formation and the
composition of the core are discussed.
Experiments and Analyses: Two sets of experiments have
been carried out In one set, the starting material was finely ground
Allende (CV3) or finely abraded Homestead (LS). Capsules were
made ofMgO, C, or Al 203 . In the other set, starting material was Fe
mixed with FeS or Fe mixed with FeS and C. Capsules were made of
MgO. Details on experiments are found in Agee et al. [4]. Experi
mental products were analyzed by electron microprobe. Details on
analyses are found in Li [5].
Results and Discussion: Results from the first set of experi
ments show that Ni and Co become less siderophile with increasing
pressure and temperatlll'e. The effects of pressme and temperature
are more pronounced for Ni than for Co, so that the partition coeffi
cients of Ni and Co converge at high pressme and high temperature.
Partition coefficients ofNi and Co between liquid Fe alloy and liquid
silicate become essentially equivalent at an extrapolated liquidus
pressure and temperature of -24 GPa and -2400° C. The observed
high abundances and near-chondritic ratio ofNi and Co in the Earth's
upper mantle are therefore consistent with chemical equilibrium
between liquid Fe alloy and liquid silicate near the upper and lower
mantle boundary.
These experiments also show that S has a strong affinity for liquid
Fe alloy. The partition coefficient of S between liquid Fe alloy and
liquid silicate increases with pressure and decreases with tempera
ture. By extrapolation, the partition coefficient of S between liquid
Fe alloy and liquid silicate is -530 at the proposed pressure and
temperature ofcore-mantle equilibrium during early differentiation.
If the present S content of the mantle was established by equilibrium
core formation, then the core should have -13 wt% S. In contrast,
under all experimental conditions, no more than -1 wt% 0 and
-0.1 wt% Si were dissolved in liquid Fe alloy. Moreover, pressure
and temperature have little effect on partitioning ofO and Si between
Fe alloy and liquid silicate. The highly lithophile nature of O and Si
combined with the highly siderophile nature ofS during core-mantle
differentiation suggests that S remains the most plausible candidate
for the principle light element in the core.
Preliminary results from the second set of experiments show that
at a constant temperature of 1200°C up to 14 GPa, no more than
0.2 wt% S is dissolved in solid Fe. However, nearly 0.5 wt% S is
found in solid Fe at 25GPa Moreover, the amount of S dissolved in
solid Fe increases slightly with temperatlll'e. Therefore, at the pres
sure and temperature near the inner-outer core boundary, a consid
erable amount ofSmay dissolve in solidFe. By comparing partitioning
of S between solid and liquid Fe with a difference in density deficit
between the two, it can be tested whether S alone can account for the
density deficits in both reservoirs. Additional experiments are under
way to incorporate C into the system.
Conclusions: High-pressure and high-temperature experiments
reveal significant and complex effects ofpressure and temperature on
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element partitioning between phases that are involved in core-mantle
and inner-outer differentiation. Based on these data, the estimated
abundances of Ni and Co in the Earth's upper mantle are best
explained by equilibrium core-mantle differentiation in a deep magma
ocean. The observed density deficit in the core is most consistent with
S being the dominant light element. Whether S alone can account for
the density deficit in the core is further tested against the additional
constraint from the difference in density deficit between the inner and
outer core.
References: [1] BirchF. (1952)JGR, 57, 227-286. [2] Jephcoat
A. and Olson P. (1987) Nature, 325, 332-335. [3] Jones J. H. and
Drake M. J. (1986) Nature, 322, 221-228. [4] Agee C. B. et al.
(1994) JGR, 17725-17740. [5] Li J. (1998) Ph.D. thesis, Harvard
Univ.
THE DYNAMICAL EVOLUTION OF THE EARIB-MOON
PROGENITORS: I. MOTIVATION AND METHODOL
OGY. J. J. Lissauerl , E. Rivera2, M. J. Duncan3, andH.F. Levison4,
1NASA Ames Research Center, Moffett Field CA 94035, USA
(lissauer@ringside.arc.nasagov), 2Department of Physics and As
tronomy, State University ofNew York at Stony Brook, Stony Brook
NY 11794, USA (rivera@epimethius.arc.nasagov), 3Department
of Physics, Queen's University, Kingston ON K7L 3N6, Canada
(duncan@astro.queensu.ca), 4Space ScienceDepartment, Southwest
Research Institute, BoulderCO 80302, USA (hal@gort.space.swri.edu).
The giant impact hypothesis was introduced in the mid-1970s
[1,2] after consideration of results from the Apollo missions. This
hypothesis best explains the similarity in elemental proportions in
lunar and terrestrial rocks, the depletion oflunar volatiles, the lack of
lunarFe, and the large angular momentum in the Earth-Moon system.
Comparison between the radiometric ages of inclusions in the
most primitive meteorites and in the oldest lunar rocks [3] and the
differentiation age ofEarth [4] suggests that the Earth-Moon system
formed -100 m. y. after the oldest meteorites. In addition, the age of
the famous martian meteorite ALH 84001 [5] and an early martian
solidification time obtained by Lee andHalliday [6] suggest that the
inner solar system was fairly clear of large bodies -10 m.y. after the
oldest meteorites formed. Thus, the "standard model" suggests that
for several tens of millions of years, the terrestrial planet region had
few, ifany, lunar-sized bodies, and there were five terrestrial planets:
Mercury, Venus, the two progenitors ofthe Earth-Moon system, and
Mars.
To simulate the dynamics of the solar system before the hypothe
sized Moon-forming impact, we are integrating the solar system with
the Earth-Moon system replaced by two bodies in heliocentric orbits
between Venus and Mars. The total (orbital) angular momentum of
the Earth-Moon progenitors is that of the present Earth-Moon sys
tem, and their total mass is that of the Earth-Moon system. We are
looking at ranges in mass ratio and initial values for eccentricity,
inclination, and semimajor axis. We are using the SYMBA integrator
[7] to integrate these systems until a collision occurs or a time of
200 m.y. elapses. Results are presented in a companion abstract [8].
References: [l]HartmannW.K. andDavisD.R.(1975)lcarus,
24, 504-515. [2] Cameron A.G. W. and Ward W.R. (1976) Proc.
Lunar Planet. Sci. Conf 7th, 120-122. [3] Halliday A. N. et al.
(1996) EPSL, 142, 75-89. [4] WasserburgG. J. et al. (1977) Philos.
Trans. R. Soc. Lond., 285, 7-22. [5] Nyquist L. E. et al. (1995) LPS
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XX.VI, 1065-1066. [6] Lee D-C. and Halliday A. N. (1997) LPS
XX.VIII, 795. [7] Duncan M. J. et al. (1998) Astron. J., in press.
[8] Rivera E. et al., this volume.
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A PROGRADE GRAVITATIONAL CAPTURE MODEL
FOR THE ORIGIN OF THE EARTH-MOON SYSTEM: IS
IT COMPATIBLE WITH THE ROCK RECORDS OF THE
EARTH AND MOON? R. J. Malcuit 1 and R. R. Winters2,
1 Department of Geology and Geography, Denison University,
Granville OH 43023, USA, 2Department of Physics and Astronomy,
Denison University, Granville OH 43023, USA.

ENDOGENIC ACTIVITY OF THE EARTH AND MOON.
A. A. Marakushev, Institute of Geology of Ore Deposits, Petrography,
Mineralogy, and Geochemistry, Russian Academy of Sciences,
Staromonetny per. 35, Moscow 109017, Russia (marakush@igem.
msk.su).

Regardless of one's favorite model for the origin of the Earth
Moon system, the early history of lunar orbital evolution would
produce significant thermal and tidal effects on both interacting
bodies. Three lunar origin models (fission, co-formation, and giant
impact) feature a circular orbit that undergoes a progressive increase
in orbital radius from the time of origin to the present. In contrast, a
gravitational capture model [1,2] places the Moon in an elliptical
orbit undergoing progressive circularization from the time of capture
(for model purposes -3.9 Ma) for at least a few hundred million years
following the capture event. Once the orbit is circularized, the tidal
history for a gravitational capture scenario is similar to that for other
models of lunar origin and features a progressive increase in orbital
radius to the present. This elliptical orbit phase, if it occurred, should
have left a distinctive signature in the terrestrial and lunar rock
records.
A typical numerical simulation of a coplanar, three-body stable
prograde capture scenario features an initial close encounter at-1.43
Earth radii and dissipation of sufficient energy (from 1 to 2 x 10 2s J,
depending on the heliocentric orbital configuration at the time of the
encounter) for capture of a lunarlike (lunar mass and density) plan
etoid into an elliptical orbit of -183 Earth radii and eccentricity of
-0.81. This orbit then undergoes a progressive circularization due to
tidal energy dissipation within the two interacting bodies. Numerical
simulation of the postcapture orbit evolution suggests a timescale for
orbit circularization of -1 b.y. for a range of reasonable postcapture
body deformation and energy-dissipation parameters. If a lunarlike
planetoid is captured into an orbit with the above dimensions, then
the prograde angular momentum of the lunar orbit and the prograde
rotational angular momentum of a 10 hr/day Earth equals the angular
momentum of the Earth-Moon system.
The predictable terrestrial depositional features are tidal and
subtidal zone sediments recording abnormally high, but progres
sively decreasing, ocean tidal amplitudes and ranges between 3.9 and
3.0 Ga Candidates for recording such information are the Onverwacht,
Fig Tree, and Moodies Groups of South Africa and the Warrawoona
and Fortescue Groups of Western Australia
Since more than 90% of the energy for tidal capture must be
dissipated within the body of the encountering planetoid, it is predict
able that the Moon would undergo severe heating, crustal disruption,
and major episodes of basaltic magmatism at -3.9 Ga as it experi
ences repeated tidal oscillations of a few hundred meters orbit after
orbit following the capture event. Although the thermal regime of the
planet would not be greatly affected by the capture sequence of
events, the repeated 10-20-km tidal amplitudes would tend to dis
rupt severely any precapture (primitive) crust, especially in the equa
torial zone.

The endogenic activity of the Earth and Moon is created by the H
fluid flows that ascends from their liquid cores and generates mag
netic fields. In these flows, the generation of water together with
hydrocarbons (3H2 + CO= CH4 + H20), carbon (H2 + CO= C +
H20), carbon dioxide (H2 + 3CO= C + CO2 + H20), and nitrogen
(2H2 + 2NO= N 2 + 2H20) occurs. Water in fluids strongly lowers the
melting temperature of rocks and thereby initiates magmatic activity
and, making it to the surface, aids the generation of Earth's hydro
sphere and aqueous ice covers of satellites. The endogenic activity of
a planet or satellite stops after its complete consolidation; this occurs
simultaneously with the disappearing of the magnetic field.
Endogenic activity of the Earth continued for -4.6 m.y. because
of the existence of a liquid core rich with H. The other planets of the
Earth's group lost their endogenic activity as well as magnetic fields
due to complete consolidation.
The Moon is the oldest known of the solar system bodies. Volca
nic activity occurred on the Moon at 4.6-3.2 Ga when it had a strong
magnetic field, which is thought to be responsible for residual mag
netization inherent in the samples. By analogy to the Moon, whose
activity has been supplied by its fluid reservoir for -1.5 m.y., the
current volcanic activity on Jupiter's satellite Io (analogous to the
Moon) suggest that Jupiter's satellite system is relatively young. This
is confirmed by discoveries of the magnetic fields of Io, Europa, and
Ganymede. However, Callisto is completely consolidated and has
lost its magnetic field. The endogenic activity resulted in explosive
volcanism on Io and in the formation of aqueous ice covers onEuropa
and Ganymede. The ice cover ofEuropa is still forming.judging from
the lack of meteoritic craters on its surface.
Despite the enormous age difference, Io and the Moon are nearly
identical in size, density, and relation to the parent planets. In addi
tion, the Earth and Fe-silicate core of Jupiter are also closely allied.
They produce similar magnetic fields and bear similarities in density
(4.5 g/cm3) recalculated to zero pressure. The satellites regularly
decrease outward in density and dimensionless parameter of internal
structure [1,2] (figures in brackets): Io= 3.53 (0.38), the Moon=
3.34 (0.39), Europa= 3.03 (0.35), Ganymede= 1.94 (0.31), Cal
listo= 1.8.
Reasonable consistency between the Moon, Earth system and Io,
and the Fe-silicate core of Jupiter indicates that they share common
origins [3]. In a similar way as the core of Jupiter, the Earth was first
isolated from its parent protoplanet as a heavy liquid core due to H
Fe-silicate liquid immiscibility. Separation of the core was accompa
nied by formation of the rapidly rotating fluid envelope. Under
centrifugal forces, drops of fluid-silicate melts ejected from the
gigantic envelope at different distances to form a satellite system in
which the Moon's position was similar to Io's. The relation between
gravitational and centrifugal forces determined Fe-silicate distribu
tion among the heavy core and the lighter satellites. The satellites, on
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separation from their parent planet as molten fluid-silicate masses,
consolidated rapidly from the surface, gaining endogenic activity as
a result of the increase of fluid pressure in their interiors. The
insufficiently consolidated satellites were then subjected to explo
sive disruption, giving rise to meteorites of planetocentric type. It is
precisely this type of meteorite that is responsible for abundant
craters on the surface of satellites and their fragments.
At the time of the Sun's maximum activity, the Earth parent
protoplanet suffered surface outgassing and lost its fluid envelope
and all of its satellite system except the Moon. As a result of outgas
sing, the Earth came into being as an iron-stony planet. Disrupted
satellites surrounding Earth in the past, but not the Moon itself,
provided a source of lunar meteorites collected in Antarctica.
Because the Earth's rock-Fe layering occurred under a high H
envelope pressure, its Fe-liquid core accumulated significantH. This
provides an explanation of the Earth's long-term endogenic activity.
The proposed model gives the mechanism of concentration of H
in the liquid-Fe Earth's core that cannot be explained with traditional
models [4--6].
References: [1] Anderson J. D. et al. (1995) Science, 272, 709.
[2] Anderson J. D. et al. (1996) Nature, 387, 541. [3] Marakushev
A. A. (1992) The Origin and Evolution of the Earth and Other
Planets of the Solar System, 205, Moscow. [4] Stevenson D. J.
(1981) Science, 214, 611. [5] Badding J. V. et al. (1991) Science,
253, 421. [6] Okucki T. (1997) Science, 278, 1781.
NITROGEN IN THE EARIB'S MANTLE: INFERENCES
FROM A COMPREHENSIVE STUDY OF THE MANTLE
DERIVED MA TERIALS. R. K. Mohapatra and S. V. S. Murty,
Physical Research Laboratory, Ahmedabad 380009, India (ratan@
prl.emet.in).
Knowledge of the N-isotopic systematics of the mantle is crucial
to understanding the terrestrial N inventory as well as its evolution
in the atmosphere. We carried out a coupledN and noble-gas isotopic
study on a variety of mantle-derived materials (diamonds, oceanic
basalts, and ultramafic inclusions), with the aim ofbetter understand
ing the mantle N-isotopic systematics. The experiments involved
stepwise pyrolysis or combustion of the samples followed by a
simultaneous N- and noble-gas isotopic analysis [1].
Results and Discussion: The present data show a wide varia
tion in the 615N (-15%0 to +15%0) of these samples, while their
accompanying noble-gas signatures are similar to that of the mantle
[2], revealing the heterogeneity of the mantle N. Use of a coupled N
and Ar system (Fig. 1) further reveals that the N- and Ar-isotopic
signatures of most of the mantle-derived materials can be explained
by the involvement of three end members: the pristine mantle, re
cycled materials, and air-saturated water (ASW) [3]. As shown in
Fig. 1, it is possible to assess the contributions from these end
members for the oceanic basalts and the ultramafic inclusions of the
Phanerozoic. For diamonds, however, such an analysis is not pos
sible because of the fact that the N and Ar signatures of the end
members cannot be ascertained [1]. Moreover, for the diamonds, the
N/Ar ratios of the samples may not be the same as that in the source
mantle, because of the different incorporation mechanism for N and
Ar. From the present study, N in the mantle appears to be isotopically
light. However, a comparison of the N-isotopic signatures from the
different samples (diamonds and the MORBs) shows a temporal
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systematics of the oceanic basalts and the

evolution of the mantle N toward a heavier N-isotopic composition
[1]. Such an evolutionary trend of the mantle N can be attributed to
the involvement of recycled N.
References: [1) MohapatraR. K. (1998) Ph.D. thesis. [2] Marty
B. andHumbertF. (1997) EPSL, 152, 101-112. [3] MohapatraR. K.
and Murty S. V. S. (1998) Chef1!. Geol., submitted.
CLUES TO THE HADEAN ENVIRONMENT IN THE
CHEMISTRY OF ANCIENT(4270-3900Ma) TERRESTRIAL
ZIRCONS. S. J. Mojzsis, Department of Earth and Space Sciences,
University of California, Los Angeles CA 90024-1567, USA.
A number of studies of the isotopic record of planetary evolution
on Earth point to rapid planetary accretion, core formation, and the
differentiation of some incompatible-element rich crust at an early
stage. Trace-element distributions in zircon crystals, such as REE,
Sc, and Lu vs. Hf reflect the evolution and bulk-geochemical char
acteristics of the parent melts [1,2). Detrital zircon populations with
ages between 3900 and 4270 Ma from the early Archean quartzites
of the Narryer Gneiss Complex in Western Australia are the oldest
known terrestrial materials [3,4]. Based on their various ages, com
positions, grain morphologies, and inclusion mineralogy [5), it is
argued that they represent a record of granitoid magmatism occurring
within -250 m. y. after the formation the planet (Fig. 1 ). Although the
early Earth experienced episodes of intensive bolide impacts in the
time period 4500-4000 Ma as recorded on the Moon, the composi
tions of these ancient zircons precludes a meteoritic origin [6,7]; they
are probably terrestrial minerals (Fig. 2).
The formation of continental crust appears to be a feature unique
to the geology of Earth. A sequence of events, beginning with water
introduced to the shallow mantle environment by subduction of
hydrated oceanic crust, seems necessary for the production of grani
toid melts in an arc environment, ultimately leading to the formation
of the continental crust [8]. An ocean of liquid water is the simplest
explanation for the production of zircons of granitic provenance at
ca. 4300 Ma and later. Life may have originated during the time
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References: [1] Murali A.V. et al. (1983) GCA, 47, 20472052. [2] Heaman et al. (1990) GCA, 54, 1597-1607. [3] Froude
D. 0. et al. (1983) Nature, 304, 616-618. [4] Compston W. and
PidgeonR. T. (1986)Nature, 321, 766-769. [5]MaasR.et al. (1992)
GCA, 56, 1281-1300.[6] Ireland T.R. andWlotzkaF.(1992)EPSL,
109, 1-10. [7] Hinton R. W. and Meyer C. (1991) LPS XXll, 575576. [8] Campbell I. H. and Taylor S. R. (1983) GRL, JO, 10611064. [9] Mojzsis S. J. et al. (1998) in RNA World 11, Cold Spring
Harbor Press.

COACCRETIONAL EVOLUTION OF A PLANET-SATEL
LITE SYSTEM. R. Morishima and S. Watanabe, Department of
Earth and Planetary Sciences, Nagoya University, Nagoya, Aichi
464, Japan.
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period 4300-3900 Ma (Hadean) in protected environments such as
evaporative water bodies in regolith, and/or in hydrothermal systems
where the concentration and polymerization of biochemically impor
tant molecules could occur [9].
Since the conditions and the timing for the emergence of life are
unknown, it is important to make use of what geochemical records
can be gleaned from the Hadean, in order to make some general
deductions about conditions at the surface.Liquid water is necessary
for the origin and propagation of life; based on this hypothesis and
possible evidence from these zircons for a hydrosphere at -4300 Ma,
some implications for early life environments are addressed.

Fundamental dynamical constraints for the origin of theMoon are
the large mass ratio of the Moon to the Earth (1/80) and the large
angular momentum of the Earth-Moon system. The large angular
momentum has been explained only by the giant impact model.
Ohtsuki and Ida (1998), however, showed that planetary spin angular
momentum supplied from planetesimals with gaps around planetary
orbits (wherein random velocity is much lower than the escape
velocity of the planet) is comparable to the Earth-Moon system. And
the mass ratio of the Moon is too large to be explained by the giant
impact model (Ida et al., 1997).
From these results, we investigate the coaccretion process of a
planet-satellite system under the swarm of planetesimals with some
specific random velocity dispersion to clarify the condition in which
the satellite embryos could have grown as large as the presentMoon.
We examine the evolution of the mass ratio of the satellite relative to
the planet and the semimajor axis of the satellite by evaluating the
planetesimal accretion rate of mass and geocentric orbital angular
momentum to the satellite using the three-body numerical simulation
under the Hill coordinates. The mass accretion rate of the satellite is
enhanced by gravitational focusing of the planet. The mass ratio of
the small satellite increases with growth while the mass ratio of the
large satellite decreases. This is because smaller satellites have larger
cross sections relative to their mass ratio. Accretional torque drives
the satellite to spiral into the planet, but tidal torque prevents it if the
planetary spin is fast enough.As a result, we find there exists a stable
equilibrium point in the semimajor axis vs. mass-ratio plane. When
the relative strength of the tidal torque becomes weaker, the equilib
rium point moves to higher mass ratio and lower semimajor axis.
It is difficult for the mass ratio of the equilibrium point applied
standard value for the parameters to exceed the mass ratio of the
Moon in the circumstances shown by Ohtsuki and Ida (1998), in
which the random velocity of accreted planetesimals is lower. If the
product of quality factor relative to that of the present Earth and
column density of planetesimals relative to the minimum-mass model
of solar nebula are -1Q2x larger, it is possible to exceed the mass ratio
of the Moon.When the random velocity of the planetesimal is larger
than about a half of the escape velocity of the planet, the mass ratio
of the equilibrium point always exceeds the mass ratio of the Moon
while the angular momentum supplied form such planetesimals is
nearly zero. If the planet-satellite system with the large angular
momentum is formed by the giant impact in the middle of the
planetary accretion, the satellite can grow as large as the Moon.
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an approach velocity of 30 km/s, the impact energy would be about
5 x 1026 J. Hence the physical considerations will not differ much
from the Kif impact, and a precise computation should be feasible.
For the body to deliver Venus' abundance ofNe, -1015 kg, its Ne/Si
ratio would have to be 10% of the Sun's.
A correct detailing of such an energetic impact requires careful
attention to phase transitions. We are applying a Los Alamos code
known as MFICE, which offers important multiphase and multifluid
capabilities. This code enables us to explore separately the evolution
of the vaporized rock and volatile inventories of the bolide. Another
issue is the equation-of-state for the vapor plume [10], where lower
energies prevail, hence possibly requiring a hybrid equation of state
that will be more reliable at lower energies.
The 5 x 1026 J impact is minimal to explaining the Venus Ar
abundance.Understanding much greater impacts is desirable for the
problems of atmospheric accretion and erosion. A 106 Kif event 5 x 1029J -appears feasible with our current code, and approaches
the crossover between accretion and erosion (11].
References: [1] Stevenson D. J. et al. (1983) Icarus, 54, 466489. [2] Kaula W. M. (1990) Origin of the Earth, pp. 45-57, LPI,
Houston. [3]Goldreich P. and Peale S. J. (1970)Astron. J., 75, 273284. [4]Cameron A.G. W. (1983) Icarus, 56, 195-201. [5] Owen
T. et al. (1992) Nature, 358, 43-46. [6] Kaula W. M. (1995) AIP
Conf Proc., 341, 139-142. [7] Newman W. I. et al. (1998) Icarus,
in press. [SJ Melosh H. J. and Pierazzo E. (1997) LPS XX.VIII, 935936. [9] Vickery A. M. and Melosh H.J. (1990) GSA Spec. Paper,
289-300. [10] Pierazzo E. and Crawford D. A. (1998) LPS XX.IX.
[11] ChenG. Q. and Ahrens T. J. (1997) Phys. Earth Planet. Inter.,
JOO, 21-26.

Introduction: Most of the marked differences in Venus from
Earth can be attributed to evolutionary circumstances, particularly
those arising from a deficiency of water in Venus' outer layers. But
three major differences depend on circumstances of origin: (1) the
absence of a magnetic field; (2) the retrograde spin and, thence, no
satellite; and (3) the greater abundance of primordial inert gases.
The absence of a magnetic field is apparently due to Venus being
sufficiently smaller than Earth; as a result, it does not have a solidi
fying inner core as the energy source for a dynamo [1]. The close to
180° retrograde spin plausibly arose from an initial retrograde spin
of higher obliquity [2], as well as the driving of the spin to aCassini
state by dissipation [3].
The excesses of Venus over Earth by a factor of 4 or so of Xe and
Kr plausibly arose from the Earth receiving by far the larger impact
during accretion [4]. But the much larger excesses of Ne and Ar
suggest a unique event: the impact into Venus of an icy large body
from far out in the solar system [5]. Until recently, this hypothesis
was thought to be physically unfeasible because of the near-impos
sibility ofreducing approach velocities appreciably [6]. This discus
sion will focus on new developments in large impact simulation that
change this perception.
Simulations of Large Impacts into Atmospheres: Recent
computations ofa Kif-sized impact (5 x 1()23J) obtain the result that
only a small fraction of the bolide -about 7% -is ejected back into
space (7,8]. Previously, momentum transfer arguments implied that
"hemispheric blowoff' would occur [9]. The new hydrodynamic
calculations, however, showed that impact events -at least those up TUNGSTEN-HAFNIUM-ISOTOPIC ABUNDANCES AND
to 1Ox Kif on Earth -would not remove significant existing atmos THE EARLY ORIGIN OF THE EARTH. H. E. Newsom and
pheric gases, but would instead enrich it with materials contained in C. K. Shearer, Department of Earth and Planetary Sciences, Institute
the bolide. The 2-order of magnitude greater density of the Venus of Meteoritics, University ofNew Mexico, Albuquerque NM 87131,
atmosphere indicates that impacts up to 1OOOx Kif would continue USA (newsom@unm.edu).
to enrich Venus.
The physical picture that emerges from these modelings is as
Introduction: Constraints on the timing of the origin of the
follows: (1) The bolide enters the atmosphere, heating, compress Earth and Moon come from important new data on the isotopic
ing, and accelerating the atmospheric gases ahead if it. However, abundance of 182W, which forms by the decay of 182Hf (half-life of
only a few percent of the kinetic energy is transferred to the atmos -9 m.y.) [1-3]. In the case of Earth, the 18 2W/ 184W ratio is chondritic
phere. (2) The bolide strikes the solid planet, creating a crater, across [1], while the ratio in lunar samples is variable [3]. The chondritic
which the bolide is distorted into a pancake-shaped lining. Much of ratios in Earth can be interpreted in terms of different Earth formation
the energy goes into vaporizing bolide and target material. (3) A models. A simple equilibrium model, or a continuous accretion and
vapor plume arises in which the flow takes the path ofleast resistance, equilibration model require a relatively late origin of the Earth, after
rising through a column of diameter only about 1tx the scale height the end of the solar nebula phase (10 m.y.). On the other hand, a
of the atmosphere. Only a minor portion of the vapor escapes out the heterogeneous accretion model, presented here, is consistent with
top of the column; most of it falls back into the atmosphere. (4) Solid both an early origin of Earth and a giant impact origin for the Moon.
and molten ejecta from the crater pass through the atmosphere,
The assumption of an equilibrium core formation process in the
transferring their momentum through air drag. In phase 2, the bolide Earth implies that core formation occurred at least 52 m.y. after the
material becomes thoroughly commingled with the target material, formation of the solar system, after most of the 18 2Hf had decayed
thus facilitating delivery of compositionally different material, in [1,3]. The lunar sample data suggest that lunar origin occurred 53 ±
cluding entrained volatiles.
4 m.y. after solar-system formation [3]. The late W-Hf age constraint
These results revive the hypothesis ofdelivery of Venus' 36+38Ar for lunar origin is consistent with a connection between the origin of
excess by an icy body from far out in the solar system [5]. Venus' the Moon and the late events (probably giant impacts) needed to
primordial Ar excess, relative to Earth, is about 10 16 kg. An ice/rock explain the chondritic W-isotopic ratio in the Earth.
body of2.0 Mg!m3 density,C/H ofln, solar Ar/Si, and 10 16 kg of Ar
The heterogeneous accretion theory for the Earth involves the
would have a mass of about 10 18 kg and a diameter of 100 km. With accretion of the bulk of the Earth (80-90%) during a first stage, with
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core formation occurring under very reducing conditions [4). The
isotopic constraints are satisfied if the tiny amount of highly radio
genie W produced in the mantle following early core formation is
removed by a continuous small amount of core formation until just
before the beginning of the second stage of accretion. During the
second stage of accretion (10-20%), under less reducing conditions,
the bulk of the W now in the mantle is accreted. Because the second
stage completes 99% of the accretion of the Earth, the Hf-W system
dates the end of accretion and the final homogenization of the Earth.
The W isotopes are not affected by a possible "late veneer," because
the amount of W contributed will be <17% of the W in the mantle,
assuming a maximum size for the late veneer of 1 wt%. Other factors
lessening the amount of late W removal required include the timing
of the original core formation event, and possible core-mantle equili
bration. For example, if the Earth's core formed 9 m.y. after the
carbonaceous chondrites, the initial radiogenic EW-isotopic signa
ture will be reduced by half. Another process that has a similar effect
is the possibility of exchange of W between the mantle and core,
which will drop the mantle end member to lower EW values. The
exchange of 50% of the W in the mantle with near-chondritic EW
from the mantle has the same effect as forming the Earth one half-life
later.
The moderately siderophile elements in the second stage may
have accreted to the Earth from the impactor that was associated with
the formation of the Moon [5], or with even later events [6]. The W
isotopic data in the Earth and Moon would be satisfied if the impact
occurred >50 m.y. after most of the Earth formed, and the impactor
was undifferentiated, or more likely, if the collision resulted in
homogenization of the second-stage material contributed to the Earth's
mantle. Giant impacts, such as the event associated with the forma
tion of the Moon [5,6], are the best explanation for the late events
possibly reflected in the W-Hf-isotopic systematics of the Earth and
Moon.
The latest models for the giant impact origin of the Moon require
the impact to occur when the proto-Earth is only 60-70% of its
current mass [6]. A low initial mass is needed to avoid ending up with
too much angular momentum in the Earth-Moon system. The low
initial mass implies that substantial accretion or additional giant
impacts occurred on the Earth after the formation of the Moon. In this
case, the late depletion of W required in our model (and possibly
core-mantle exchange of W) could have occurred during the impact
that led to the origin of the Moon at 56 ± 10 m.y., or after the
formation of the Moon. If this second-stage accretion event occurred
after the giant impact and involved smaller or undifferentiated ob
jects, the need for a chondritic W-isotopic component in the Earth
could be satisfied.
We conclude that the heterogeneous accretion model is consistent
with the W-isotopic data and recent models for early solar system
evolution by planetesimal accretion [6,7]. The W-isotopic data are
also consistent with the role of giant impacts in the late origin of the
Moon. It is further possible that even later impacts resulted in the
accretion to the Earth of material with a chondritic W-isotopic
signature.
References: [1] Halliday et al. (1996) EPSL, 142, 75. [2] Lee
and Halliday, Nature, 388, 854. [3] Lee et al. (1997) Science, 278,
1098-1133. [4] Newsom (1990) in Origin of the Earth, p. 273,
Oxford [5] O'Neill (1991) GCA, 55, 1159. (6) Cameron and Canup
(1998) LPS XX.IX, Abstract# 1062. (7) Wetherill and Stewart (1993)
lcarus, 106, 190.

VOLATll..E- AND SIDEROPHILE-ELEMENT DEPLETION
BY IMPACT PROCESSING OF CHONDRITIC PLANETE
SIMALS. M. D. Norman, ARC National Key Centre for Geo
chemical Evolution and Metallogeny of Continents, School of Earth
Sciences, Macquarie University, North Ryde NSW 2109, Australia
(marc.norman@mq.edu.au).
Introduction: The L-chondrite parent body suffered a mas
sive, possibly catastrophic impact event at-0.5 Ga, producing achon
dritic impact melt from achondritic precursor (1). We are investigating
the geochemical consequences of this event in Chico, a 105-kg L
chondrite composed of -60% impact melt intruding ho� . chondrite.
The chondrite is shocked to stage S6. The melt is clast-poor and
consists of fine-grained, euhedral olivines, pyroxenes, and intersti
tial glass. Metallic globules up to 2 cm in diameter are concentrated
along the center of the dike, suggesting an early stage of metal
silicate immiscibility.
Chico thus provides a natural laboratory in which to study the
behavior of volatile and siderophile elements during impact melting
of chondritic planetesimals. Depletion of volatile elements and metal
silicate fractionation are characteristic features of the terrestrial plan
ets, so, conceivably, similar processes on larger scales may have
influenced the composition of planetesimals during the early history
of the solar system.
Results: Trace-element compositions of the impact melt and
host chondrite were determined by ICPMS and INAA. Chico expe
rienced a pervasive and extreme depletion of Pb and Cs in both the
melt and chondrite host lithologies, relative to average L chondrite
(Fig. 1). Refractory and moderately volatile elements are unfrac
tionated, with increasing variability in more volatile elements such as
K, Rb, and Cd.
The absolute depletion of Cs in Chico is comparable to that on the
Moon, but the sequence of Pb > Cs in Chico is opposite to that in the
Earth and Moon, where Pb may have been more strongly depleted by
additional effects of core formation. The nearly quantitative extrac
tion of Pb (90%) and Cs (99%) implies an efficient process, perhaps
involving a vapor or fluid.
Chico was relatively cold when this impact occurred at 0.5 Ga, but
early planetesimals would have been hotter, and efficient impact
induced depletions may have extended to less volatile elements such
as K. Mixing of impact-processed chondritic material essentially
devoid of volatile lithophiles, with nondepleted components may
help to account for the variable abundances of volatile lithophile
elements observed in the inner solar system without producing vola
tility-related isotopic fractionation.
Moderately and highly siderophile elements such as Mo, Cu, Sn,
As, Se, Ga, Co, Ni, Ir, and Au are variably depleted in the impact melt
relative to the host chondrite (Fig. 2). In the most metal-depleted
samples, Ni, Co, Cu, Sn, and Ga reach concentrations similar to
Earth's mantle, whereas Mo, As, and Ir are l0x less depleted (Ir=
40 ppb), and Se is lOOx less depleted in Chico compared to Earth's
mantle. This is unlikely to be simply a volatility effect, given the
refractory nature of Ir and the similar volatilities of Sn and Se. These
results imply surprisingly small effective distribution coefficients for
at least some of the siderophile elements during metal-silicate frac
tionation associated with impact melting. Volatile- and siderophile
element distributions in the Earth's upper mantle may have been
controlled at least in part by large impacts into chondritic planetesi
mals.
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ROTATION RATE OF THE PROTO-EARffl BY PLANE
TESIMAL ACCRETION AND ITS IMPLICATION FOR
LUNAR ORIGIN. K. Ohtsuki 1, S. Jda2 , and H. Tanaka2, tCom
puting Service Center, Yamagata University, Yamagata 990-8560,
Japan (ohtsuki@kj.yamagata-u.ac.jp), 2Department of Earth and
Planetary Sciences, Tokyo Institute of Technology, Tokyo 1528551, Japan.
Introduction: Angular momentum ofthe Earth-Moon system
is one of the most important dynamical constraints on the lunar
origin. Earth and the Moon have tidally interacted with each other
since the formation of the Moon. Therefore, models of lunar forma
tion need to account for the present total angular momentum of the
Earth-Moon system. For example, in order to account for the present

total angular momentum by a single large impact onto the proto
Earth of the present Earth's radius, the size of the impactor would
have to be as large as Mars. On the other hand, in order for fission to
occur, the spin angular momentum of the proto-Earth would have to
be more than 3x as large as the present total angular momentum of
the Earth-Moon system [e.g., 1]. In the present work, we have carried
out numerical integration ofa large number oforbits ofplanetesimals
and evaluated the spin angular momentum of the proto-Earth ac
quired by accretion ofa number ofplanetesimals [2,3]. The case with
migration of the proto-Earth due to tidal interaction with the solar
nebula has been also investigated [3].
Spatial Distribution of Planetesimals: In earlier studies of
planetary rotation by planetesimal accretion [e.g., 4-6], the spatial
distribution ofplanetesimals was assumed to be uniform. In this case,
the mean angular momentum acquired by the proto-Earth was found
to be too small to explain the total angular momentum of the Earth
Moon system [5,6]. However, recent N-body simulations suggest
that the spatial distribution of planetesimals around the proto-Earth
would have been nonuniform due to strong gravitational perturba
tion by the proto-Earth [7 ,8]. Since planetesimals accreted from near
the outer edge of a planet's feeding zone tend to provide the planet
with positive spin angular momentum [5,9-13], rapid prograde ro
tation can be expected if such a nonuniform spatial distribution is
taken into account.
Numerical Results and Discussion: It is useful if we express
spin angular momentum in units of rotation per revolution [5,6]; the
number of rotations per revolution (denoted by R) is defined by the
ratio of the spin rate of the proto-Earth to its orbital angular fre
quency.In the case ofthe present rotation ofthe Earth, R = 366. Ifwe
express the present total angular momentum of the Earth-Moon
system in terms ofR using the moment ofinertia of the present Earth,
R = 2150. When the spatial distribution of planetesimals was as
sumed to be uniform, R was found to be <100, in agreement with the
previous calculations [5,6]. On the other hand, if the proto-Earth
grows by accretion of planetesimals with nonuniform spatial distri
bution, R can be on the order of 1000. (However, R was found to be
much smaller than the value required for the fission of the proto
Earth by rotational instability, even w'1en nonuniform spatial distri
bution was taken into account. Thus, formation of the Moon by this
mechanism seems impossible.) The value ofR depends on the size,
velocity, and spatial distribution ofplanetesimals. IfR > 2150, a giant
impact would not be necessary for the explanation of the angular
momentum of the Earth-Moon system. If R is -1000, a giant impact
is required, but it does not need to be the sole source of the total
angular momentum of the Earth-Moon system. It would be possible
that the direction of spin angular momentum produced by the giant
impact would be appreciably different from that the proto-Earth
would have had before the impact. Thus, it would be desirable to
investigate the giant impact and resultant formation of a debris disk
under such a condition.
References: [l] Du.risen R. H. and Gingold R. A. (1986) in
Origin of the Moon, pp. 487-498, LPL [2] Ohtsuki K. and Ida S.
(1998) Icarus, 131, 393-420. [3] Tanaka H. (1998) in preparation.
[4] ldaS. andNakazawaK. (1990)Icarus, 86, 561-573. [5] Lissauer
J. J. and Kary D. M. (1991) Icarus, 94, 126-159. [6] Dones L. and
Tremaine S. (1993) Icarus, 103, 67-92. [7] Ida S. and Makino J.
(1993) Icarus, 106, 21�227. [8] Tanaka H. and Ida S. (1997)
Icarus, 125, 302-316. [9] Giuli R. T. (1968) Icarus, 8, 301-323.
[10] TanikawaK. et al. (1989)Jcarus, 79, 208-222. [11] KaryD.M.
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HYDROGEN INTHE CORE:EVIDENCE FOR THE STATE
OF LOST PROTOATMOSPHERE. T. Okuchi 1, Y. Abe2, and
H. Iwamori3, 1 Department ofEarth and Planetary Sciences, Nagoya
University, Furo-cho, Chikusa, Nagoya 464-8602, Japan (okuchi@
eps.nagoya-u.ac.jp), 2Department of Earth and Planetary Physics,
University of Tokyo, 7-3-1Hongo, Bunkyo, Tokyo 113-0033,Japan
(ayutaka@geoph.s.u-tokyo.ac.jp), 3Geological Institute, University
of Tokyo, 7-3-1 Hongo, Bunkyo, Tokyo 113-0033, Japan (hikaru@
geol.s.u-tokyo.ac.jp).

equilibrium with the atmosphere whose mass was buffered by the
surrounding solar nebula gas.
On the other hand, if the magma ocean was formed through the
blanketing effect of the impact-induced steam atmosphere [3], theH
incorporation into molten Fe may have decreased the mass and
optical thickness of the atmosphere and weakened the blanketing
effect, because there was no nebula gas that supplied H to the
atmosphere. Then, the magma ocean depth becomes shallower and
the amount ofH incorporated into molten Fe decreases. This creates
a negative feedback loop and controls the depth of the magma ocean
keeping it at -50 kbar.
Conclusion: These two scenarios yield a different amour , of
dissolved H in the core after the formation of the Earth. We con
cluded that the state of the present core may provide an important clue
for the state of the lost protoatmosphere, which has important impli
cations for the evolution of the Earth and early solar system.
References: [1] Fukai Y. (1984) Nature, 308, 174-175.
[2] Okuchi T. (1997) Science, 278, 1781-1784. [3] Abe Y. and
Matsui T. (1985)Proc. LPSC 15th, in JGR, 90, C545-C559; (1986)
Proc. LPSC 17th, in JGR, 91, E291-E302. [4] Sasaki S. (1990) in
Origin of the Earth, pp. 195-210, Oxford Univ.

Introduction: Despite the fact that H is the most common
element in the universe, it has been rarely considered as an important
constituent of the Earth with the exception of surface oceans, which
constitute merely 0.02 wt% of its total mass. However, most of H
accreted as H20 may have been contained in the core as an alloying
constituent with metallic Fe [1,2]. To understand the behavior ofH,
we studiedH partitioning among the gas, silicate melt, and molten Fe
phases using recent results of H partitioning experiments between
silicate melt and molten Fe at high pressure [2].
SOURCES OF TERRESTRIAL VOLATILES: CON
High-Pressure Chemistry of Hydrogen: Hydrogen is an STRAINTS FROM DEUTERIUM/HYDROGEN AND NO
unique element that can be distributed among the three important BLE GASES. T. Owen 1, R. Meier 1, and A. Bar-Nun2 , 1Institute
phases in the evolution of the primordial Earth: protoatmosphere, for Astronomy, University of Hawai'i, 2680 Woodlawn Drive,
magma ocean, and core. This is because H changes its chemical Honolulu HI 96822, USA (owen@ifa.hawaii.edu; meier@ifa.
behavior with pressure.It comprises molecular phases such asH2 and hawaii.edu), 2Department of Geophysics and Planetary Sciences,
H20 at low pressures. The H20 extensively dissolves into silicate Tel-AvivUniversity,Ramat-Aviv,Tel-Aviv,Israel(akivab@jupiterl.
melt at pressures of several hundreds of bars. TheH20 in the silicate tau.ac.il).
melt extensively reacts with metallic Fe at pressures of �O kbar
Remote measurements of D/H in water vapor from Comets
[l,2].
Previous studies claiming the escape of H20 into space failed to Hyakutake and Hale-Bopp agree with the value of 3.16 ± 0.34 x
consider the role of the magma ocean and/or of metallic Fe as the 10-4 determined for CometHalley by in situ mass spectrometry. We
principal reservoir of H during accretion. Once a magma ocean was have also found D/H = 2.3 ± x 10-3 inHCN fromHale-Bopp. These
formed due to the blanketing effect of an impact-induced steam results support an interstellar origin for cometary matter and appear
atmosphere of hundreds of bars, it absorbs most of the H20 in the to exclude the possibility that all the water in the Earth's oceans was
accreting planetesimals [3]. Then the H is partitioned between the contributed by cometary impact. However, we have demonstrated
silicate melt and the molten Fe that sinks through the magma ocean that amorphous ice condensing at the low temperatures signaled by
to form the core. Thus, H is partitioned between the atmosphere, the cometary D/H values can trap the heavy noble gases in relative
abundances consistent with those on Earth and Mars, neatly solving
magma ocean, and core.
Magma Ocean andProtoatmosphere: Hydrogen partitioning the "missing Xe" problem associated with asteroidal = meteoritic
into Fe strongly depends on pressure because the volume change of delivery. If comets brought in these gases, they must have brought C,
the partitioning reaction is large, so that the depth of the magma N, and Hp as well, but our model for this contribution suggests
ocean is the most important parameter. The depth of the magma again that comets cannot account for all the available sea water. We
ocean is controlled by the energy balance, which is strongly related favor the Earth's rocks as the additional required reservoir, and
to the type and state of the protoatmosphere. Two types of suggest that D exchange between H2 and H20 in the inner solar
protoatmospheres were proposed to produce the magma ocean: the nebula could produce water with the low D/H value required to
primary atmosphere consists of the solar nebula gas, and the second balance the cometary component. The large difference in 20NeJ22Ne
in the mantle and the atmosphere tends to support this hypothesis by
ary atmosphere consists of the impact-degassed volatile.
Hydrogen in the Core and Type of Protoatmosphere: If the demonstrating retention of solar nebula gases by theEarth's rocks.
magma ocean was formed through the strong blanketing effect of the The final test of the extent of the cometary component will come with
primary solar-type atmosphere [4], it may have extended to pressure a measurement of noble gas abundances and isotopic ratios ( espe
much higher than 50 kbar. In this case atmosphericH was oxidized cially Xe) in real comets, which the next set of comet missions should
by FeO in the magma ocean at its surface, transported through the be able to accomplish. Meanwhile, there is some hope that additional
magma ocean as H20, and reduced by metallic Fe in the deeper part studies of martian meteorites will help to define the relative impor
of the magma ocean to form the Fe-H alloy. Then the core reached tance of asteroidal and cometary contributions to the inner planets.
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EXCHANGE OF MATERIAL DURING FORMATION OF
THE EARffl AND MOON. G. Pechemikova and A.Vityazev,
Institute for Dynamics ofGeospheres, Russian Academy ofSciences,
Leninsky prosp. 38, 117979 Moscow, Russia (avit@orig. ipg.msk.su).
The model ofEarth-Moon coaccretion is developed in the frame
works of the standard scenario for the origin of the solar system. We
take into account the evolution of a population of large bodies that
disappear in mutual catastrophic collisions (macroimpacts) during
planetary accretion [1,2]. The present model takes into account the
additional feeding of presatellite swarm by the material ejected from
the outer shell of a growing planet due to macroimpacts of falling
bodies. 'lfhis model includes five chemical reservoirs: circumsolar
and circumplanetary disks and primitive core, mantle, and perma
nently originating and destroying crust of the Earth.
Development of the dynamic model allows for the ejection of
planetary matter into circumsolar and cicumterrestrial orbits during
planetary accumulation. The refined rate of Earth's mass growth is
slow compared to our previous calculations [1-3]. Curves 1, 2, 3 for
the growth ofEarth's mass (m(-r)/Me), calculated for three values£=
0, 0.05, 0.1, are shown inFig. 1 (e is the impact energy converted into
kinetic energy of ejected matter Ille, 't is time in units of30 m.y.). The
outwardfluxFc('t)ofejected matter has a maximum atthe main stage
of accumulation. The functionsFc('t)= d(IDe('t)IMe)/d-r are shown by
curves 4, 6 for e = 0.05, 0.1 respectively; curves 5 and 7 give
corresponding values IDe('t)/Me of mass of ejected and then reaccu
mulated matter. One can see that the notably detectable amounts of
planetary matter were added to the planet's feeding zone and again
taken up by the growing planet and its protosatellite disk.
Taking into account well-known estimations [4] and computer
calculations [5] for Moon-Earth-Venus craters and considering the
depth H(t) and intensity (-10-7 Me /yr) of stirring of the outer shell
of the Earth by impacts and the mass fluxes in the five-reservoir
model [6], we estimated the composition of the upper shell of the
Earth and ejected material. The calculated deficitFe-Ni-S Oess 4-8%
ofthe lunar mass) and enrichment byFeO(8-12%), Al2O3 (4.5-6%),
and CaO (3.7-5%) for the Moon are shown to be controlled by at least
three major factors: the power of differentiation of the Earth and
thickness H(t) of the Earth's upper shell, stirring by macroimpacts,
and variations in composition of primitive (in average "chondritic")
material incoming from the circumsolar disk.
Conclusion: The problems offormation, composition, and thick
ness of primitive basalt-eclogitic Earth's crust, and the problem of
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lunar composition, are intimately related. The comparatibility of
masses and compositions of these two reservoirs, and the synchro
nism ofthe processes oftheir forming and an interchange by material
must be put in the basic of ensuing models. The intermediate model
is realized instead of the known alternative models "the cold primi
tive Earth" and "magma ocean."
References: [1] Vityazev A.V. et al. (1990) Origin and Early
Evolution, Nauka, Moscow, 296 pp. [2] Vityazev A. V. and
Pechemikova G. V. (1990) in Planetary Sciences, Proc. US-USSR
Workshop(T. Donahueet al., eds.), pp. 143-162, NAP, Washington,
DC. [3] Azbel I. Ya et al. (1993) GCA, 57, 2889-2898. [4] Grieve
R. A.F. and Cintala M. J. (1985) Icarus, JI4, 68-79. [5] MeloshH. J.
and Sonett C. P. (1986) in Origin of the Moon (W. K. Hartmann et
al., eds.), pp. 621-642, LPI, Houston. [6] Vityazev A. V. and
Pechernikova G. V. (1996) Phys. Solid Earth, 5, 1-14.

MODELING THE FORMATION OF EARTH'S ATMOS
PHERE BY HYDRODYNAMIC ESCAPE AND PL ANE
TARY OUTGASSING. R. 0. Pepin, School of Physics and
Astronomy, University ofMinnesota, Minneapolis MN 55455, USA.
Accretion of lunar- to Mars-sized terrestrial planet embryos is
believed to have occurred on timescales of=1OS yr in the presence of
nebular gas [1,2]. Mechanisms for trapping nebular ("solar'') noble
gases in these embryos include occlusion of ambient gases in the
planetesimals accreted to form them, and, probably more important,
efficient adsorption of gravitationally condensed nebular gases on
embryo surfaces once they had grown to approximately Mercury
sized [3]. During the following-100-200m.y. of growth through the
"giant-impact" stage [1,4] to afully assembled planet, a coaccreting
primordial atmosphere is likely to develop by impact-degassing of
colliding embryos and inward-scattered icy planetesimals, and by
gravitational capture of nebular gases if the gas phase of the nebula
had not yet fully dissipated. A planet accreting in this way acquires
external (atmospheric) and interior volatile reservoirs, the latter
probably sited primarily in its deeply buried embryo since increasing
collisional energies as the planet grows beyond the embryo stage
promote efficient impact-degassing of projectile volatiles to the
atmospheric reservoir [5]. Both reservoirs are arguably dominated by
isotopically solar noble gases.
The observation that nomadiogenic Ne, Ar, Kr, and Xe in Earth's
current atmosphere are all isotopically heavier than their solar coun
terparts is an important clue to the nature of the processes that
subsequently acted on these primordial planetary reservoirs, and is
central to evolutionary models in which the atmosphere was driven
from solar progenitors to its present compositional state by energetic
hydrodynamic escape of the coaccreted atmosphere, followed by
mixing of its isotopically fractionated residue with gases evolved
from the interior [3,6].Hydrodynamic escape ofaH-rich atmosphere
[7] is powered in these models by absorption of intense extreme
ultraviolet (EUV) radiation from the young evolving Sun [3,8] or by
energy deposited in a giant Moon-forming impact [6,9]. RequiredH2
inventories range from the equivalent of -1-2 wt% water in terres
trial accretional materials, for escape driven solely by solar EUV [3],
to roughly a factor of 10 less for impact-powered escape [6]. The
atmosphericH 2 is plausibly produced by reduction ofaccreted water
on metallic Fe during planetary growth.
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Models of this kind have had some success in accounting for the
details of terrestrial noble-gas mass distributions (3,6]. However,
they are not without problems. "Solar" isotopic distributions in the
initial terrestrial reservoirs are taken to be those measured in the solar
wind. Although current estimates for the isotopic compositions of
solar-wind Ne, Ar, and Kr are compatible with those required in the
modeling for Earth's primordial noble gas inventories, this assump
tion that the wind correctly represents the composition of the nebular
source supplying these gases to the early Earth is not strictly valid for
Xe. Generating the isotope ratios of terrestrial nonradiogenic Xe by
fractionation in hydrodynamic escape requires an initial composition
called U-Xe, which appears to be isotopically identical to measured
solar-wind Xe except for sharply lower abundances ofthe two heavi
est isotopes [10]. Originally an inferred component [3], U-Xe-like
compositions have since been found in basaltic achondrites (11]. But
even though the existence of U-Xe in the early solar nebula now
seems confirmed, we are still left with the puzzling question of why
it differs isotopically from the Xe composition in the solar wind and
presumably also in the Sun.
Another unresolved issue has to do with Xe degassing from the
Earth's deep interior reservoir. In the models discussed here, escape
fractionation of the planet's primordial atmosphere generates the
abundance and nonradiogenic isotope ratios of present-day atmos
pheric Xe, and also leaves behind highly fractionated residual abun
dances of the lighter noble gases. Mixing of these residuals with
degassed solar-composition Kr, Ar, and Ne replicates their present
elemental and isotopic compositions. But only minor amounts of
degassed Xe could have been added to the postescape atmosphere
without perturbing its isotopic distribution, and so one of two as
sumptions must be made about the Xe initially present in the plan
etary-embryo reservoir. Either it was preferentially outgassed very
early by fractional degassing (12,13), well before the bulk of the
lighter noble gases, and therefore most ofit was already present in the
primary atmosphere prior to hydrodynamic escape, or it was stabi
lized and segregated in some way deep in the planetary interior and
thus was never transported to the atmosphere. The suggestion that
deeply sited Xe might have metallized and alloyed with Fe (3] is not
supported by recent high-pressure measurements on the Xe-Fe sys
tem (14). The possibility that the missing Xe ultimately wound up in
the Earth's metallic core is not entirely dead, however: Jephcoat [15)
has proposed a novel mechanism in which microclusters of dense
crystalline Xe - a solid throughout much of the mantle where its
melting temperature is calculated to lie above the geotherm- may
have been entrained by percolating Fe melts near the deep embryo
reservoir and transported into the core during core formation.
One consequence of this modeling approach is that noble gases
presently evolving from the undepleted mantle have their principal
source in whatever is left of the primordial accretional embryo ofthe
planet after core formation had penetrated, fractured, and overturned
it, and thus they should display solar isotopic compositions. A central
question for atmospheric formation and evolution, as well as for the
source, incorporation mechanism., and transport ofnoble gases in the
Earth, is therefore whether solarlike noble gases are present in the
mantle. There are strong indications in the MORB database that this
is indeed the case for He and Ne [16,17). But the observational
problem has been that solar isotopic signatures, which for Ar and Xe
differ significantly from atmospheric compositions, have appeared
only subtly if at all in analyses of the heavier noble gases in mantle
derived samples; their nonradiogenic isotope ratios have generally
been found to be indistinguishable or only slightly offset from those

in air- a consequence, one now suspects, of massive air-derived
contamination by postcollection adsorption, seawater-magma inter
action, subduction, or combinations of all of these. The fust prom
ising isotopic evidence for a solarlike Ar component appeared in new
analyses of basalt glasses from the Loihi Seamount (18). Shortly
thereafter, Niedermann et al. (19] published results ofmeasurements
of Ne and Ar isotopes in a suite ofMORB samples from the southern
East Pacific Rise (EPR). Their data, when plotted on a 38Arf36Ar vs.
20NeJ22Ne diagram, define a remarkably coherent mixing curve be
tween air-derived Ne and Ar and a second component isotopically
consistent with current estimates for the solar wind (20]. A substan
tial fraction of the Loihi data [18] also fall along this mixing curve,
and the rest are consistent with contamination by variably fraction
ated air. These observations greatly strengthen the case for the
presence of solar Ar, and by inference solar Kr and Xe as well, in the
Earth's mantle. Moreover, all two-component mixing models that fit
the EPR data trends require a substantial enhancement of the Ar/Ne
elemental ratio, by a factor of-20 relative to the solar-wind ratio, in
the EPR source reservoir [20]. This is close to the mean fractionation
factor seen in laboratory adsorption experiments (data summarized
and referenced in [3]), suggesting that the interior noble-gas reser
voir was indeed populated by adsorption of nebular gases on Earth's
accretional embryo rather than by solar-wind implantation and reten
tion in proto-Earth materials (where the Ar/Ne fractionation factor
would be expected to be -1). It is prudent to note that this conclusion
assumes that noble gases are not elementally fractionated during
their transport from a deep interior reservoir to ocean basalt source
regions.
References: [1] Wetherill G. W. (1990) Annu. Rev. Earth
Planet. Sci., 18, 205. [2] Wetherill G. W. and Stewart G. R. (1993)
Icarus, 106, 190. (3) Pepin R. 0. (1991) Icarus, 92, 2. [4] Wetherill
G. W. (1992) Icarus, JOO, 307. [5] Ahrens T. J. (1990) in Origin of
the Earth, p. 211, Oxford Univ. [6] Pepin R. 0. (1997) Icarus, 126,
148. [7] HuntenD. M. et a!.(1987)Jcarus, 69,532. [8] Walter F. M.
et al.(1988)Astron. J., 96,297. [9] BenzW.andCameron A. G. W.
(1990) in Origin of the Earth, p. 61, Oxford Univ. (10] Pepin R. 0.
et al. (1995) GCA, 59, 4997. (11] Eugster 0. et al. (1994) in Noble
Gas Geochemistry and Cosmochemistry, p. 1, Terra Sci., Tokyo.
[12] ZhangY.andZindlerA. (1989)JGR,94, 13719. (13] Tolstikhin
I. N. and O'Nions R. K. (1994) Chem. Geol., 115, L (14] Caldwell
W. A. et al. (1997) Science, 227, 930. (15] Jephcoat A. P. (1998)
Nature, 393, 355. [16] Honda M. et al. (1993) GCA, 57, 859.
[17] Farley K. A. and Poreda R. J. (1993) EPSL, 114, 325.
[18] Valbracht P. J. et al. (1997) EPSL, 150, 399. (19] Niedermann
S. et al.(1997) GCA, 61, 2697. [20] Pepin R. 0. (1998)Nature, 394,
664.
THREE-DIMENSIONAL HYDRODYNAMIC SIMULA
TIONS OF THE POSTIMPACT PROTO-EARTH. B. K.
Pickett 1,2, R. H. Durisen3, and G. R. Stewart4, 1Space Sciences
Division, NASA Ames ResearchCenter, Moffett Field CA 94035,
USA (pickett@cosmic.arc.nasagov), 2University ofCalifornia, Santa
Cruz CA, USA, 3Department of Astronomy, Indiana University,
Swain West 319, Bloomington IN 47405, USA, 4Laboratory for
Atmospheric and Space Sciences, University ofColorado, Campus
Box 392, Boulder CO 80309, USA.
Astrophysical fluid configurations are susceptible to a variety of
nonaxisymmetric instabilities under the combined effects of rota-
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tion, self-gravity, and thermal pressure. When strong enough, they
can induce rapid transport of mass and angular momentum. Our own
previous studies of nonaxisymmetric instabilities in model protostars
and protostellar disks show that significant transport can occur on
orbital timescales and that material can be ejected to large distances.
In this contribution, we present three-dimensional simulations of the
circumterrestrial debris belt that may have resulted from a giant
impact. Our three-dimensional hydrodynamics code with self
gravity and artificial viscosity is fully second-order in space and time;
the equations of hydrodynamics and the Poisson equation are solved
on an Eulerian cylindrical grid In the preliminary calculations pre
sented here, we use a simplified EOS where the central proto-Earth
is treated as an n = 1/2 polytropic fluid, surrounded by a more
compressible, rapidly rotating, fluid disk that represents silicate
vapor. Our initial disk parameters are generated from the endstate
data of recent smoothed particle hydrodynamics giant-impact calcu
lations. Ultimately, we wish to determine under what conditions
nonaxisymmetric instabilities grow in the postimpactdisk and whether
they facilitate the transport of material outside the proto-Earth's
Roche Limit, leading to the formation of the Moon. In future work,
we hope to include a more realistic EOS and the consequences of
heating, cooling, and phase transitions.
Acknowledgments: This work is supported by NASA grant
NAG5-7514.
HYDROCODE MODELING OF OBLIQUE IMPACTS: THE
FA TE OF THE PROJECTILE. E. Pierazzo and H. J. Melosh,
Lunar and Planetary Laboratory, University of Arizona, Tucson AZ
85721, USA (betty@lpl.arizonaedu; jmelosh@lpl.arizonal.edu).
It is well known that impacts are normally oblique, and only in
rare occasions might projectiles strike a planetary surface (near)
vertically. However, the majority of modeling efforts have covered
vertical impacts, relying instead on long-known evidence that the
angle of impact has little effect on the shape of the final crater except
for very low angles of incidence. Still, the magnitude and distribution
of the shock wave, and, consequently, the thermodynamic evolution
of projectile and target, are not very well known. It is generally
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believed that only the vertical component of the impact velocity must
be used in equations that describe impact events, supported, in part,
the available experimental data [e.g., 1-3]. Hydrocode simulations
are also needed. A series of high-resolution, three-dimensional
hydrocode simulations were carried out, where the only variable
parameter was the angle of impact The effect of angle of impact on
melting and vaporization of the target material has already been
investigated [4]. Here we investigate the fate of the projectile.
The simulations were carried out, in collaboration with Dr.
Crawford of Sandia National Laboratories, using Sandia's shock-by
physics computational hydrocode CTH [5] coupled to the SESAME
equation-of-state package. In the simulations, a spherical 10-km
diameter projectile, made of dunite, impacts the target at 15°, 30°,
45°, 60°, and 90° (vertical) from the surface, with an impact velocity
of 20 km/s. One thousand tracer particles were regularly distributed
in both the target and the projectile; the tracers move through the
mesh recording the thermodynamic history of given material points
in time.
The maximum shock pressure experienced by each projectile
tracer was used to reconstruct and evaluate the amount of projectile
material that underwent melting or vaporization. The results are
shown in Fig. 1. The reason for the drastic decrease in projectile
melting for low impact angles, resulting in no melting for the 15°
case, is, as expected [6], due to the weakening of the shock as the
impact angle decreases. A simple analysis of the weakening of the
mean shock pressure and temperature in the projectile indicates a
good agreement with a sin q dependence, where q is the angle of
impact measured from the horizontal. This is shown in Fig. 2. The
distribution of shock pressure inside the projectile follows a pattern
similar to that found for the target [4], i.e., the lack of symmetry
around the impact point for impacts away from vertical. This has
important repercussions for the fate of the projectile in impact events,
especially for low-angle impacts. The amount of projectile that might
survive in a solid phase is critically dependent on the angle of impact.
The amount of vaporization decreases with impact angle as well,
although the effect is not as dramatic, in the case of a dunite projectile,
given the low vaporization produced also for the vertical impact case.
References: [l] GaultD. E. andWedekindJ.A. (1978)Second
Intl. Colloquium on Mars (abstract), p. 29, NASA CP-2072.
[2] Schultz P. H. and GaultD. E. (1990) GSA Spec. Paper 247, 239261. [3] Schultz P. (1996) JGR, 100, 21117-21135. [4] Pierazzo E.
and Melosh H.J. (1998) EPSL, submitted. [5] McGlaunJ.M. et al.
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(1990) Intl. I. Impact Eng., 10, 351-360. [6] Melosh H.J. (1989) in
Impact Cratering: A Geologic Process, Oxford Univ.

THE AGE OF THE EARTH AND THE MOON. F. A. Podosek,
Department of Earth and Planetary Sciences, Washington University,
St. Louis MO 63130, USA.
The issue of the Earth's antiquity is a traditional problem that well
predates the modem scientific era. With the advent of the era of
isotopic geochronology the problem of the age of the Earth has
become relatively narrowly, but only relatively, circumscribed, and
frustrating uncertainties remain.
In the modem paradigm, formation of the Earth is one of the
processes involved in formation of the solar system. The age of the
Earth therefore cannot be greater than the age of the solar system as
a whole. The value of this upper limit age, about 4.57 Ga, is actually
fairly well established. This follows most simply from consideration
of CAls (Ca-Al-rich inclusions), refractory objects found within
undifferentiated meteorites that are widely held to have formed
within the solar system and that have the greatest absolute ages of any
known solar system products [1-3). CAis are also reliably inferred
to have contained some rather short-lived radionuclides, notably
26Al [4] (half-life 0.71 m.y.), and so must have formed no more than
a few (more likely on the order of 1) million years after synthesis of
these radionuclides. There is disagreement about the astrophysical
environment in which this nucleosynthesis took place [5], but in all
viable models it occurred prior to the formation of the solar system
by collapse of an interstellar cloud or during the Sun's protostellar
evolution, so that formation of CAls must have been essentially
contemporaneous with formation of the solar system, within no more
than a few million years.
A lower limit to the age of the Earth, about 4.2 Ga, is set by the
oldest known terrestrial minerals [6]. This establishes a window of
0.4 b.y. during which the Earth must have formed. The problem is
usually framed in terms of a "formation interval," i.e., the interval
between formation of the solar system and formation of the Earth;
terrestrial minerals thus set an upper limit of 0.4 b.y. for the Earth's
formation interval. There are, however, several lines of argument,
less direct than rock/mineral formation ages but nevertheless com
pelling, that suggest that the formation interval is considerably shorter,
about 0.1 b.y. [7-10). This is not just an upper limit but also an
indication for a finite interval of this order, rather a long time in view
of evidence that other terrestrial-type planetary bodies formed on a
timescale of 0.01 b.y. or less [2-5).
One such line of argument, and the only one involving absolute
ages (measured back from the present), is based on the U-Pb isotopic
system: Lead-lead model ages of major terrestrial reservoirs [e.g., 9]
scatter somewhat but consistently indicate formation about 0.1 m.y.
later than the formation of meteorites and the solar system. Another
line of argument involves short-lived radionuclides, which do not
provide absolute ages but are more sensitively responsive to the
interval between formation of meteorites and formation of the Earth.
The Earth's atmosphere, for example, contains radiogenic contribu
tions of 129Xe from� decay of 1291 (half-life 16 m.y.) and of heavy
isotopes, most prominently 136Xe, from spontaneous fission of 244Pu
(half-life 82 m.y.), but the correspondingly inferred abundances of
1291 and 244Pu are less than those believed prevalent in the early solar

system by factors indicative of an 0.1-b.y. interval [7,10). More
recently, data for the distribution of 182Hf (half-life 9 m.y., decaying
to daughter 182W) have become available [e.g., 11], again suggesting
formation delayed by at least several tens of million years. These are
all isotopic ages, in which "formation" has to be understood in the
usual sense of isotopic closure, or a chemical separation of parent
element from daughter element: U from Pb, I and/or Pu from Xe, Hf
from W. Independently of any isotopic or radiomentric consider
ations, it is also argued that a formation interval of 107-108 yr
emerges as the time needed to accrete a planet as large as the Earth
by collisions of/or with smaller precursor planetesimals [8].
Given that the Earth did not form until some finite time later than
the solar system, it is of interest to establish its formation interval
more precisely. It is not easy to do this, however, because these lines
of argument generally involve model assumptions and/or uncertain
input parameters for which it is difficult to establish robust error
limits. These various approaches nominally yield intervals in the
range from about 50 to more than 100 m. y., but it is not clear whether
they harbor inconsistencies that would require fundamental reinter
pretation of one or more approaches.
Evidence for an Earth formation interval on the order of 0.1 b.y.,
such as cited above, can be and commonly has been evaluated
without taking any cognizance of the circumstance that the Earth has
a moon. The existence of the Moon establishes additional constraints
on the formation interval of the Earth or, better, the Earth-Moon
system, given the premise that the Moon, or at least extant lunar
rocks, can hardly have formed before the Earth. The oldest lunar
rocks are substantially older than the oldest terrestrial rocks [12), for
example, and even on the airless Moon it is possible to infer chronol
ogy from the Xe daughters of 1291 and 244Pu [13]. Arguably the
tightest constraint emerges from the observation that lunar silicates
show evidence for excess 182W from decay of 182Hf, whereas terres
trial silicates do not [11). Lunar constraints included, the best esti
mate for the formation interval of the Earth-Moon system is probably
about 50 m.y.
It is sometimes noted that one of the difficulties in determining the
time of formation of the Earth or of the Earth-Moon system is that this
was a protracted process that occurred over a significant interval
rather than an event that happened at the end of some waiting period.
This is plausibly a contributory factor, but it does not appear to be a
fundamental limitation, since isotopic/radiometric methods are well
capable of dating closure "events" within processes occurring over
long times [14). The more fundamental problem seems more that
"formation" means different things in different contexts. Most inves
tigators would probably associate formation of the Earth with accu
mulation of a certain fraction of its final mass, and it is not clear how
this should be related to the chemical fractionation events that define
isotopic ages. It is argued that fractionation of Hf from W primarily
represents core formation (metal-silicate segregation), for example,
and perhaps (but not necessarily) the same event is recorded in the U
Pb system, but it is not immediately apparent how to relate this event/
process to accretion of the Earth. Similarly, it is possible that "clo
sure" of the I-Pu-Xe system occurred in planetesimals prior to their
accretion to the Earth, but also that it did not occur until well after the
Earth accreted most of its present mass [10).
It is worth noting that, except for the recent Hf-W data, most of
the lines of evidence constraining the formation interval problem
were enunciated and debated before the ascendancy of the "giant
impact" hypothesis for the formation of the Moon (see papers in
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[15)). If this scenario is correct, it changes the nature of the "forma
tion" process, which otherwise would likely be viewed as quasi
continuous. Moreover, most of the attention given this hypothesis
has focused on impact dynamics and reaccretion of ejecta to form the
Moon. Relatively little quantitative attention has gone into the issue
ofhow such an energetic singular event might establish the chemical
fractionations that are the basis for isotopic constraints on the Earth
Moon formation interval, or erase previously established fraction
ations, such as core-mantle, mantle-crust, or atmosphere-solid
separations. If the Moon did indeed form by giant impact, it seems
that such an event should be an integral part of any model that
attempts to date the formation, by any definition of this term, of the
Earth and/or Moon.
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EFFECTS OF ffiGH PRESSURE ON THE RHEOLOGICAL
PROPERTIES OF MAGMA OCEANS. B. T. Poe, J. E. Reid,
and D. C. Rubie, Bayerisches Geoinstitut, Universitaet Bayreuth, D95440 Bayreuth, Germany (brent.poe@uni-bayreuth.de).
Introduction: It is now widely believed that the Earth collided
with a Mars-sized body during its early history and that this event led
to the formation of a deep (1000 km?) magma ocean. It is also likely
that magma oceans formed on the Moon and perhaps other planetary
bodies during the early history ofthe solar system. Crystallization of
such magma oceans is therefore likely to have determined the early
chemistry and mineralogical structure of planetary interiors. Some
models for magma ocean crystallization involve differentiation by
simple fractional crystallization and lead to an unlikely mineralogi
cal and geochemical structure for the early interior of the Earth [1].
Tonks and Melosh [2] proposed that such models are not realistic
because convection in a deep magma ocean would be so vigorous that
even large crystals would be held in suspension. They considered that
the process would be more like eolian transport in a deep planetary
atmosphere than convection in conventional magmatic bodies. How
ever, their calculations were based on melt viscosities estimated from
experimental data obtained at 1 bar and moderate temperatures (e.g.,
1200° - l 400°C). Because the pressure at the base ofa 1000-km-deep
magma ocean is around 40 GPa, the effects of high pressure on
silicate melt viscosity must be considered in order to make such
models realistic. In addition to directly affecting viscosity, there is
also evidence that high pressure can significantly reduce the activa
tion enthalpy for viscous flow, at least for some melt compositions
[3]. Without considering such effects, large errors can result when

estimating melt viscosities at high pressures when a large tempera
ture extrapolation is required.
Experimental Methods: Viscosities of silicate melts at high
pressure have traditionally been determined by the "Falling Sphere"
method using a piston-cylinder apparatus. This involves using Stoke's
Law to determine viscosity from the settling velocity of a high
density sphere (e.g., Pt) contained in the silicate melt. Traditionally
the velocity is estimated from the travel distance of the sphere
determined after quenching and decompressing the experiment. An
alternative approach is to measure rates ofO and/or silicon diffusion
in melts at high pressure and estimate viscosity from the Eyring
relation, assuming that this inverse relation between viscosity and
diffusivity is valid.
Results: In general, determinations of silicate melt viscosities
have been limited to 2-3 GPa because of experimental difficulties
associated with the small sample size in higher-pressure experiments
[4]. Recently, however, viscosities have been determined to 15 GPa
and 2800 K from studies of O diffusivity in multianvil apparatus
[5,6]. Molecular dynamics simulations are also an important source
of information, especially concerning mechanisms of viscous flow.
The effects of pressure on melt viscosity depend strongly on the
degree of polymerization of the structure, i.e., the proportion of
bridging to nonbridging oxygens. The viscosities ofrelatively poly
merized melts (e.g., SiO2 rich) initially decrease with increasing
pressure, reach a minimum, and then start to increase. The pressure
at which the viscosity minimum occurs depends on composition and
decreases with the degree of polymerization. The "anomalous" de
crease in viscosity at high pressure is caused by an increase in the
coordination ofnetwork-forming cations from four-fold to five-fold;
such cations act as transient intermediate species during O exchange
reactions that accompany viscous flow. In contrast, the viscosities of
relatively depolymerized melts increase with pressure - the viscos
ity of CaMgSi2O6 melt, for example, increases by 0.5 log units
between 1 bar and 1.5 GPa at 1600°C. These results suggest that
viscosity may increase by orders of magnitude in a deep magma
ocean and have a large effect on fractionation processes at depth.
Future Prospects: We are currently studying melt viscosities
at pressures up to 20 GPa using a variety ofexperimental approaches.
In addition to investigations of O and silicon diffusion, the falling
sphere method can be extended to higher pressures by using in situ
methods to measure the sphere velocity. These include using an X
ray beam to image the falling sphere as well as an electrodetection
method. The results of such studies will enable better constraints to
be placed on the rheology of deep magma oceans.
References: [1] Ringwood A. E. (1990) Origin of the Earth
(H. E. Newson andJ. H.Jones, eds.), Oxford Univ. [2] Tonks W. B.
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C. M. et al. (1987) Magmatic Processes: Physicochemical Prin
ciples (B. 0. Mysen, ed.), Geochem. Soc. [5] Rubie D. C. et al.
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ACQUISITION AND EARLY LOSSES OF RARE GASES
FROM THE DEEP EARTH. D. Porcelli1, P. Cassen2 , D.
Woolum3, and G. J. Wasserburg 1, 1Division of Geological and
Planetary Sciences, California Institute ofTechnology, Pasadena CA

36 Origin of the Earth and Moon

91125, USA, 2NASA Ames Research Center, Moffet Field CA
94035, USA, 3Physics Department, California State University,
Fullerton CA 92834, USA.
Direct observations show that the deep Earth contains rare gases
of solar composition distinct from those in the atmosphere. We
examine the implications of mantle rare gas characteristics on acqui
sition of rare gases from the solar nebula and subsequent losses due
to a large impact. Deep mantle rare gas concentrations and isotopic
compositions can be obtained from a model of transport and distri
bution of mantle rare gases [1-3]. This model assumes the lower
mantle closed early, while the upper mantle;; open to subduction
from the atmosphere and mass transfer from the lower mantle. Con
straints are derived that can be incorporated into models for terres
trial volatile acquisition: (1) Calculated lower-mantle Xe-isotopic
ratios indicate that the fraction of radiogenic Xe produced by 1291 and
244Pu during the first -108 yr was lost, a conclusion also drawn for
atmospheric Xe [5]. Thus, either the Earth was made from materials
that had lost >99% of rare gases -(0.7-2) x 108 yr after the solar
system formed, or gases were then lost from the fully formed Earth.
(2) Concentrations of 3He and 20Ne in the lower mantle were estab
lished after these losses. (3) Neon-isotopic data indicates that mantle
Ne has solar composition [4]. The model allows for solar Ar/Ne and
Xe/Ne in the lower mantle if a dominant fraction of upper mantle Ar
and Xe are subduction-derived. If Earth formed in the presence of the
solar nebula, it could have been melted by accretional energy and the
blanketing effect of a massive, nebula-derived atmosphere [6]. Gases
from this atmosphere would have been sequestered within the molten
Earth by dissolution at the surface and downward mixing [7]. It was
found [8,9] that too much Ne would be dissolved in the Earth unless
the atmosphere began to escape when the Earth was only partially
assembled. Here we consider conditions required to initially dissolve
sufficient rare gases to account for the present lower mantle concen
trations after subsequent losses at 108 yr. It is assumed that equilibra
tion of the atmosphere with a thoroughly molten mantle was rapid,
so that initial abundances of gases retained in any mantle layer
reflected surface conditions when the layer solidified. For subse
quent gas loss of 99.5% and typical solubility coefficients [e.g., 10],
a total pressure of 100 atm was required for an atmosphere of solar
composition. Calculations of the pressure at the base of a primordial
atmosphere indicate that this value might be exceeded by an order of
magnitude or more for an atmosphere supported by accretional
energy [7 ,8,11]. Surface temperatures of -4000 K would have been
produced, probably high enough to melt the deep mantle. Initial
distributions of retained rare gases would then be determined by the
history of surface pressure and temperature during mantle cooling
and solidification, i.e., the coupled cooling of Earth and atmosphere.
The Earth's thermal state was determined by its surface temperature
and the efficiency of convection in the molten mantle, estimated to
be sufficient to maintain an adiabatic gradient. Because the melting
curve is steeper than the adiabat, solidification of the mantle pro
ceeded outward from the interior. Incorporation of atmospheric
gases in the mantle therefore occurred over a range in surface tem
perature of a few thousand degrees Kelvin. The thermal state of the
atmosphere was controlled by total luminosity of the Earth (energy
released by accreting planetesimals and the cooling Earth), nebular
temperature and pressure, and atmospheric opacity. The energy
released by accretion declined with time, as did ne1>ular pressure.
Analytical solutions for an idealized (constant opacity) radiative

atmosphere show that declining energy sources under constant nebu
lar conditions result in slowly diminishing surface temperature but
dramatically increasing surface pressure. For such an atmosphere
with declining nebular pressure but constant total luminosity, surface
pressure decreases gradually with decreasing temperature. A decline
in accretion luminosity might be compensated by energy released as
the mantle cools for -1OS yr, after which luminosity must decline. The
total complement of dissolved rare gases will depend on the particu
lar evolutionary path determined by the declining accretional lumi
nosity, the Earth's thermal history, removal of the nebula, and opacity
variations of the atmosphere. Models for these coupled evolutionary
histories for Earth's acquisition of nebular-derived noble gases are in
progress. The later losses required at -108 yr (depleting the interior
concentrations of the sequestered solar gases by a factor of > 100)
were presumably related to the major impact event in which the
Moon formed.
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LUNAR MASS DIFFERENTIATION FROM SPECTRALLY
CORRELATED GRAVITY AND TOPOGRAPIDC DATA.
L. V. Potts 1,2,R.R. B. von Frese2.3, and C. J. Merry 1,3, 1Department
of Civil and Environmental Engineering and Geodetic Science and
Surveying, Ohio State University, Columbus OH 43210, USA,
2DepartmentofGeological Sciences, Ohio State University, Columbus
OH 43210, USA, 3Center for Mapping, Ohio State University,
Columbus OH 43210, USA.
We have investigated the interior differentiation of lunar mass by
studying the correlation spectrum between gravity and topography at
100 km altitude. The gravity effects of the lunar topography were
accurately modeled in spherical coordinates by a unique Gauss
Legendre quadrature integration procedure that we had developed
for this application. Applying spectral correlation theory to the mod
eled terrain gravity effects and satellite-measured free-air gravity
anomalies (FAGA) separated FAGA into terrain-correlated and ter
rain-decorrelated components. The terrain-correlated free-air anoma
lies may then be subtracted from the terrain gravity effects to estimate
compensated terrain effects. Because these compensated effects are
not apparent in FAGA, the existence of an annihilating anomaly field
may be inferred that can be analyzed for mantle topography or crustal
thickness variations assuming an appropriate crustal compensation
model.
We demonstrated the utility of this unique approach in an inves
tigation of the crustal properties of a 64° x 64° region that was
roughly centered on the Mare Orientale impact basin. Our analysis
revealed predominantly high frequency terrain-decorrelated FAGA
that readily reflect possible density variations within the upper crust.
For Mare Orientale, a general positive correlation is observed be
tween these anomalies and remote sensing estimates of the abun
dance of Fe on the Moon. However, our analysis was not able to
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identify lower-order components of the terrain-decorrelated FAGA
that may be interpreted for subcrustal mass variations of the region.
To better establish these lower-order terrain-decorrelated compo
nents, we extended our analysis around the Moon in the region
between 64° S and 64°N. A large-scale inversion algorithm was
developed for estimating the crustal thickness model from the com
pensated signal. The nearly global crustal thickness estimates ac
count for the terrain gravity effects and the terrain-correlated
components of FAGA, assuming a 2.8 g/cm3 density contrast of
crustal topography with the vacuum of space, a 0.5 g/cm3 density
contrast of mantle to crust, and crustal compensation by the Airy
Heiskanen hypothesis. The remaining terrain-decorrelated FAGA
may be related to intracrustal density variations and subcrustal den
sity variations of the mantle and possibly the core.
A possible separation of these components was suggested by the
correlation spectrum between the Goddard lunar gravity model and
the terrain-decorrelated anomalies. Three branches seemed to be
apparent for separating the terrain-decorrelated anomalies into core,
mantle, and crustal components. An apparent branch corresponding
to the terrain-decorrelated anomaly components through spherical
harmonic degree 7 may mostly reflect density variations of the core.
Similarly, the apparent middle branch related to the anomaly compo
nents from degrees 8 through 20 might broadly characterize mantle
density variations, while the third. apparent branch related to the
/ anomaly components above degree 20 may largely reflect the effects
of intracrustal density contrasts.
Estimates of the core components of the terrain-decorrelated
anomalies were obtained by inversely transforming all the wavenumber
components of terrain-decorrelated FAGA that are positively corre
lated with the wavenumber components of the Goddard lunar gravity
model up to degree 7. These core anomaly estimates may model the
core-mantle boundary in the same way that we modeled the Moho.
Hence they may provide important new insight on the properties of
the lunar core, which at present are very poorly understood. Mantle
component estimates of the terrain-decorrelated anomalies were
extracted using a spectral correlation filter based on the degree 8
through 20 wavenumber components of the Goddard lunar gravity
model. They seem to indicate prominent density contrasts of the
mantle that may reflect the development of major craters and other
poorly understood tectonic features of the Moon. The residual
intracrustal components of the terrain-decorrelated anomalies are
most strongly correlated with the degree 20 and higher wavenumber
components of the Goddard lunar gravity model. They are perhaps
the most appropriate components of the free-air gravity anomaly
field to relate to remote sensing imagery and other datasets that
impose near-surface constraints on the poorly understood lunar crust.
GEOLOGICAL, GEOCHEMICAL, AND THEORETICAL
CONSIDERATIONS OF THE INITIAL LUNAR THERMAL
CONDITION AND IMPLICATIONS FOR THE ORIGIN OF
THE MOON. M. E. Pritchard and D. J. Stevenson, Division of
Geological and Planetary Sciences, California Institute ofTechnology,
Pasadena CA 91125, USA.
A successful model for the origin of the Moon must be consistent
with the geological and geochemical evidence for the initial lunar
thermal condition. On the basis of this criteria, the giant impact
hypothesis cannot be termed successful, since current interpretation

of some geologic and geochemical observations is that the interior of
the Moon was initially below the solidus, while models of the giant
impact appear likely to predict a molten interior. We have critically
examined the uncertainties in these observations and models in an
attempt to better understand the initial thermal state of the Moon.
Recent simulations reveal that the ejecta placed in orbit around
the Earth by a giant impact will accrete into a single moon in a few
years [l]. We have used a simple model to examine the thermal
consequences of this fast accretion. Our model accounts for the
accretional, radiative, and sensible energy of a growing proto-Moon,
with phase-changes explicitly considered. We have found that if
accretion of the Moon takes only a few years, the accretional energy
will dominate all others, causing intense heating within the proto
Moon.
However, if the Moon were initially molten, it should have devel
oped surface thrust faults as it cooled and contracted during the last
3.8 b.y. -such faults are not observed. In fact, calculations indicate
that if the lunar radius has changed more than 1 km since formation,
more than 1 kbar of stress would have accumulated, sufficient to form
thrust faults [2]. Thermal models with less than 1 km of radius change
require a balance of the thermal contraction of the initially molten
outer layers of the Moon - the putative magma ocean - with
expansion of an initial subsolidus interior [2,3]. In order to satisfy the
initial temperature profile constrained by geologic observations, we
calculate that the material accreted to form the Moon must have had
an initial temperature near 500 K. Achieving this low temperature in
material ejected from a giant impact and in an environment with an
ambient temperature near 20001:<- is difficult [4]. Although recent
models favoring a smaller giant impactor and proto-Earth [5] will be
less energetic, cooling material to the realm of 500 K remains a
problem.
The discrepancy between the theoretically and geologically in
ferred initial thermal states is reduced if more than 1 km of relative
radius change can be accommodated during lunar history. A larger
relative radius change is allowed if we consider the very low elastic
moduli of the upper layers of the lunar lithosphere inferred from
seismic measurements [6]. Although these layers are thin, account
ing for them reduces the stress in the lithosphere for a given strain,
such that a radius change of perhaps 2.5 km is allowed before 1 kbar
of stress is achieved. Furthermore, there is even reason to believe that
the elastic moduli of the lunar lithosphere have increased as a func
tion of time, since the elastic moduli of the lunar surface materials
increase with applied compressive stress. This change in elastic
properties would also allow a greater strain from lunar radius change
to be accommodated before the failure criteria were met. A reduction
of the elastic moduli in accordance with seismic observations is not
inconsistent with the interpretation of wrinkle ridges as thrust faults,
because brittle failure in the mare and the highlands are not directly
comparable. Both the stresses and the elastic moduli in the young
mare are different from those in the surrounding highlands.
Interpretation of some geochemical data is most consistent with
an initially cold thermal condition. Analysis of lunar samples indi
cates that there is both lateral and vertical isotopic heterogeneity
within the Moon [7 ,8]. In order to maintain this heterogeneity, it has
been argued that there has been a lack of convective mixing in the
outer layers of the Moon, due to the existence of stable compositional
gradients [7]. We have used a conductive thermal model that includes
melting [3] to determine whether the variable extraction of melt with
depth is capable of establishing a stable compositional gradient that
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would inhibit convection. We have found that a gradient of about the 500 km radius, with Xs = 0.15) and a molten peridotite mantle at T =
right magnitude could be formed, but only for the colder lunar 2200 K, P = 35 kbar, and at anf02 one log unit below the iron-wlistite
models. The geochemical implications of an initially molten Moon buffer.
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100 yr, so that cooling of the protolunar material may occur.
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PROGENITORS: II. RESULTS AND INTERPRETATION.
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high temperatures and pressures such that the metal making up the
Substantial evidence indicates that the Earth-Moon system formed
core last equilibrated with the upper mantle at the base of a deep,
hydrous (2-3 wt% dissolvedH20) magma ocean (1,2). This scenario about 100 m.y. after the oldest meteorites and that the inner solar
quantitatively accounts for the primitive mantle abundances of nine system had five terrestrial planets for several tens of millions of years
moderately siderophile elements (Fe, Ni, Co, Mo, W, Ga, Sn, Cu, and before the hypothesized Moon-forming impact (1). We present and
P) and one highly siderophile element (Re). In this type of model, the discuss some results from a series of N-body integrations in which
core and upper mantle equilibrated, as opposed to previous models the mass ratio of the Earth-Moon progenitors is 8:1 or 1:1. We want
in which the mantle never equilibrated with metal [e.g., 3-5). The to know if it is plausible to have the Earth-Moon progenitors collide
high-pressure and temperature-equilibrium scenario has many im between 8 m.y. and 200 m.y. after the other planets had formed and
plications for the early Earth-Moon system and we will focus on two: to have the resulting system look "similar" to the solar system. If a
the origin of water in the early Earth and metal-silicate equilibrium collision occurs, the integrations tell us which two bodies collide and
the time of the collision. We also determine the angular momentum
in the Moon.
First, most previous models for the accretion of the Earth require deficit (AMD; see [2]) of the resulting terrestrial planets. Addition
late additions of volatile-rich material to provide the volatiles that ally, we calculate several parameters of the collision.
We use the AMD of the terrestrial planets to compare the resulting
make up the current hydrosphere and atmosphere. However, the
presence of dissolved volatiles in a magma ocean offers an alternative system to our own. The AMD of a planet is the difference between
source of water for the early Earth. Outgassing of 2 wt% water after its orbital angular momentum and its orbital angular momentum if it
loss of an early blanketing atmosphere could provide as much as 10 were in a circular orbit with zero inclination. The AMD of the
current ocean masses of water. Because a large, stable water source terrestrial planets is the sum of this quantity for each terrestrial planet.
seems to be a requirement for the development of life on an Earth-like The current AMD of the terrestrial planets is 6.99265 x 1Q44 g cm2s-1 •
planet, the availability of water at such an early point in Earth history It should be noted that [2] finds that the AMD varies between =7 x
1()44 g cm2s-1 and =104s g cm2s-1 over the age of the solar system.
should aid an early emergence of life.
Second, previous low-temperature accretion models for the Earth Thus, for the resulting system to be similar to our own, the AMD of
are inconsistent with both the presence of a magma ocean on the the resulting terrestrial planets should be somewhere in this range.
We modified the SYMBA code [3] not only to integrate our input
Moon [ 6) and the giant impactor hypothesis of the origin of the Earth
Moon system [7]. There is much geochemical evidence linking the systems but also to calculate several parameters of the impact if a
Earth to the Moon [e.g., 4). With the assumption that the bulk collision occurs. When a collision occurs, we look at the two colliders
composition of the Moon is similar to the upper mantle of the Earth, and use the two-body problem to calculate the parameters of the
and using lunar mantle siderophile-element abundances adapted impact. Primarily, we compare the angular momentum of the colli
from the work of [4] and [8], we have demonstrated that the sidero sion to the internal angular momentum of the Earth-Moon system.
phile-element abundances in the lunar mantle are consistent with a Additionally, we calculate the collision velocity and the velocity at
high-temperature, moderate-pressure metal-silicate equilibration [9]. infinity. Our results could be compared with or used as input for
The most successful model for explaining the lunar mantle sidero hydrodynamic simulations of the actual Moon-forming impact event.
This is ongoing research. Although most of our simulations result
phile-element abundances involves metal-silicate equilibrium be
tween a small metallic liquid core (5% of the mass of the Moon, in a collision, in the majority of the runs the wrong bodies collide or
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the Earth-Moon progenitors collide too quickly after the start of a
simulation. We also have simulations in which a planet comes too
close to the Sun or is ejected from the solar system altogether. In some
runs, no collisions or ejections occur over 200 m. y. There are some
simulations in which the Earth-Moon progenitors do collide between
8 m. y. and 200 m.y. after the runs start. There are also some resulting
systems that are "similar" to the solar system.
References: [1] Lissauer J. J. et al., this volume. [2] Laskar J.
(1997) uzrge Scale Chaos and the Spacing ofthe Inner Planets, 317,
L75-L78. [3] Duncan M. J. et al. (1998) Astron. J., in press.
CORE FORMATION UNDER DYNAMIC CONDITIONS:
AN EXPERIMENTAL STUDY. T. Rushmer, University of
Vermont, Burlington VT 05405, USA (trushmer@zoo.uvm.edu).
Introduction: The question of whether or not liquid metal can
percolate through silicate matrix has been addressed by several
experimental studies recently [e.g., 1], and the results have had a
profound effect on the constraints placed on the geochemical core
formation models to date. The experiments, which have all been
performed under hydrostatic conditions, found that the high surface
energy of metallic liquid (Fe-Ni-S-O bearing melts) does not allow
for an interconnected network of liquid metal. As interconnectivity
is the necessary first step for melt segregation, it has been suggested
that core formation is possible only if the mantle is molten. As the
core most likely segregated from a convecting mantle, which is a
dynamic environment, a set of complementary experiments on melt
distribution also needs to be performed. Deformation experiments
can introduce this important variable to the experimental studies and
provide a means by which we can explore the physical process of core
separation in an active environment. For this study, a solid-media
deformation apparatus is being used to test the feasibility of liquid
metal segregation at low melt fractions from a chondritic source
material by melt-enhanced microcracking, a dynamic process. In
these environments, melt distribution is not controlled by the surface
energy properties of the melt phase but by the deformation micro
structures. This mechanism has been shown to be important for
silicate melt segregation in the Earth's crust.
The Role of Deformation in Melt Segregation: The rheology
of the partially molten rock, or how solid rock + melt assemblages
respond to deformation, has been investigated in the purely silicate
system over the last several years. In these systems, melt segregation
has been found to be possible under a much wider range of melt
fractions than was previously believed [3,4]. These studies have
shown that at the onset of melting (2-3 vol. % melt present), brittle
behavior is observed and melt can be found lining through-going
microcracks. These textures have been interpreted as embrittlement
caused by the presence of melt (melt-enhanced microcracking) and
can increase the permeability of the rock so that interconnectivity can
be achieved at low melt fractions. Several experiments have now
been performed on an H6 chondrite (samples are from the Kemouve
meteorite, supplied by the Smithsonian Institution) to determine
(1) the deformation behavior of the partially molten chondrite, and
(2) the metallic melt distribution under these circumstances. Ques
tions to be addressed are whether or not metallic melt will line
microcracks and whether it will be found in shear zones or in lenses
between grains.
Preliminary Results: Four experiments (KMl-4) have been

performed at 1.0 GPa, at temperatures ranging from 950°C to 1050°C,
(although temperature control was minimal because of thermocouple
problems), and at lQ-4/s strain rate. KM-3 was only strained to 5%
and can be used as an example of what the samples look like at the
beginning of deformation. In comparing this sample with the others,
textural differences are observed. Two samples show minor
microfracturing and crack microstructures. These correlate best with
the lower temperature run (KM-1) and with higher amounts of strain.
However, none of the H6 samples show as much microfracturing as
would be expected in a purely silicate assemblage at similar confin
ing pressures and melt fraction, especially at the high strain rate. In
an amphibolite deformed under similar conditions, microcracks were
the dominant microstructure observed at 0.8 GPa at all tempera
tures (650° -950°C). Other differences include the differential stress
obtained during the experiments. The silicate samples commonly
maintained a high differential stress at low melt fraction, higher than
the confining pressure (and this will promote microfracturing). Dif
ferential stress in the H6 samples approached, but never exceeded,
the confining pressure, and the amount of melting is estimated to be
low in all but one sample. In regard to the relationship between
microfractures and metallic melt distribution, in one sample (KM-1 ),
quenched S-rich metal is concentrated along a fracture in the sample
oriented -45° to the main compression direction. A smaller fracture
of conjugate orientation also offsets the silicate phases, and patches
of quenched S-rich metal are located along this crack. Other samples
show some alignment of metallic lenses at orientations similar to the
microcracks. There also remains some relatively deformation-free
areas within the charges even though the metal has been melted.
Preliminary results show that the response to deformation is more
ductile when compared with purely silicate assemblages; when
microfracturing does occur, sites are created that may concentrate the
metallic melt.
References: [1] Shannon and Agee (1996) GRL, 23, 27172720. [2] Rutter and Newmann (1995) JGR, JOO, 15697-15715.
[3] Rushmer (1995) JGR, JOO, 15681-15696.
THE ORIGIN OF MANTLE RESERVOIRS FOR MARE
BASALTS AND IMPLICATIONS FOR THE THERMAL
AND CHEMICAL EVOLUTION OF THE LUNAR MAGMA
OCEAN. C. K. ShearerandH. E. Newsom, InstituteofMeteoritics,
Department of Earth and Planetary Sciences, University of New
Mexico, Albuquerque NM 87131, USA.
Introduction: In contrast to the W-isotopic signature in the
Earth [1], the lunar mantle was heterogeneous with regard to radio
genie W [2]. A mantle reservoir model involving cumulate formation
and mixing can explain many features of lunar geochemical evolu
tion, including the Hf-W-isotopic systematics. In addition, if such
lunar magma ocean (LMO) or post-LMO processes were instrumen
tal in creating nonchondritic £W reservoirs in a heterogeneous lunar
mantle, the duration of LMO crystallization is shorter than previ
ously proposed.
Origin of Nonchondritic £W Lunar Mantle Reservoirs: Nu
merous studies have demonstrated that all mare basalts sampled have
been produced by melting LMO cumulates [3-9]. Because of the
dynamic nature of the LMO [10,11], it appears highly unlikely that
the W-Hf-isotopic heterogeneities recorded by these basalts were the
result of heterogeneous accretion or variable core formation. More
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likely, the different EW sources were produced by the fractionation crystallization, or a KREEP component was added.
of Hf from W during LMO evolution. Models for the crystallization
References: [ l]Halliday et al. (1996)EPSL, 142, 75-89. [2] Lee
of the LMO [3-8) indicate a sequence of assemblages progressing et al. (1997) Science, 278, 1098-1133. [3] Taylor and Jakes (1974)
from OL ± OPX to assemblages that include PLG and CPX. Ilmenite Proc. LSC 5th, 1287-1305. [4] Longhi (1980) Proc. LPSC 11th,
(ILM) joined PLG and CPX after 95% crystallization of the LMO
289-315. [5] Warren (1985) Annu. Rev. Earth Planet. Sci., 13, 201[7,8). Tungsten and Hf behaved as incompatible elements during 240. [6] Delano (1986) Proc. LPSC 16th, in JGR, 91, D201-D273.
crystallization of most of the LMO [2,12,13). This should result in [7] Hess and Parmentier (1995) EPSL, 134, 501-514. [8] Snyder et
very little change in the ratio of these elements in the cumulates and al.(1992) GCA, 56, 3809-3823. [9] Shearer and Papike(1993) GCA,
residual LMO. However, these two elements may become fraction 57, 4785-4812. [10] Solomon and Longhi (1977) Proc. LSC 8th,
ated during ILM crystallization and accumulation, increasing Hf-W 583-599. [11) Spera(1992) GCA, 56, 2253-2266. [12) Nakamura et
in the ILM-bearing LMO cumulate. This fractionation is hinted at by al.(1986) Proc. LPSC 16th,inJGR, 91, D239-D250. [13) McKay et
the contrast in mineraVmelt partition coefficient for Hf between ILM a! (1986) Proc. LPSC 16th, inJGR, 91, D229-D237. [14) Unruh et
and earlier LMO crystallization phases [12,13). The Lu-Hf, W-Hf, at (1983) Proc. LPSC 14th, in JGR, 88, B17-B25. [15) Shih et al.
and Sm-Nd elemental and isotopic characteristics of high-Ti mare (1993) GCA, 57, 915-931.
basalts [2,14) also suggest that Hf-W-REE fractionation occurred
during the LMO accumulation of their mantle source.
If Hf-W fractionation by ILM is the mechanism by which cumu DYNAMIC MIXING, ORGANIC SYNTHESIS, AND
late lithologies obtain a radiogenic W-isotopic signature, the dura METABOLIC POTENTIAL WITHIN THE EARLY EARIB.
tion ofLMO crystallization may be constrained by the Hf decay. The E. L. Shock, Group Exploring Organic Processes in Geochemistry,
short half-life of 182Hf (9 m.y.) constrains LMO crystallization to Department of Earth and Planetary Sciences and McDonnell Center
<100 m.y. after CAI formation, while some 182Hf was still present. for the Space Sciences, Washington University, St. Louis MO 63130,
If the Moon formed 40-50 m.y. after CAis, the Hf-W-isotopic USA (shock@zonvark.wustl.edu).
systematics suggest that a substantial portion (>95%) of the LMO
crystallized over a period of <60 m.y. A rapid crystallization of the
The atmosphere and oceans on the early Earth are often proposed
LMO implies an early transition from magma ocean(anorthosites) to as the environments where indigenous abiotic organic synthesis
serial magmatism (Mg-suite plutonic rocks) that may explain dis occurred, in apparent analogy to photosynthetic primary productiv
ity by organisms. However, photosynthesizers are not alone as au
crepancies in ages of some pristine highland rock types [15).
Generation of Mare Basalts: Most of the basalts that have totrophs, and many thermophilic and hyperthermophilic organisms
been analyzed for Hf-W isotopes [2] are fractionated magmas and do are now known that have autotrophic metabolisms driven by inor
not approach primary melt compositions. Therefore, in most cases, ganic chemical reactions. Many of these organisms live at tempera
an argument cannot be made for a relationship between radiogenic W tures significantly higher than the currently known upper limit for
and reservoir depth in the lunar mantle. There is at least one exception photosynthesis. In addition, modem phylogenetic analysis based on
in this suite of samples. The Apollo 17 orange glass has been shown ribosomal RNA shows that, unlike photosynthetic organisms, these
to be one of the closest approximations of primary lunar basaltic light-independent, high-temperature chemosynthesizers populate the
magma [6,9). Experiments indicate that it was generated by small to deepest branches of the tree of life [1]. In fact, integrating the genetic
moderate degrees of melting at depths exceeding 400 km [6], yet its evidence from all life present on Earth points to high-temperature
isotopic-and trace-element characteristics indicate a shallow, evolved aqueous environments dominated by water-rock reactions as the
LMO cumulate source. This dichotomy is additional proof that late earliest biological habitat. With what is known about life on Earth,
stage radiogenic, ILM-bearing LMO cumulates were transported to it may be more productive to think of the emergence of life as an
the deep lunar mantle by large-scale, density-driven cumulate over internal process rather than one dependent on the often inhospitable
turn [7,11 ). This cumulate pile-mixing process would have produced surface environment of the early Earth.
Most of the known high-temperature autotrophs use reduction
cumulate sources for the mare basalts that had a range of EW and Hf
W values. Those sources containing an ILM cumulate component reactions to drive metabolic processes, due to the geochemical com
should produce magmas with positive EW and geochemical signa position of the environments in which they live. In these settings,
tures reflecting ILM in the source. Although incomplete and some mixing introduces oxidized compounds into conditions where the
what compromised, trace-element pattern shapes tend to correspond prevailing oxidation states favorreduced forms of the same elements.
to eW values. Basalts with nonchondritic positive EW have trace Therefore, energy can be released as sulfate is reduced to S and on to
element pattern shapes with positive anomalies of Ta, Nb, and Ti over H2S, ferric iron is reduced to ferrous iron, and CO2 is reduced to CH4
a wide range of TiO2• This suggests that ILM had accumulated in [2]. Although these reactions may equilibrate at magmatic tempera
these sources. The large range in Ti02, Ta, and Nb in these basalts is tures, they are sluggish at lower temperatures, becoming so slow
the result of a nearly continuous variation in the ILM abundance in below -300°C that they are seldom observed on the timescales of
the source region. Simple remelting of static cumulates [3] does not laboratory experiments [3]. The same kinetic barriers that can be
account for this variation. The large negative anomalies of Ta, Nb, frustrating in the lab preserve redox disequilibria in dynamic
and Ti in KREEP and KREEP basalts indicate that ILM crystallized geochemical processes. Chemosynthetic organisms have enzymes to
in the LMO prior to the formation of their sources. This results in the catalyze these sluggish reactions, resulting in the release of chemical
chondritic to slightly non-chondritic EW signature of these basaltic energy that is then coupled to metabolic reactions like the generation
magmas. In several basalts with chondritic eW signatures, the ab of ATP.
The release of chemical energy through enzyme-catalyzed reduc
sence or minimal Ta, Nb, and Ti anomalies indicate that either no
ILM was in the source, the ILM signature was removed by fractional tion drives energy-consumptive biochemical pathways and cycles.
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However, conditions at which autotrophic methanogenesis yields
energy also favor synthesis reactions for many biomolecules. As an
example, conditions around 100°C in present submarine hydrother
mal systems are favorable for many enzyme-catalyzed amino-acid
synthesis reactions [4]. In fact, net amino-acid synthesis reactions at
these conditions lead to the release of energy for 11 of the 20 protein
forming amino acids. Somewhat more favorable conditions prevail
at 85° C in these systems, which is the optimum growth temperature
for Methanococcusjannaschii in the lab. Most of the proteins in this
organism have a greater abundance of amino acids whose synthesis
is accompanied by a release of energy. As a consequence, overall
amino-acid synthesis is an energy yielding process for Methanococcus
janna.schii [5]. This observation stands in stark contrast to amino
acid synthesis by aerobic organisms that are required to perform
work, in the thermodynamic sense, against their environments in
order to synthesize their biomolecules.
The geochemical processes that favor reduction reactions in hy
drothermal habitats would provide conditions conducive for life
whether or not organisms are present. Therefore, the same types of
conditions that support autotrophic hyperthermophiles at present
could have supported abiotic organic synthesis on the earlyEarth.As
examples, reduction reactions leading to the synthesis of organic
compounds are favored when volcanic gases are quenched and/or
cooled by mixing [6,7], or when hydrothermal fluids cool [8,9] and/
or mix with seawater [10].
The underlying thermodynamic drive for organic synthesis in
these systems is provided by the intersection in redox potential
temperature space of iron oxide-silicate equilibria with equilibria in
the C-H-O-N-S system [8,9].At high temperatures in geochemically
plausible bulk compositions, CO2, N, O4S-2 (or O 2S) and water are
the stable compounds, and can be accompanied at stable equilibrium
by small percentages of H. At lower temperatures attained by con
ductive cooling or dynamic mixing and cooling, CH4, H3N, H2S, and
H2O are the thermodynamically stable compounds. However, the
same sluggish reaction kinetics that allow methanogens and other
chemosynthesizers to thrive in hydrothermal systems inhibit the
spontaneous synthesis of these extremely reduced compounds.
Therefore, the potential for organic synthesis as a partial reduc
tion of C and N is provided by inescapable mixing and cooling
processes. Any organic compounds that form would represent a
lowering of the overall Gibbs free energy of the system, and would
be considerably more stable than the starting mixture of compounds,
even if those compounds were at equilibrium at magmatic or mantle
temperatures and pressures.Experimental tests of organic synthesis
at realistic conditions are generally lacking, but related results pro
vide evidence for CO2 reduction (11] and the role of S in organic
synthesis and peptide bond formation [12,13].
These observations about the geochemical thermodynamics and
kinetics of fluids as they mix and cool dynamically make it possible
to view the metabolic processes of autotrophic hyperthermophiles as
geochemically spawned forms of energy dissipation. Characteriza
tion of the mineral precipitation that occurs at the dynamic interface
between hydrothermal fluids and seawater shows that conditions for
catalysis of favorable reactions may be generated [14].Placing bio
synthetic pathways and cycles into the framework of fluid-mixing
environments, with constraints provided by mineral-fluid reactions,
should reveal the extent to which autotrophic reductive metabolism
can emerge from geochemical processes within the early Earth.
References: [l] Pace N. R. (1997) Science, 276, 734.

[2] McCollom T. M. and Shock E. L. (1997) GCA, 61, 4375.
[3] Ulmer G. C. and Barnes H. L. (1987) Hydrothermal Experimen
tal Techniques, Wiley. [4] Amend J.P. and Shock E. L. (1998)
Science, 281, 1659. [5] ShockE. L.et al., in preparation. [6] Zolotov
M. Yu. and ShockE. L., this volume. (7) Zolotov M. Yu. and Shock
E. L. (1999) JGR, submitted. (8) Shock E. L. (1990) Origin ofLife
& Evolution ofthe Biosphere, 20, 331. [9] ShockE. L. (1992) Origin
of Life & Evolution of the Biosphere, 22, 61. (10) Shock E. L. and
Schulte M. D. (1998) JGR, in press. (11] Berndt M. E. et al. (1996)
Geology, 24, 351. (12] Huber C. and Wachtershliuser G. (1997)
Science, 276, 245. [13) Huber C. and Wachtershii.user G. (1998)
Science, 281, 670. [14] Russell M. J. and Hall A. J. (1997) J. Geol.
Soc., 154, 377.
INFERENCES ABOUT THE EARLY MOON FROM
GRAVITY AND TOPOGRAPHY. D. E. Smith 1 and M. T.
Zuber1,2, 1Laboratory for Terrestrial Physics, Code 920, NASA
Goddard Space Flight Center, Greenbelt MD 20771, USA
(dsmith@tharsis.gsfc.nasagov), 2DepartmentofEarth, Atmospheric
and Planetary Sciences, 54-518, Massachusetts Institute of
Technology, Cambridge MA 02139, USA (zuber@tharsis.
gsfc.nasagov).
Recent spacecraft missions to the Moon (1,2) have significantly
improved our knowledge of the lunar gravity and topography fields,
and have raised some new and old questions about the early lunar
history [3]. It has frequently been assumed that the shape of the
Moon today reflects an earlier equilibrium state and that the Moon
has retained some internal strength. Recent analysis indicating a
superisostatic state of some lunar basins [4) lends support to this
hypothesis.
On its simplest level, the present shape of the Moon is slightly
flattened by 2.2 ± 0.2 km [5) while its gravity field, represented by
an equipotential surface, is flattened only -0.5 km [6]. The hydro
static component to the flattening arising from the Moon's present
day rotation contributes only 7 m. This difference between the topo
graphic shape of the Moon and the shape of its gravitational equipo
tential has frequently been explained as the "memory" of an earlier
Moon that was rotating faster and had a correspondingly larger
hydrostatic flattening (7-9). To obtain this amount of hydrostatic
flattening from rotation alone, and accounting for the contribution of
the present-day gravity field, the Moon's rotation rate would need to
be about 15x greater than at present, leading to a period of <2 days.
Maintaining its synchronous rotation with Earth would require a
radius for the Moon's orbit of -9 Earth radii (REanb).
Unfortunately, our confidence in the observed lunar flattening is
not as great as we would like. The uncertainty of 0.2 km may not
properly reflect the limitations of the Clementine dataset, which did
not sample poleward of latitudes 81°N and 79°S. Also, the large
variation of topography (± 8 km) seen on the Moon dwarfs our
estimate of the flattening. Further, the lunar south pole is on the edge
of, or possibly inside, the massive, deep South Pole-Aitken Basin.
Thus, polar radii (5) could be underestimated. This would yield a
smaller flattening, which would imply a greater lunar rotation period
and orbital radius. However, basin compensation states (4) and
analyses of support [9] and relaxation [10) of topography at long
wavelengths point to a lunar shape that has retained a flattening from
an earlier, faster rotation period.
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1591-1611. [6] Lemoine F. G. L. et al. (1997) JGR, 102, 1633916359. [7] Jeffreys H. (1970) The Earth, Cambridge U niv., New
York, 525 pp. [8] Lambeck K. and Pullan S. (1980) Phys. Earth.
Planet. Inter., 22, 8-12. [9] Willemann R. J. and Turcotte D. L.
(1981)Proc. LPS 12B, 837-851. [lO]Zuber M. T. andZhongS., this
volume. [11] Kaula W. M. et al. (1974) Proc. LSC 5th, 3049-3058.
Fig. 1. Lunar radii within 1 ° of the equator. The values are subtracted
from a mean of 1738.0 km. The solid line shows the (1,1) term of the
spherical harmonic topography field [5], and the dashed line shows the
(2,2) term.
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Fig. 2. Rotation and tidal effects on the lunar flattening and equatorial
ellipticity.

Complementary information about the Earth-Moon distance dur
ing the distant past can also come from the shape of the equator
(Fig. 1). The present shape of the lunar equator is dominated by an
ellipticity (2, 2 terms) of -770 m, coupled with a 1. 7-km degree-1
term that represents the offset of the center of figure of the Moon from
its center of mass. This offset has been interpreted as a possible
planetary-scale variation in crustal thickness [11,3] with the farside
thicker than the nearside, but its origin and relationship to the Earth
is not clear. The topographic ellipticity is oriented -45° to the east of
the Earth-Moon line and its amplitude is much larger than the 116-m
ellipticity of the lunar geoid. It is possible that this distortion is also
part of a lunar "memory," in this case of an earlier tidal distortion.
If the Moon behaved like a perfect fluid, then the present nearside
tidal bulge would be-10 m. For the tide to approach 770 m, the Moon
must have been over 4x closer to Earth (-15 REanh) than it is at present
and would have a rotation period of only about 3.5 days. In this orbit,
the effective permanent tide at the lunar poles would be -650 m,
which would decrease the flattening and increase the distance of the
Moon required to obtain the requisite rotation. Combining the tidal
effect estimated from the equatorial ellipticity and the rotation leads
to a lunar period of nearly 3 days at a distance of slightly more than
13 REanh(Fig. 2). If the Moon exhibited some rigidity, it would mean
a reduced tidal effect and imply a somewhat smaller Earth-Moon
distance. Thus, it seems that both the observed flattening and the
ellipticity of the equator require a Moon that was much closer to the
Earth, at a distance of 13-16 REanh, when the Moon "froze" in its
present shape.
References: [1] Nozette S. et al. (1994) Science, 276, 18351839. [2] Binder A. et al. (1998) Science, in press. [3] Zuber M. T.
et al. (1994) Science, 266, 1839-1843. [4] Neumann G. A. et al.
(1996) JGR, 101, 16841-16863. [5] Smith D. E. et al., JGR, 102,

THE DETECTABILITY OF MOON-FORMING IMPACTS
IN YOUNG, NEARBY PLANETARY SYSTEMS. S. A. Stem,
Southw,-st Research Institute, Department of Space Studies, 1050
WalnurStreet,No. 425,BoulderC080302,USA(astem@swri.edu).
The standard theory of lunar formation relies on a giant, highly
energetic impact that pushed the material from which the Moon was
formed into Earth orbit. Following work published in [1], I examine
the direct thermal detectability of such Moon-forming impacts dur
ing the short but unique epoch of giant impacts that is a hallmark of
the standard theory of planetary formation.Sufficiently large impacts
during this era were capable of creating luminous, 1500-2500 K
photospheres around individual terrestrial planets, which likely per
sisted for 102-1()3 yrin some cases. While in this state, a young planet
can be detected by its infrared radiation, which can be up to 10,000x
greater than when the same planet is cool later in its life.
I will show calculations that demonstrate the feasibility of detect
ing such events using the Keck Interferometer. I will also estimate the
number of young stars one would need to examine to expect to find
a luminous terrestrial-class planet after a giant impact. The results
obtained herein suggest a new strategy for the detection of solar
systems with the potential for observationally confirming the stan
dard theory of late-stage planetary accretion.
It will be shown that thermally luminous Earth-sized objects can
be detected in nearby star-forming regions (-125 parsecs, or almost
400 light years, away) in 1-2 nights of observing time. However,
because even young planets are only sporadically heated by the truly
enormous impacts needed to tum their surfaces molten, predictions
indicate that if our solar system formation scenario is typical for low
mass main sequence dwarfs, then -250 such young stars would have
to be searched to expect to find one luminous, hot, terrestrial-sized
planet. A dedicated observing program using 10-20% of the Keck
interferometer's observing time could expect to detect 1-10 such
objects over a few years. These results suggest a new strategy for the
detection of young solar systems, and also offer, for the first time, the
potential to confirm the standard model oflate-stage planetary accre
tion involving large impacts between forming planets.
References: [1] Stem S. A. (1994) Astrophys. J., 108, 2313.

PHYSICAL AND CHEMICAL CONDITIONS FOR THE
EARLY EARffl AND MOON. D. J. Stevenson, Mail Code
150-21, California Institute of Technology, Pasadena CA 91125,
USA (djs@gps.caltech.edu).
Introduction: This abstract is a statement of what I hope to
cover rather than a summary of conclusions. The time period I cover
extends from the immediate postaccretion time (-4.45-4.5 Ga) to
the beginning of a substantial terrestrial rock record (-3.8-4.0 Ga),
which is (perhaps coincidentally) also the time at which we enter an
approximately constant "background" impact flux not too different
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from the present flux. This presumably overlaps the origin of life on
Earth. The issues or questions addressed will include: What are the
constraints(geochemical and physical)? What are the factors govern
ing Earth-Moon differences? What is the impact flux and its conse
quences? Did Earth have a well-developed ocean and, if so, did it
have any dry land? What about greenhouses and iceballs (the faint
Sun problem and the nature of Earth's earliest atmosphere)? I also
comment on the "myth" that Earth had a set of typical conditions at
any epoch.
A Few Constraints: Isotopic evidence constrains lunar and
terrestrial origins to be roughly contemporaneous, with the intrigu
ing possibility that the Moon formed when Earth was incompletely
(i.e., as littJe as only half) accreted. The presence of 129Xe tells us that
rapid but probably only partial outgassing of Earth took place in
-100 m.y. [1]. The extremely rapid cooling of deeper levels of the
putative terrestrial magma ocean [2] may preclude efficient outgas
sing of the "primordial" volatiles (i.e., 3He and "solar'' or so-called
planetary Ne). Ages and composition of lunar highland rocks are
consistent with but may not necessarily require a lunar magma ocean
[e.g., 3]. In the absence of a terrestrial rock record, little can be said
about earliest Earth dynamics, although £Nd systematics have been
interpreted to imply stepwise depletion of the mantle and place
constraints on the early recycling of"continental" crust [4]. The form
of the earliestsurviving materials(e.g., detritalzircons)only imposes
anecdotal constraints. The early lower luminosity of the Sun is not
seriously questioned, although some have attempted to circumvent
this (e.g., by postulating a larger initial solar mass and implausibly
large amounts of mass loss).
Earth-Moon Differences: Although the Earth and Moon have
compositional differences, and although there may have been events
highly specific to the Moon (e.g., possible passage through a tidal
resonance that led to severe heating [5]), the main cause of Earth
Moon differences is self-gravity and its consequences (i.e., different
internal pressure regimes). Lower pressures within the Moon affect
the partitioning of Al in particular, making it more likely to form a
flotation crust and a persistent magma ocean. Flotation crust is
unlikely on Earth, and the extreme pressures at depth coupled with
the much lower slope (i.e., dT/dP) of the adiabat relative to the
liquidus (or solidus) implies rapid freezing of deeper portions of a
magma ocean. Thus, the terrestrial magma ocean is likely to have
cooled far more rapidly and to have left far less trace of its existence.
The Moon may not have been as vigorously stirred internally as Earth
and may have had an "initial" temperature that was lower than Earth
(even after correction for adiabatic compression, and despite the
presumed traumatic beginning).Retention of volatiles was of course
difficult on the Moon; it would never have had a significant atmos
phere, and water may have been efficiently lost in the lunar accretion
disk. Presence and nature of the Fe core of the Moon may provide
important constraints on the internal state [6].
The Impact Flux Problem: Except for the obvious integral
constraint(mass accreted= mass of final body), the lunar chronology
postdating -4.0 or 3.9 Ga, and the very approximate coincidence of
lunar and terrestrial fluxes subsequently (after corrections for gravi
tational focusing), remarkably little can be said about the impact flux
for the time in question. The "late heavy bombardment" of the Moon
neither requires nor excludes still larger fluxes (in some average
sense) at earlier epochs. It is common practice to assume that the flux
rises in some roughly exponential fashion as one goes backward in
time earlier than- ca 3.8 Ga. This has been the basis of the ideas of
"impact frustration of the origin of life" [7J, and estimates of the
largest impacting body at various early epochs [8,9J. But we do not

know the provenance or time history of these bodies, and we should
acknowledge major uncertainties in our understanding accordingly.
Ocean and Dry Land: Until recently, it has been possible to
advocate that the Earth's oceans were a"late" feature (i.e., that water
arriving during primary accretion was lost, or more likely stored as
H in Earth's core or possibly as OH or even molecular water- in deep
mantle). Ocean water would then be explained by impacts of cometlike
planetesimals [10]. Recent comet data [e.g., 11] cast doubt on this
view because cometary D/H is about a factor of 2 greater than CI
meteorites. A deep ocean is then likely to date back to earliest Earth
times (albeit occasionally vaporized in large impacts (8,9]). It is far
from clear that there would be significant accumulations of crust and
thus dry land, and the dynamic topography caused by mantle convec
tion would if anything produce less topography than now (despite the
much higher heat flow). So dry land would have been rare.
Greenhouses and Iceballs: The early faint Sun would lead to
an Earth with ice covered oceans. Some would argue that this is a
good place for the origin of life [cf. 121 and other would argue that
this state may have existed in neo-Proterozoic times [13,14]. On the
other hand, the much higher volcanic fluxes may have created a dense
CO2 atmosphere [see lSJ or there may have been other important,
albeit less stable, greenhouse gases (16]. It is unlikely that we can
"solve" this problem by pure thought; we must be guided by possible
analogs (Mars), constraints from origin-of-life considerations, and
by the unlikelihood of "typical " conditions (see below).
The "Myth" of Typical Conditions: There is a natural ten
dency to suppose that we can talk of Earth's typical conditions at a
particular epoch(surface temperature, atmospheric composition and
pressure, ocean pH, and so forth). This is almost certainly wrong.
Cosmologists are used to looking at time logarithmically, and we
should do likewise in thinking about Earth- i.e., as much happened
in the period between say 100 m. y. after Earth formation and 300 Ma
as happened between 300 and 900 Ma or as happened between
900 Ma and 2.7 Ga. (The fact that the evidence may have been
obliterated does not mean it did not happen!) The reason is that the
trauma (e.g., impacts) were larger and more frequent, the internal
heat engine was far more vigorous ( and not just because of higher
radioactive heating). It would seem likely that fluctuations from the
mean (e.g., conditions immediately following a very large impact)
are more important for understanding Earth's history than the mean
conditions, either for understanding Earth differentiation or the ori
gin of life.
References: [1] McDougall I. and Honda M. (1998) in The
Earth's Mantle (I. Jackson, ed), pp. 159-187, Cambridge Univ.
[2J Solomatov V. and Stevenson D. J. (1993) JGR, 98, 5375-5390,
and following papers. [3] CarlsonR. (1994)Rev. Geophys., 32, 337361. [4] McCulloch M. T. and Bennett V. C. (1998) in The Earth's
Mantle (I. Jackson, ed.), pp. 127-158, Cambridge Univ. [SJ Touma
J. and Wisdom J. (1998)Astron. J., 115, 1653-1663. [6] Stevenson
D. J. (1980) Nature, 287, 520-521. [7] Maher K. A. and Stevenson
D. J. (1988) Nature, 331, 612-614. [8J Sleep N. H. et al. (1989)
Nature, 342, 139-142. [9] Zahnle K. J. and Sleep N. H. (1997) in
Comets and the Origin and Evolution ofLife (P. Thomas et al., eds.),
pp. 175-208, Springer-Verlag. [lOJ Chyba C. F.(1987) Nature, 330,
632-635. [11) Bockelee-Morvan D. et al. (1998) Icarus, 133, 147162. [12) Bada J. L. et al. (1994) Proc. Natl. Acad. Sci., 91, 12481250. [131 Kirschvink J. L. (1992) in The Proterozoic Biosphere
(J. W. Schopf and C. Klein, eds.), pp. 51-52, Cambridge Univ.
[14J Hoffman P. F. et al. (1998) Science, 281, 1342-1346.
[15) Kasting J. F.(1993) Science, 259, 920-926. [16] Sagan C. and
Chyba C. (1997) Science, 276, 1217-1221.
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CAN AN EARLY-FORMED MOON AVOID SIDEROPHILE
CONTAMINATION BY SUBSEQUENT IMPACTS? G. R.
Stewart 1 and R. M. Canup2, 1Laboratory for Atmospheric and Space
Physics, University of Colorado, Campus Box 392, Boulder CO,
USA, 2Space Science Department, Southwest Research Institute,
Boulder CO 80302, USA.

University of Hawai'i, 2525 Correa Road, Honolulu ID 96822,
USA, 2Lunar and Planetary Institute, 3600 Bay Area Boulevard,
Houston TX 77058, USA.

The bulk composition of the Moon is important to test arid
understand models of lunar origin. We present here results of a
synthesis of remote sensing, petrologic, and geophysical data to
Introduction: Both dynamical and chemical constraints must estimate lunar bulk composition.
be applied to models of the formation of the Earth-Moon system. A
Structure and Composition of the Lunar Crust: The crust
primary dynamical constraint is that the angular momentum of the can be described by a three-layer model in which roughly the upper
Earth-Moon system has remained nearly constant since its forma third is a mixed, feldspathic zone, a middle layer is nearly pure
tion. A primary chemical constraint is that the surface of the Moon anorthosite, and the lower zone is broadly basaltic or noritic ([1,2);
is highly depleted in siderophile elements. Recent N-body simula Table 1). The upper zone is characterized by observed surface com
tions of the accretion of the Moon from an impact-generated disk positions in the highlands [2,3) and composition of small basin arid
have shown that the accretion is very inefficient, so that about half of large crater ejecta. The middle anorthosite zone is exposed in the
the initial disk mass is pushed back onto Earth [I]. Simulations of a inner rings of large, multiring basins [4,5) and selected craters on the
giant impact on Earth find that in order to insert two lunar masses of farside of the'Moon. A mafic lower crust is inferred from the compo
material into Earth orbit requires an impact with nearly twice the sition of impact melt breccias in the Apollo samples, interpreted as
angular momentum of the Earth-Moon system [2]. To avoid this melt products of basin-forming impacts [6]. Clementine gravity data
angular momentum excess, Cameron has proposed that the giant show that the crust of the Moon averages ~60 km in thickness on the
impact occurred when the Earth had only about two-thirds of its final nearside and ~68 km thickness on the farside [7]. We model a crust
mass. Recent SPH simulations of an early impact on a smaller proto of 65 km average thickness, divided into three layers(Table 1). We
Earth yield two-lunar-mass disks with the correct angular momen estimate Al concentrations in the first two layers on the basis of
tum of the Earth-Moon system [2]. But can such an early-formed observed Fe values and the near-perfect inverse correlation between
Moon avoid signicant siderophile contamination by impacts during Fe and Al in lunar soils [8]. Megaregolith compositioncan be directly
the subsequent accretion of the the remaining one-third of the Earth? observed from global data and from the ejecta of small craters; the
Siderophile Contamination: Previous discussions of impact meanFeO is ~4.5% [3]. The anorthosite layer, observed in basin-ring
contamination of the Moon have focused on impacts postdating the and crater central-peak exposures [1,2,4,5], is typically between 1
solidification of the lunar crust at 4.36 Ga [3]. However, if the Moon and 2 wt% FeO. Composition of the lower crust is estimated by
formed early, then the Moon was exposed to a much larger impact observed concentrations of Fe and AI in LKFM basin melt-rock
flux prior to 4.36 Ga This siderophile-rich material could have been samples [6]. Such rocks may be exposed in certain regions of the
mixed throughout the depth of the lunar magma ocean. We can only Moon, such as Imbrium Basin ejecta [8,9) and the floor of the South
use the integrated impact flux as a lower limit to the amount of lunar Pole-Aitken (SPA) Basin [10).
accretion subsequent to the formation of the Moon, because not all
Mantle Composition: The seismic model [11) suggests the
of the impacting material is retained. It has been argued that impacts presence of a discontinuity at a depth of 500 km, so we divide the
on the Moon in its current orbit are primarily erosive because the bulk lunar interior into an upper and lower mantle, ignoring the small core.
of the ejecta eventually leaves Earth orbit [4]. This need not be the Mare basalts contain useful information about their source regions.
case, however, when the Moon first formed in low Earth orbit just Using the average AI203 content (8.4 wt%) of primary magmas
outside of the Earth's Roche radius. Although the Moon's orbit (those least affected by fractional crystallization and other pro
expands rapidly on the time scale of accretion of the last one-third of cesses), and assuming that all AI was partitioned into the magmas, we
the Earth's, much of this accretion will occur while the Moon is can estimate the Al content of the source region. For 5% melting, the
substantially closer to the Earth than it is currently.
mantle source rock would have contained 0.4 wt% Al 203, and for
In order to place some constraints on this problem, we have begun 20% partial melting, near the high end of melting estimates, source
orbital calculations of the lunar impact ejecta for various lunar orbit rocks would have contained 1.7 wt% Al 203 . Aluminum in the lower
radii. The resulting accretion efficiencies can be used to estimate the mantle must be estimated by geophysical techniques. Mueller et al.
total meteorite contamination of the lunar magma ocean. If the [12) estimated that the minimum Al203 content of the lower mantle
resulting abundance of siderophiles is larger than allowed by the is 2.7 wt%. The FeO content of the upper mantle sources for primary
available chemical constraints, our calculation could provide a strong mare basalts can be estimated from the compositions of residual
argument against the early formation of the Moon.
liquidus minerals in partial melting experiments. (SeeWarren [13)
References: [1] Ida S. et al. (1997) Nature, 389, 353-357. for a discussion of the problems of using mare basalts to deduce
[2] Cameron A.G.W. andCanupR.M.(1998)LPSXXIX. [3] Zahnle mantle compositions.) We assume equilibrium partial melting, ig
K. J. and Sleep N. H. (1997) in Comets and the Origin and Evolution nore polybaric melting processes [14), estimate reasonable propor
ofLife, pp. 175-208, Springer. [4] Gladman B.J. et al. (1995) Icarus, tions of olivine and pyroxene, and add the mare basalt back into the
118, 302-321.
source region by assuming 5% partial melting. Almost all estimates
range from 17 to 20 wt% FeO, consistent with geophysical modeling
[12). More magnesian compositions can be inferred. The source for
BULK COMPOSITION OF THE MOON. G. J. Taylor 1, P. D. the very magnesian Apollo 15 green glass had only 12 wt% FeO, and
Spudis2, P. G. Lucey!, and B. R. Hawke 1, 1Department of Planetary Warren [13) suggests a bulk Moon mg#> 85, which corresponds to
Geosciences, Hawai'i Institute for Geophysics and Planetology, aFeO of as low as ~ IO wt% (depending on olivine/pyroxene arid the
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TABLE I. Composition of the Moon and its components.
Layer

Depth
(km)

Megaregolith
0-20
20-35
Anorthosite
35-65
Lower crust
Upper mantle
highFeO
65-500
lowFeO
65-500
Lower mantle
highFeO
500-1738
lowFeO
500-1738
Bulk.Moon
highFeO
lowFeO
Bulk silicate Earth (15]

VolFrac.
of Moon

wt%

FeO

Alz03

0.04
0.02
0.05

4.5±1.0
1.5±0.5
9.0±2.0

27.3±1.2
31 ±2.0
18±2.0

0.58
0.58

18.5 ± 1.5
10

1.0±0.7
1.0±0.7

0.31
0.31

18.5 ± 1.5
10

?:.2.7
'?:.2.7

1.0
1.0
41.4

17.1
9.6
8.0

4.0
4.0
3.6

wt%

amount of an aluminous phase). Observations oftheSPA basin floor
suggest that the upper mantle contains 10-16 wt% FeO [IO). The
FeO content of the lower mantle cannot be estimated from any
available data. It is not unreasonable, however, to suspect that it is
similar to the composition of the upper mantle.
Lunar Bulk Composition: Our results (Table 1) indicate that
the Moon differs substantially from the Earth in Fe, even assuming
the low range in FeO values deduced from mare magmas. The lunar
Al content is only marginally different from that of the Earth, al
though the uncertainties are large, thereby casting doubt on the idea
that the Moon is enriched in refractory elements. This idea can be
tested further when complete Th data become available from Lunar
Prospector.
References: [1]Spudis P. D. et al. (1996) LPS XX.VII, 1255.
[2]PetersonC. et al. (1997)LPSXXVIII, 1097. [3] LuceyP. G. et al.
(1995)Science, 268, 1150;LuceyP. G. etal. (1998)JGR, 103, 3679.
[4]Spudis P. D. et al. (1984) Proc. LPSC 15th, in JGR, 89, C197.
[5] Hawke B. R. et al. (1997) Meteoritics, 32, A51. [6]Spudis P. D.
(1993) Geology ofMulti-ring Basins, Cambridge, 263 pp. [7]Zuber
M. T. et al. (1994) Science, 266, 1839. (8) Spudis P. D. et al. (1988)
LPS XIX, 1113. [9] Bussey B. et al. (1998) LPS XX.IX, Abstract
#1352. [IO] Lucey P. et al. (1998) JGR, 103, 3701. (11] Nakamura
(1983) JGR, 88, 677--686. (12]Mueller et al. (1988) JGR, 93, 6338-6352. [13]WarrenP. W. (1986) in Origin ofthe Moon, pp. 279-310.
[14]LonghiJ. (1992)Proc. LPS, Vol. 22, 343-353. [15]TaylorS. R.
(1992) Planetary Science: A Lunar Perspective, LPI, 481 pp.
IS THE COMPOSITION OF THE MOON CONSISTENT
WITH THE GIANT IMPACT HYPOTHESIS? S. R. Taylor,
Department of Nuclear Physics, Research School of Physical Sci
ences, Australian National University, Canberra, Australia 0200
(Ross.Taylor@anu.edu.au).
Current versions of the giant impact hypothesis for the origin of
the Moon call for the impact to occur when the Earth is about two
thirds of its present size. The material in the Moon is derived mostly
from the mantle of the impactor, although <10% of the impactor
finishes up in the Moon. The metallic core of the impactor accretes
to the Earth. Accretion of the last third of the Earth occurs subse-

quently to lunar formation. The Moon suffers net erosion rather than
accumulation during this stage, consistent with the observation that
there is no sign on the Moon of a late veneer that is postulated to have
contributed water, volatile elements, and the excess siderophile sig
nature to the terrestrial mantle.
Relative to the Earth or the primitive solar nebula, the Moon has
a strong depletion of volatile elements, water, and a probable enrich
ment of refractory elements (e.g., Ca, Al, Ti, REE, U, and Th), the
latter observation based on heat-flow data, seismic velocity profiles,
high near-surface concentrations, and the presence of a thick alumi
nous crust. The bulk lunar REE patterns show no Eu, Yb, or Ce
anomalies based on volatility in contrast to those in CAI. The volatile
elements are depleted in order of their condensation temperatures,
but the refractory elements are present in the bulk Moon in solar
nebular ratios, indicating that the material now in the Moon was not
subjected to temperatures in excess of -1500 K.
The lunar composition shows little relationship to that of the
terrestrial mantle. For the major elements, there is no correlation
based on volatility between the composition ofthe terrestrial mantle
and that of the Moon (both volatile FeO and refractory CaO are
enriched). The absence of fractionation effects in the K isotopes rules
out evaporative loss of K by Raleigh-type distillation processes.
Magnesium isotopes likewise are normal.
When did the loss ofvolatile elements occur?Models that involve
Rayleigh-type condensation from vapor are ruled out by the lack of
fractionation in the REE and the absence of K-isotopic anomalies.
Although volatiles were presumably lost during the giant collision,
the lunar initial 87Sr/86Sr ratio (LUNI) is not distinguishable from
BABL indicating that volatile Rb was also depleted close to T0_
Current theories for planetary formation deplete the inner solar
system in gases, and ices, including water and volatile elements close
to TO due to early intense solar activity. As the impactor was clearly
derived from the inner solar system as shown by the O and Cr
isotopes, the possibility exists that the impactor was a primitive
volatile-depleted, dry body from the inner nebula before it collided
with the Earth. Thus some of the lunar chemistry may reflect that of
the primorial inner dry solar nebula It would be ironic if the Moon
retained some imprint of the primitive inner solar system as Harold
Urey always maintained that the Moon had been a leftover example
of a primitive solar nebular body.
Possible compositions for the impactor include a body with anFe
rich mantle, intermediate between that ofEarth and Mars, but with a
low Rb-Sr ratio and a low volatile content inherited from the inner
nebula However, the material now in the Moon is derived in a
stochastic event from only a very small portion (<10%) ofthe original
impactor mantle and so is not necessarily representative of the bulk
composition of the impactor mantle. The one-off nature ofthe lunar
forming event that produced a unique object makes it difficult to
discern in detail the previous history of the lunar material.
A MODEL OF INTERACTION OF AV APOROUS JET AND
IDGH-VELOCITY CONDENSED FRAGMENTS AT THE
GIANTIMPACT. A. V. Teterev,FacultyofAppliedMathematics
and Computer Science, BelarusState University, 4, F. Skorina ave
nue, Minsk, 220050, Belarus (teterev@fpm.bsu.unibel.by).
Introduction: The theory of origin of the Moon due to giant
impact of protoplanets proposed for the first time by (1,2) is gener-
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ally recognized. Further investigations [3-5] showed that different
aspects of such impact should be studied in more detail for a complete
understanding of the phenomenon. However, up to now, not all
answers have been found to the questions related to this problem. As
it is impossible to organize a full-scale natural experiment, we have
to rely on complex mathematical modeling [6].
Brief Description of the Model: A high-velocity, high-tem
perature jet, consisting of vapors of colliding bodies and of fragments
in condensed state, is formed due to the giant impact. The initial fields
of velocities of vaporous and condensed components are supposed to
be the same. The ratio of masses of components in jet can be deter
mined from the specific thermal energy, under the assumption that
their temperatures are equal. Granulometric composition of frag
ments can be described by known statistical distributions. Based on
the supposition that fragments have a spherical form, their mean
radius is a free parameter dependent on the magnitude of the specific
thermal energy. A gas-dynamic flow of vapors and inertial scattering
of fragments make the fields of velocities of the components differ
ent. This, in its turn, leads to their force interaction. A more detailed
description of the model of simulation of such a medium is given in
[7,8]. One of the most important factors in the process of ejecta cloud
formation is gravitation [3]. In calculations done by [9], an account
of force of gravity was performed only in the supposition of central
symmetry of the gravitational field, constant in time and space, which
was created by the target protoplanet. Later a new model was devel
oped, which takes into account gravitational interaction of sub
stances distributed in space, including the discrete condensed frac
tion. For this purpose in the computational area, a boundary-value
problem for the equation
�u = 47typ(x, y, z)
of the potential of the field is solved in the supposition of absence of
external sources. This allows one to describe correctly not only the
initial stage of ejecta-jet formation, but also its further evolution,
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Fig. 1. Isolines of logarithmic scale. The value of the scale division is
5000 km, equal in all spatial directions. Image A illustrates the density
field on the symmetry plane, images B and C at the horizontal sections,
and images D, E, and F at the vertical sections.

assuming outflow of substances from the area under consideration is
negligible.
Example of Calculation: Figure 1 illustrates fields of densities
at different sections of computational area at t = 1600 s after the
beginning of collision. Computational mesh consisted of 60 x 120 x
120 cells with�= �y = � = 200 km. Presented results correspond
to the variant of the problem with protoplanets moving in one plane
and the collision angle being 45°. The impact velocity is 30 km/s,
while the radii of the target and impactor planets are 6400 km and
1700 km respectively.
Acknowledgments: This work was partially supported by the
ISTC within project No. B-23.
References: [1] Hartman W. K. and Davis D. R. (1975)
Icarus, 24, 504-515. [2] Cameron A.G. W. and Ward W.R. (1976)
LPS VII, 120-122. [3] Benz W. et al. (1986) Icarus, 66, 515-535.
(4] Hartman W. K. et al. (1986) Origin of the Moon, LPI, Houston.
(5] Melosh H.J. (1989) Impact cratering: A Geologic Process,
Oxford. [6] Samarskii A. A. and Mikhailov A. P. (1997) Mathemati
cal Modelling: Ideas, Methods, Examples. [7] Teterev A. V. (1998)
CFDM II, 104-110. [8) Teterev A. V. (1998) HVIS98, in press.
[9] Teterev A.V. and Rudak L.V. (1993) Intl. Conj. Asteroid Haz
ard, St. Petersburg, 71-72.
CRUSTAL ASYMMETRY OF THE MOON: NECESSARY
CONSEQUENCE OF RANDOM IMPACTS. Y. Toda and Y.
Abe, Department of Earth and Planetary Physics, University of
Tokyo, 7-3-1, Hongo, Bunkyo, Tokyo, 113-0033, Japan (toda@
geoph.s.u-tokyo.ac.jp).
Introduction: The geometric center of the Moon is known to
be offset from the center of mass by about 2 km [l]. Origin of this
displacement has been an important aspect in discussing the crust
mantle evolution of the Moon. The displacement is apparently caused
by the difference of crustal thickness between the farside and nearside.
Various mechanisms such as a special convective flow in the magma
ocean (an endogenic process) or single large or multiple impacts
(exogenic processes) have been proposed as having caused this
difference. In this study, however, we show that such crustal asym
metry is just a necessary consequence of random impacts on the
Moon. In other words, it does not require any special forming
mechanism.
Statistical Analysis and Numerical Simulation: Even if the
primitive crust of uniform thickness is formed from a lunar magma
ocean, milions of subsequent planatesimal impacts would have
modified its thickness through cratering processes. Since the density
of the crust is different from that of the mantle, each impact slightly
displaces the center of mass (COM) relative to the geometric center
(COF) through excavation and ejecta deposition. As impact occurs
randomly on the Moon, COM also moves randomly. This is a kind
of random walk. Some displacements of COM relative to COF are
expected as a result of the statistical fluctuation of impacts. One may
consider that such a fluctuation diminishes after millions of impacts.
However, this is not correct. Roughly speaking, the COM-COF
displacement is proportional to the difference in the number of
craters (basins) on one side and the other. Suppose that the total
number of the craters (basins) is N. Then the expected number on one
side is N/2 and the expected fluctuation is the square root of N/2.
Therefore, the expected difference of the crater number is the square
root of 2N. As shown by this simple argument, the COF-COM

LP/ Contribution No. 957

displacement is roughly proportional to the square root of the crater
number. Thus, rather large displacement is expected after millions of
impacts. The value of the displacement does not grow infinitely,
because the surface area is finite and the number of craters is limited
by crater saturation. Therefore, the displacement does not increase
beyond a certain value. We call this value the equilibrium displace
ment.
We estimate the expected value of the displacement of COM
from COF after multiple impact through statistical analysis.We also
examine this process using a simple numerical model. Impact point
and impactor size are given by a random number generator. The size
distribution of impactors is adjusted to follow the power law. Crater
excavation and ejecta deposition is calculated from the 1t-scaling and
Maxwell's Z-model. For simplicity, we adopt the uniform impact
velocity of 15 km/s. Using this model, we calculate the COM-COF
displacement as a function of the number of impacts. As expected
from the argument given above, the COM-COF displacement in
creases with the square root of impact number. When the impact
number exceeds about 1()4, the displacement has an almost constant
value. This equilibrium displacement is on the order of a kilometer,
while the maximum size of planetesimal is in a plausible range.
Discussion: The result of our study indicates that the COM
COF difference is a natural and necessary consequence of random
impacts, which surely occurred in the early time of the lunar evolu
tion. It means the crustal asymmetry does not require a special
formation event. This process is also applicable to any other planets
that experienced millions of impacts. Thus, crustal asymmetry is
expected for all of the terrestrial planets that have an unreformed
crust. Indeed, it is well known that the COF of Mars is offset from the
COM in the north-south direction [2]. A recent groundbased obser
vation [3) also indicates a COM-COF displacement on Mercury.
Crustal asymmetry caused by random impacts does not necessary
align the axis of displacement in the Moon-Earth direction. There
fore, we expect that tidal-locking of the Moon occured after the
establishment of crustal assymmetry. (This does not imply tidal
locking after mare volcanism.)
References: [1] Bills B. G. and Ferrari A. J. (1977) Icarus, 31,
244-259. [2] SmithD. E. andZuber M. T. (1996)Science, 271, 184188. [3] Anderson J. D. et al. (1996) Icarus, 124, 690-697.

TRANSITION-METAL TRACE-ELEMENT ANALYSIS OF
PLAGIOCLASE FOR APPLICATION TO LUNAR ROCKS.
S. Togashi, N. T. Kita, and Y. Morishita, Geological Survey of Japan,
Higashil-1-3, Tsukuba, 305-8567 Japan (stogashi@gsj.go.jp;
noriko@gsj.go.jp; yuichi@gsj.go.jp).
Introduction: Records of the transition-metal trace elements
in plagioclase together with magmatophile elements in zoned plagio
clase are significant in estimating the evolution of magmas. Ion
microprobe analyses of lunar plagioclase of previous works have
successfully estimated the primary characteristics of magmas and
their source [1-4]. Transition metal abundance, however, has not
been well analyzed despite their significance.
Ion Microprobe Analysis of Trace Transition Elements in
Plagioclase: Quantitative analysis of Mg, Sc, Ti, V, Mn, Fe, Co,
and Cu was applied with K, Sr, Ba, and major elements by using high
sensitivity and high-mass-resolution ion microprobe (Cameca ims
1270 in GSJ).
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Fig. 1. Cobalt-barium and Sr-Ba relation of plagioclase from terrestrial
arc magmas varied through fractional crystallization, partial melting, and
source heterogeneity.

Detection limits of Sc and Co are less than a few tens of parts per
billion and are low enough to detect the concentration of these
elements in the plagioclase in differentiated rocks with low Mg#.
Concentrations of other elements in igneous plagioclase are much
higher than detection limits. Spatial resolution is 5-15 µm and small
enough to eliminate melt inclusions.
Magmatic Processes: We have applied this method to well
documented terrestrial arc magmas. The results show that plagio
clase preserves the heterogeneity of source mantle, degrees of partial
melting, and differentiation of magmas (Fig.1). This method of
analyzing trace elements in plagioclase allows us to investigate mag
matic processes during lunar crustal formation.
References: [1] James 0. B. and Flohr M. K (1984) Proc.
LPSC 15th, in JGR, 89, C63-C86. [2] Meyer J. et al. (1974) Proc.
LSC 5th, 685-706. [3] Steele I. M. (1980) Proc. LSC 11th, 571-590.
[4] Papike J. J. (1997) GCA, 61, 2343-2350.
MELTING RELATIONS AND MINERAL -MELT PAR
TITIONING OF A FERROUS-OXIDE-RICH, BULK EARm
MODEL COMPOSITION AT 15-27 GPa. R. G. TrS:Snnes,
Mineralogical-Geological Museum, University of Oslo, Sars gt. 1,
N-0562 Oslo, Norway (r.g.tronnes@toyen.uio.no).
Introduction: Early Earth differentiation almost certainly in
volved mineral-melt separation processes, possibly leading to chemi
cal stratification of the mantle. Melting experiments were performed
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on an Fe- and O-rich bulk Earth model composition in the CMFAS
system in order to investigate the partitioning of major elements
between coexisting minerals and melts.
Experimental Method: The starting material (34.2% SiO 2,
3.86% Al2O3, 35.2% FeO, 25.0% MgO, and 1.88% CaO), contained
in Re capsules, was a mixture of crystallineforsterite andfayalite, and
a glass containing SiO2, Al 2O3, and Cao.
The experiments in the 15-27 GPa pressure range were per
formed with 10-m.m octahedral pressure cells in a split-sphere
multianvil apparatus at the University of Alberta The inner anvils
were Toshiba32 mm WC-cubes with 4-mm truncations. Heating was
accomplished with LaCr03 sleeves (OD = 2 mm), and temperature
was measured with axially inserted WRe thermocouples. The thermo
couple readings were stable during the 2-20-min long experiments.
At the highest pressures, the thermal gradients along the furnance
axis were 200°-240° C/mm.
Results: Olivine is the first liquidus phase at 10 GPa but is
replaced by majorite (mj) in the 15-27 GPa range. Magnesiowtistite
(mw)crystallizescloseto the liquidusandisjoinedbyMgSi-perovskite
(pv) at 27 GPa The quenched melt compositions are homogeneous
throughout the melt-region of the charges and are only slightly
enriched in Si, Ca, and Fe, and depleted in Mg, relative to the starting
composition.
The mineral formula units (12 0 atoms) and the mineral-melt
partitioning coefficients for the liquidus phases are listed in the
following table.
The Fe/Mg and Ca/Al ratios in all the minerals increase rapidly
below the liquidus to become compatible with the bulk composition
at the solidus. The table below shows mineral compositions normal
ized to 12 0 atoms at liquidus (liq), solidus (sol), and at an interme
diate (int) position at 27 GPa At this pressure, the liquidus and
solidus temperatures are estimated to be 2180°C and 2010° C respec
tively.
Discussion: The mineral-melt partitioning relations indicate
that fractional crystallization or partial melting in the transition zone
TABLE 1.

pv
mj

mw

pv

GPa

Si

Al

Fe

Mg

Ca

27
27

3.67
3.48
3.55
3.50
3.43
3.41
0.03

0.45
1.04
0.91
1.01
1.16
1.19
0.16
0.15
0.1

0.78
0.65
0.64
0.58
0.58
0.69
4.68
5.06
6.08

3.18
2.64
2.73
2.77
2.68
2.60
7.01
6.65
5.63

0.05
0.17
0.16
0.13
0.14
0.11
0.01
0.01
0.01

25

23
20
15
27
25
15
liq

int

mj

sol
liq

mw

sol
liq

int

int

sol

0.D3
0.D7

KofdM& KDCA/Al

0.26
0.26
0.24
0.22
0.24
0.28
0.71
0.79
1.04

0.20
0.31
0.31
0.25
0.20
0.15
0.09
0.08
0.09
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and the upper part of the lower mantle would increase the Fe/Mg and
Ca/Al ratios of the melt, even if a (Mg,Fe)0 phase was predominant
in the solid fraction. The observed Fe/Mg partitioning coefficients
for magnesiowtistite are similar to those of [1], in spite of the large
difference in the bulk compositions. This study demonstrates that the
composition of the liquidus MgFe-oxide is strictly aferroan periclase
in the 20-27 GParange, even in a very Fe-rich system. A contribution
of accumulated magnesiowiistite to the segregation of the protocore
[2] is therefore unlikely. The 27-GPa experiment indicates a relative
density sequence of mw > pv > melt > mj for the melt composition:
36.3% Si02, 4.12% Al 2O3 , 35.8% FeO, 21.4 % MgO, and 2.4%CaO.
Majorite floating, combined with the sinking of magnesiowtistite and
perovskite, can thus be expected in appropriate bulk compositions.
The partitioning coefficient �v/mwFe/Mg for the Fe/Mg distribu
tion between coexisting perovskite and magnesiowtistite at 27 GPa
is 0.37 and 0.34 at the liquidus and solidus, respectively. These
values are in accordance with [3].
References: [1] Herzberg C. and Zhang J. (1996) JGR, 101,
8271-8295. [2] AgeeC. B. (1990)Nature, 346, 834-837. [3] Katsura
T. and Ito E. (1996) GRL, 23, 2005-2008.

METAL-SILICATE PARTITIONING OF MODERATELY
AND HIGHLY SIDEROPHILE ELEMENTS AT VERY
lllGH PRESSURES. 0. Tschauner, A. Rocholl, and R. Boehler,
Max-Planck-Institut fiir Chemie, Postfach 3060, 55020 Mainz,
Germany.
The partitioning of siderophile elements between metal and sili
cate at high pressure is a possible origin for the observed overabun
dance of these elements in the upper mantle with respect to the metal
silicate partition coefficients at 0.1 MPa This difference is of about
1 order of magnitude for the moderately siderophile elements like Ni
and Co and of up to 5 orders of magnitude for the highly siderophile
elements (HSEs) such as PGEs, Re, and Au. The abundances of the
HSEs in the mantle have been explained by the addition of an
oxidized, chondritic component to the mantle after formation of the
core was almost complete.
We performed experiments on the partitioning of the highly
siderophile elements Re, Ir, and Mo and the moderately siderophile
elements Ni, Co, Cr, V, and Mn between MgSi-perovskite and Fe
rich metal at lower mantle pressures and temperatures by heating
samples in diamond cells with a CO2 laser under nearly isothermal
and hydrostatic conditions. We chose a temperature of 2200 K
because it is close to the lower mantle geotherm. Pressures for the
experiments ranged from 25 to 78 0Pa. We used an ion probe for
chemical analysis. Rhenium and Ir concentrations in perovskite
lower than 10-3 atom% could be measured. The masses of these
elements are 7x larger than those of Mg and Si, inducing resonance
modes in perovskite detectable by Raman spectroscopy. This indi
cates that Re and Ir reside on regular lattice sites in the perovskite
structure. Both elements change their partitioning behavior drasti
cally with pressure decreasing from >10,000 at -25 GPa to <400 at
pressures exceeding 32 GPa This finding suggests that a "late ve
neer" is not necessary to explain the abundances of these elements in
the mantle. The partition coefficients and kD values of the moder
ately siderophile elements studied also decrease with pressure by 12 orders of magnitude (see Fig. 1 for Mo, Cr, and V). The partitioning

LPI Contribution No. 957

1000

100

10

■

V

•

Cr

♦

Mo

c

V, Ohtani

o

Cr, Ohtani

{f_

C
C
II

■

0,1

0,01

,,

1E-3

I

I

:- Mg-Si-perovskite

1E-4

I
I

0

10

20

30

40

50

60

Pressure [GPa]
Fig. 1. Partitioning of Mo (diamonds), Cr (dots), and V (squares)
between metal and MgSi-perovskite at lower mantle pressures and
temperatures. The temperature of the experiments was 2200 K. Filled
symbols: present study; hollow symbols: Ohtani and Kato (1991) and
Ohtani and al. (1997).The shadowed areas depict the range of k0 from
experiments on metal-silicate-oxide partitioning. The large squares give
the ki,-values that would be consistent with core-mantle equilibrium.
These values may be matched by a chemical exchange between core
forming metal and silicate including low and high pressure conditions.
Our data, however, are not in accordance with a complete equilibration
of lower mantle and core.

of Ni, Co, and Mo exhibits a lithophile trend with increasing pres
sure. Chromium, V, and Mn, on the other hand, become more si
derophile with increasing pressure. In general all elements show the
largest pressure-induced changes between 25 and ~40 GPa These
results show that all transition elements studied becomemorelithophile
with pressure if their atomic number Z is higher than that of Fe,
whereas those with Z < Z(Fe) become more siderophile.

HEATING, DEGASSING, MELTING, AND DIFFERENTI
ATION IN THE EARLY ffiSTORY OF THE EARTH. A.
Vityazev and G. Pechemikova, Institute for Dynamics of Geospheres,
Russian Academy of Sciences, Leninsky prospect 38 (Bldg. 6),
117979 Moscow, Russia (avit@orig.ipg.msk.su).
The results of numerical calculations of an early evolution of the
Earth in the framework of a standard scenario of solar system origin
[1-3] are summarized. Contrary to an approach based on the concept
of megaimpact, we consider the stochastic model of the Earth-Moon
system formation with the total distribution function n(m, v, t) over
masses m and velocities v including multiple macroimpacts of bodies
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[2,3]. The calculations of the thermal history in the framework of a
spherical symmetric model of the growing Earth were performed
beginning from the mass of the primitive Earth me - 0.01 Me, i.e.
from the moment when velocities of falling bodies (-3-5 km/s) were
already sufficient for the beginning of melting and effective degas
sing of a matter forming the planets. The average composition of
falling bodies is chondritic.
While increasing the planet mass, the average rates of differen
tiation and formation of primary core and mantle are determined by
the markers of isotopic systems U-Th-Pb and I-Xe, as well as sidero
phile elements [4J.
For four stages determined by amounts of accumulated matter and
energy, the depth of layer of impact stirring of the upper shell,
enriched with Al-Ca-Ti silicates, and accounting for its erosion and
loss of 1-10% of matter ejecting through macroimpacts into circum
terrestrial and circumsolar orbits, is calculated. The computations of
formation of primitive atmosphere due to its impact degassing and
erosion show the probability of significant variations of its mass and
composition.
Specific attention is given to consideration of impacts of bodies
of 1-10 km at late stages of accumulation (first 1�300 m.y.) in a
weakly nonuniform height atmosphere in connection with the dis
covered effect of primary loss of heavy gases and a possible solution
for a «Xe missing» paradox [SJ.
References: [lJ Safronov V. S. and Vityazev A.V. (1985)
Soviet Sci. Rev., 1-98. [2] Vityazev A. V. et al. (1990) Terrestrial
Planets: Origin and Early Evolution, Moscow, 290 pp. (in Russian).
[3] Vityazev A. V. and Pechemikova G. V. (1991) Planetary Sci
ences, Proc. US-USSR Workshop (T. Donahue et al., eds.), pp. 143162, National Acad., Washington, DC. [4] Azbel I. et al. (1993)
GCA, 57, 2889-2898. [SJ Vityazev A. and Pechemikova G. (1996)
ACM-96 COSPAR Colloquium 10, 51.
NEUTRINOGRAPHY OF THE EARTH AND MOON AND
THE MIKHEYEV-SMIRNOV-WOLFENSTEIN EFFECT.
A. V. Vityazev, A. G. Bashkirov, G. V. Pechemikova, and V. T. D.
Li, Institute for Dynamics Geospheres, Russian Academy of Sci
ences, Lininskii prospect 38 (Bldg. 6), 117979 Moscow, Russia
(abas@idg.chph.ras.ru. ).
The basic idea of a neutrino translucence of the Earth has been
revived in connection with the solar neutrino problem. Attempts to
interpret a deficit of solar neutrino measured by neutrino detectors of
Homestake, Kamiokande, and Gallex et al. have drawn attention to
the effect of resonant amplification of a neutrino-flavor oscillation in
matter (Mikheyev-Smirnov-Wolfenstein effect). The available data
present a strong argument in favor of nonzero neutrino rest masses
with &n2 = 5 x 10-6-6 x l0-3 eV2 [1] and a mixing angle of value
sin20 = 0.08 [2,3).
We have analyzed data of measurements at Homestake (South
Dakota, USA). Unfortunately, the well-known results of Homestake
are likely altered by background (atmospheric) secondary cosmic
rays.
The perspective of the neutrino tomography with the use of rare
but high-power fluxes from flashing supernovae stars is briefly
discussed.
In calculations of regeneration neutrino in the Earth, the PREM
is used. We call attention to the connection between the problems of
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drites similarly define an average, present-day 187Os/188 0s of0.1283 ±
0.0008. In contrast, carbonaceous chondrites define a 1-3% lower
1s1os11ssos of 0.1261 ± 0.0004. There is no overlap between the
ordinary + enstatite chondrites and carbonaceous chondrites. These
results are important for late accretionary models because Meisel et
al. [5] reported a minimum 187Os/188Os of 0.1290 ± 0.0009 for the
Earth's primitive upper mantle by analyzing suites ofvariably melt
depleted mantle xenoliths that were extracted from mantle underly
ing three continents. Data for additional suites support this conclusion.
These results suggest that the Re/Os ratio, and by inference, the
budget of other HSE elements in the Earth's upper mantle, was
dominated by late accretion of materials having HSE characteristics
most similar to enstatite or ordinary chondrites, not carbonaceous
chondrites. Despite the likelihood of a Hadean mantle with rather
uniform HSE abundances, high-precision Re-Os isochrons for late
Archean, presumably plume-derived ultramafic systems reveal that
the Re-Os(and presumably relative abundances of other HSEs) in
different deep-mantle reservoirs began to diverge from chondritic
early in Earth history [7-8).
Late Accretionary Histories of the Moon and Mars: It is now
generally accepted that the Moon formed via a catastrophic impact of
an approximately Mars-sized body on the early Earth [9]. The lack
of a substantial lunar core indicates that core segregation had already
occurred for Earth and the impactor, and that these cores were
merged during the event. Consequently, the dominantly silicate
portion ofthe Moon that was largely assembled from mantle material
of the impactor [10) likely had been stripped of its HSEs prior to the
formation of the Moon. Whether HSEs had been added back into the
mantles of the Earth and the impactor via rapid late accretion and
mantle mixing by the time ofthe impact is poorly constrained. Lunar
orange glass sample 74220, which was probably derived from the
RHENIUM-OSMIUM-ISOTOPIC CONSTRAINTS ON THE deep lunar mantle, records a chondritic initial Os ratio at its formation
LATE ACCRETIONARY HISTORIES OF fflE EARTH, age of 3.6 Ga [11). 'This implies the mantle source of the glass
MOON, AND MARS. R. J. Walker, J. W. Morgan, and A. D. retained a chondritic Re/Os over nearly 1 Ga of lunar evolution, and
Brandon, Isotope Geochemistry Laboratory, Department ofGeology, argues in favor of substantial influx of chondritic matrial and rapid
University of Maryland, CollegePark MD 20742, USA(rjwalker@ mantle mixing subsequent to the formation of the planetary cores of
the proto-Earth and impactor.
geol.umd.edu).
The Re-Os systematics of five SNC meteorites give calculated
Introduction: Core formation likely stripped the bulk of the initial 1s1os11ssos ratios that are generally chondritic, ranging from
highly siderophile elements(HSE) from the silicate portions of the 3.9% more radiogenic than the average for chondrites to 1.6% less
Earth, Mars, and other differentiated bodies. Despite the removal of radiogenic at presumed system closure ages [12). The initial Os
HSE from the silicate portion of the Earth, the estimated abundances variations in these rocks correlate with published W-isotopic data,
of these elements in Earth's upper mantle are higher than expected suggesting that the Re-Os heterogeneities may reflect ancient pro
from metal-silicate equilibria [1]. More importantly, the Os-isotopic cessing of the martian mantle. Given the relative youth of these
composition of the upper mantle is generally chondritic [2). These meteorites(all <2 Ga), the nearly chondritic initial ratios require Re
observations support the assumption that the HSEs residing in the Os very similar to chondritic. As with terrestrial and lunar systems,
upper mantle today were mostly added to the Earth via "late accre these results indicate the HSE abundances in the martian mantle were
tion" following core formation [3]. There exist no samples of primary likely set by late accretion. Unlike the terrestrial mantle, the relative
mantle materials from the Moon or Mars, but the Os-isotopic com abundances of HSE in the martian mantle were evidently little af
positions of derivative materials define the long-term Re/Os of their fected by postaccretionary processes.
References: [1] Morgan J. W. (1986) JGR, 91, 12375.
sources.
Terrestrial Late Accretionary History: Although the first [2] Allegre and Luck(1980) EPSL, 48, 148. [3] Chou C-L.(1978)
Os-isotopic studies of chondritic materials demonstrated that they Proc. LPSC 9th, 219. [4] Walker R. J. and Morgan J. W. (1989)
were remarkably similar in 1870sf188Os to samples derived from Science, 243,519. [5) Meisel et al. (1996)Nature, 383,517. [6] Chen
Earth's modem upper mantle [4), subsequent, much-higher-precision et al. (1998) LPS XXIX, Abstract #1663. [7] Foster et al. (1996)
studies of chondrites have revealed complexities. These studies [5,6) Nature, 382, 703. [8] Walker, unpublished. [9] Benz et al. (1989)
show that whole-rock chondrites can be divided into two distinct lcarus, 81, 113. [10) Newsom H. E. and Taylors. R. (1989)Nature,
t87Cxf188Qs groupings. Ordinary chondrites define a narrow range of 338, 29. [11] Walker et al. (1998) LPS XXlX, Abstract #1271.
present-day 187Os/1880s ratios of 0.1289 ± 0.0015. Enstatite chon- [12) Brandon et al.(1998) LPS XXIX, Abstract #1279.

light impurities(0, S, or Si) in the Earth core, the solar neutrino, and
the physics of weak interactions.
We elaborate here the theory of neutrino-flux variations that
allows us to put forward a new way to use the MSW effect for
refinement ofthe composition oflight impurities ofFe-Ni in the outer
Earth's core. 'This method is based on the difference in electron
density c5Ne -0.15 Ne of alternative compositions(FeO/FeS/FeSi)
being discussed in literature.
It is clear that attempts to refine the composition oflow mantle by
the same method demand an order of magnitude more exactness and
a long series of observations. Coupled with seismology methods, the
neutrinography can be used for independent estimations of modules
of elasticity in the Earth's interiors.
The ratio of the lunar diameter to characteristic value 10 - 3.5 x
10' /p km is less than it is required(-1) for resonance oscillations.
Nevertheless, according to our calculations, we have the possibility
to measure the joint Moon-Earth(+ Sun) v-tomography using the
suitable (on longitude and latitude) eclipse. Of course, due to the
short duration of such events, v-detectors with 3x more power than
modem detectors are essential. On the north (south) v-detectors
during southern (northern) hemisphere eclipse will see the change
(-10%) of regenerated neutrino flux. It is important in this aspect to
use detectors placed on the farside of the Moon.
We suggest the possibility of the neutrino tomography of the
planet giants with the aim of estimating the sizes and masses of their
cores.
References: [l]SchwarzschildB.(1998)PhysicsToday,51(8),
1, 17. [2] Hata N. and LangackerP.(1993)Phys. Rev. D, 48, 2937.
[3] Fiorentini G.(1994) Phys. Rev. D, 49, 6298.
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SEGREGATION OF EARTH'S CORE IN HADEAN MAG
MA OCEAN. M. J. Walter, Institute for Study of the Earth's In
terior, Okayama University, Misasa, Tottori-ken 682-0193, Japan
(walter@misasa.okayama-u.ac.jp).
Introduction: Modern theory suggests that the accretion of
large objects (>10 km to hundreds of kilometers) to the primordial
Earth would have caused large-scale melting resulting in a Hadean
magma ocean [1,2]. Within the context of this model, segregation of
metal from silicate to form the core may have occurred over a
considerable range in temperature (1200 to >4000 K) and pressure
(1 bar to > 30 GPa). If core segregation were a single-stage equilib
rium event, then the abundance of "metal-seeking" or siderophile
elements (SEs) in the silicate Earth may reflect the conditions of
equilibrium. In order to test the viability of the equilibrium magma
ocean core segregation model (EMOCS) it is imperative to know
both the budget of SEs in silicate Earth and the metal/silicate parti
tioning behavior of SEs over a wide range of conditions. Here, I
review the progress in experimental efforts to test the EMOCS model
by experimental determination of metal/silicate SE partition coeffi
cients, especially at high pressures and temperatures, since the Origin
of the Earth meeting in 1988.
SideropbileElementsin the SilicateEarth: The abundance of
SEs in samples of the crust and upper mantle have been used by many
workers to constrain their budget in the silicate portion of Earth
[see 3]. Chondrite-normalized abundances for selected SEs in sili
cate Earth are shown in Fig. 1. It has proved to be a great challenge
to develop physically realistic models that can explain the observed
pattern, especially the near-chondritic Ni/Co and intraplatinum group
element ratios.
Early attempts to account for the SE pattern assumed single-stage
equilibrium metal segregation from a chondritic protolith at low
pressures - a homogeneous accretion model. For example, Fig. 1
shows calculated SE abundances for such a model using experimen
tally measured partition coefficients at 1 bar [e.g., 4]. The calculated
and observed abundances are mismatched for essentially all ele
ments, and some elements are in excess of calculated values by many
orders of magnitude. This latter feature came to be known as the
"excess siderophile element problem."
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Sparked by the failure of the single-stage model to explain the SE
pattern, a new class of models emerged that invoked a series of
accretionary and metal-segregation stages [see 5]. These heteroge
neous accretion models met with various degrees of success, al
though none could totally reproduce the SE pattern. Another
unsatisfactory aspect of these models is that the mode of accretion,
essentially by gradual addition of relatively small objects and dust,
requires little or no partial melting of the proto-Earth. This is clearly
at odds with the theoretical calculations that show that much of the
kinetic energy from the impact of large accreting objects would be
buried deep in the proto-Earth, causing large-scale melting and a
global magma ocean [2).
Once the concept of a global magma ocean gained credibility,
homogeneous accretion again became plausible. Indeed, theoretical
calculations showed that metal segregation from a magma ocean
might occur as a metallic rain [6], and, due to small surface area to
volume ratios, the metal droplets may equilibrate with molten sili
cate, possibly at high temperature and pressure. This prospect led to
new theories and experiments that showed that both these variables
might have significant effects on SE partition coefficients [7,8],
inspiring a flurry of new experimental studies.
Experimental Determination of Metal-Silicate Sideropbile
Element Partitioning: Two initial studies showed that pressure
and temperature have significant effects on partition coefficients for
some SEs [9,10]. Subsequent systematic studies have been able to
delineate the effects of pressure, temperature and composition on
partitioning for many SEs, providing the data needed to rigorously
test the EMOCS model. For moderately siderophile elements (MSEs),
there have been numerous recent studies for determining the solubil
ity and partitioning behavior at conditions to >25 0Pa and >2800 K
[e.g., 9-14]. Righter et al. [14] used a large dataset to parameterize
the effects of intensive variables on partitioning for Fe, S, P, W, Co,
Ni, and Mo. They found that a reasonably good match to mantle
abundances could be obtained for metal/liquid equilibrium at-27 0Pa
and 2200 K, perhaps at the base of a deep, albeit wet, magma ocean.
Li and Agee [13] came to a similar conclusion on the basis of high
pressure-temperature-partitioning data for Ni and Co, although their
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are calculated abundances for equilibrium core formation using I-bar
partition coefficients [4].
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preferred conditions of equilibration require a temperature about 500
K higher, permitting a drier mantle. Presently, the EMOCS model
seems reasonably successful in predicting the abundance of MSEs.
Highly siderophile elements (HSEs: Re and the Pt group ele
ments) are present in silicate Earth at near-chondritic relative propor
tions, and some at absolute levels more than 5 orders of magnitude
higher than predicted from solubility experiments at I bar [e.g., 15]
(Fig. 1).To account for HSEs in an EMOCs model, it is required that
all HSEs become much less siderophile than at 1 bar. Further,
partition coefficients must be the same for all elements at the condi
tions of equilibration, unlike 1-bar partition coefficients which vary
by many orders of magnitude [15]. There are scarce data for the
effects that intensive variables have on HSE partitioning, and known
HSE chemistry makes it unlikely that varying intensive parameters
will produce the necessary effects for all HSEs [15]. However,
Righter and Drake [16] have shown that the metal/silicate partition
coefficient for Re may have the appropriate value at a condition
similar to that predicted from the MSEs. A difficult and immediate
task is to measure HSE partition coefficients as a function of pressure
and temperature. If the HSEs cannot be accounted for by an EMOCS
model, then a late veneer of HSE-enriched material is probably
necessary.
Discussion: Figure 2 illustrates one possible EMOCS model.
Accretion by giant impact(s) results in a deep global magma ocean.
A silicate magma ocean floor forms as a consequence of the change
in slope of the peridotite solidus from near zero at pressures just less
than -25GPa to highly positive at greater pressures [17]. Segrega
tionofmetalfromthemagmaoceanoccurs asa polybaric, polythermal,
continuously equilibrating metallic rain, which collects and is ponded
temporarily at the magma ocean floor.Recent experimental results
on metal-silicate wetting angles indicate that liquid metal could
percolate through a perovskite-rich solid lower mantle [18], espe
cially if a small amount of melt were present, perhaps collecting into
sinking diapirs which do not reequilibrate appreciably with the solid
silicate. Many questions remain to be answered for this model:
(1) What are the chemical consequences of polybaric metal/silicate
equilibration? (2) Why is there no trace-element or isotopic evidence
for fractionation of a perovskite-richlowermantle from upper mantle?
(3) How can the previously formed core of a large impactor equili
brate with Earth's mantle?
References: [1] Wetherill G. W. (1985) Science, 228, 877.
[2] Benz W. and Cameron A.G. W. (1990) in Origin of the Earth
(Newsom and Jones, eds.), p. 61, Oxford Univ. [3] McDonough
W. F. and Sun S.-S. (1995) Chem. Geol., 120, 223. [4] Schmitt W.
et al. (1989)GCA, 53,173. [5] Newsom H. E. (1990)inOrigin ofthe
Earth (Newsom andJones, eds.), p. 273, Oxford Univ. [6] Stevenson
D.J. (1990) in Origin ofthe Earth (Newsom andJones, eds.), p. 231,
Oxford Univ. [7] Murthy V.R. (1991) Science,253,303. [8] Keppler
H. and Rubie D. C. (1993) Nature, 364, 54. [9] Walker D. et al.
(1993) Science, 262, 1858. [10] Hillgren V. J. et al. (1994) Science,
264,1442. [ll]Holzheid A. et al. (1994) GCA,58,1975. [12] Walter
M.J. andThibaultY. (1995)Science,270,1186. [13] Lil and Agee
C. B. (1996) Nature, 381, 686. [14]Righter K. et al. (1997) Phys.
Earth Planet. Inter., 100, 115. [15] O'Neill H. St. C. et al. (1995)
Chem. Geol., 120, 255. [16]Righter K. and Drake M. (1997) EPSL,
146,541. [17] Zerr A. et al. (1998) Science, 281, 243. [18] Shannon
M. C. and Agee C. (1998) GRL, 23, 2717.

EARTHINTERACTIONSWITHANII\WACT-GENERATED
DISK. W.R. Ward, SouthwestResearch Institute, 1050 Walnut
Street,Suite 426, Boulder CO 80302, USA (ward@boulder.swri.edu).
A key issue in the impact model of lunar origin is the mass and
angular momentum of the circumterrestrial disk. The manner in
which the disk can gravitationally couple to the Earth and newly
forming Moon is examined. The central feature is the development
of spiral waves that can transport angular momentum in the disk.The
main source/sink of angular momentum is the rapidly spinning proto
Earth, and any torque it exerts on the disk has the potential of
modifying the disk's angular momentum from its original post
impact state.This, in tum, can affect the size of any protolunar body
that forms from it.
BULK MOON COMPOSITIONAL SYSTEMATICS: IN
HERITED FROM EARTH? NOT SO Sll\WLE! P. H. War
ren, Institute forGeophysics and Planetary Physics, University of
California, Los Angeles CA 90095-1567, USA (pwarren@uclaedu).
Isotopic data for O and recently Cr [1] indicate similar prov
enance for the materials that constitute the Earth and Moon. The
common interpretation of this similarity is that during its formation
by a giant impact, the Moon came to consist mainly of material
derived from Earth's mantle, or else from the mantle of an impactor
required (by the O and Cr isotopes) to have been compositionally
similar to Earth. The Moon's bulk composition is thus implied to be
modified from that of Earth's mantle only by incorporation of minor
Fe metal from the impactor core, and by loss of volatiles (and
conceivably partial reduction of FeO) during recondensation and
accretion after the giant impact.
Models of this type are seriously oversimplified. As previously
discussed [2], the giant impact can hardly be expected to derive the
protolunar matter from a random sampling of the two involved
mantles (Earth's+ the giant impactor's). Instead, the derivation of
the protolunar matter must be strongly biased in favor of shallow
depth in the preimpact mantles. The models of Melosh and Sonett [3]
indicated very strong antidepth bias. Unfortunately, no other geo
physical models have yet made any serious attempt to constrain the
degree of antidepth bias· in the provenance of protolunar matter.
Sharply divergent geochemical consequences are expected, de
pending on the degree of differentiation (as opposed to chemical
homogeneity) within the Earth and impactor mantles at the time of
the impact.The giantimpactis only plausible in the context of the late
stages of a violent accretion sequence; conceivably, differentiation
was prevented by total ornear-total melting of the preimpact mantles.
Otherwise, however, formation of magnesiowustite (mw), perovskite
(pv), and possibly majorite (maj) in Earth's mantle, and pv and
possibly maj in the impactor mantle, would have left the upper
mantle(s) strongly differentiated vs. the bulk mantle in several key
respects, for example: (1) enriched inTh, U, La, and other thorough
ly incompatible elements, (2) enriched in CaO/Al203, (3) enriched in
FeO/MgO, (4) depleted in Sm-Nd (negative ENd), and (5) assuming
major pv, depleted in Hf and Zr, and thus enriched in Lu-Hf (positive
EHf).These inferences are based on crystal/melt distribution coeffi
cients from a variety of literature sources [e.g., 4,5].
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The Moon's bulk composition is thus potentially a major con
straint on the mode of Earth-Moon origin. Are the predicted fraction
ations observed? The short answer to this question appears to be no.
Until recently, it had been widely assumed that (1) applies to the bulk
Moon. However, recent results from lunar meteorites have shown
that the regional megaregolith at the archtypical Apollo highland site
(Apollo 16) is atypically Th-rich for an Al-rich highland. Six com
parably Al-rich lunar meteorite regolith breccias are only 0.2-0.Sx
as Th-rich as the Apollo 16 regolith. The new Lunar Prospector
global geochemical data [6] have shown that Th and other incompat
ible elements are remarkably concentrated in the region of the eastern
Procellarum basin, which happened to be included in the limited
Apollo coverage. The absence of comparable enrichments in and
around the similarly big and deep (but probably younger) South Pole
Aitken basin is difficult to explain without admitting that the overall
contents of Th and U (and other incompatible elements) are lower in
the Moon than previously assumed-i.e., are instead quite Earthlike.
These elements probably became concentrated at Procellarum be
cause that basin formed during the waning stages of the lunar
magmasphere [7].
The bulk Moon FeO/MgO is highly controversial and will not be
addressed here. In terms of effects (4) and (5), the Moon's bulk
composition is probably not yet adequately constrained.
The Moon does not appear to be enriched in CaO/Al2O3 . Most
lunar highland rocks are distinctly noritic; gabbroic types rich in
high-Ca pyroxene are rare. Longhi [8] even speculated that the Moon
might have a subchondritic Ca-Al. Also, Ti-poor mare basalts are
difficult to distinguish from typical basaltic meteorites (eucrites)
from the HED asteroid. Apparently, either the giant impact involved
two extensively molten bodies, or else no such impact ever happened.
References: (1] Lugmair G. et al. (1996) LPS XXVII, 785-786.
[2] Warren P.H. (1992) EPSL, ll2, 101-116. [3] MeloshH.J. and
Sonett C. P. (1986) in Origin of the Moon (W. K. Hartmann et al.,
eds.) [4] McFarlane E. A. et al. (1994) GCA, 58, 5161-5172.
[5] MoriyamaJ. etal. (1992) Geochem. J., 26, 357-382. [6] Feldman
W. C. et al. (1998) LPSC XXIX. [7] Warren P.H. and Kallemeyn
G. W. (1998) in New Views of the Moon, in press, LPI.
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Fig. 1. Magnesium-oxide vs. Ir for igneous rocks from Mars, Earth, and
the Moon (mare basalts). Elephant Moraine 79001 "A" lithology is
possibly meteorite-contaminated. Lunar star point is 15426 VLT green
glass (literature data).

Os, and Ir (Fig. 1) show strong correlations vs. MgO. The martian
MgO vs. Ni trend is displaced toward lower Ni by a large factor (5),
but the Os and Ir trends are not significantly displaced from their
terrestrial counterparts. Martian Re also shows a rough correlation
with MgO, indicating compatible behavior, in contrast to its mildly
incompatible behavior on Earth. Among martian MgO-rich rocks,
Au shows an anticorrelation vs. MgO, resembling the terrestrial
distribution except for a displacement toward 2-3x lower Au. The
same elements (Ni, Re, Os, Ir, and Au) show similar correlations with
Cr substituted for MgO. These trends are exploited to infer the
compositions of the primitive Earth, Mars, Moon, and HED mantles
by assuming that the trend intercepts the bulk MgO or Cr content of
the primitive mantle at the approximate primitive mantle concentra
tion of the siderophile element. Results for Earth show good agree
ment with earlier estimates. For Mars, the implied primitive mantle
composition is remarkably similar to the Earth's, except for 5x lower
Ni. The best constrained of the extremely siderophile elements, Os
and Ir, are present in the martian mantle at 0.5x CI, in comparison to
0.7x CI in Earth's mantle (Fig. 2).
This similarity constitutes a key constraint on the style of core
ORIGIN OF PLANETARY CORES: EVIDENCE FOR mantle differentiation on both Mars and Earth. Successful models
MARS-EARTH SIMILARITY IN DISTRIBUTION OF should predict similarly high concentrations of noble siderophile
IDGHLY SIDEROPHILE ELEMENTS. P.H. Warren, G. W. elements in both the martian and terrestrial mantles ("high" com
Kallemeyn, and F. T. Kyte, Institute of Geophysics and Planetary pared to the lunar and HED mantles and to models of simple parti
Physics, University of California, Los Angeles CA 90095-1567, tioning at typical low-pressure magmatic temperatures), but only
predict high Ni for the Earth's mantle. Models that engender the
USA (pwarren@ucla.edu).
noble siderophile excess in Earth's mantle through a uniquely terres
New bulk compositional data for six martian meteorites, includ trial process, such as the aftermath of a Moon-forming giant impact,
ing highly siderophile elements Ni, Re, Os, Ir, and Au (1 ], are utilized have difficulty explaining the similarity of outcome (except for Ni)
along with literature data for comparison with the siderophile sys on Mars. The high Ni content of the terrestrial mantle is probably an
tematics of igneous rocks from Earth, the Moon, and the HED effect traceable to Earth's size. For the more highly siderophile
asteroid. Queen Alexandra Range 94201 and EET 79001-B are both elements like Os and Ir, the simplest model consistent with available
depleted in the "noblest" siderophiles (Os and Ir) to roughly O.OOOOlx constraints is the veneer hypothesis. Core-mantle differentiation was
CI chondrites. Whether the siderophile-poor composition of inefficient on the largest terrestrial planets, because during the later
ALH 84001 reflects a more reducing environment on primordial stages of accretion, these bodies acquired sufficientH2O to oxidize
Mars when this ancient rock first crystallized or secondary alteration most of the later-accreting Fe metal, thus eliminating the carrier
is unclear. Among martian rocks, as in terrestrial igneous rocks, Ni, phase for segregation of siderophile elements into the core.
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motivated us to study the effects of contraction on a layered elastic
lithosphere in more detail.
Method: We model the behavior of the Moon's lithosphere
assuming a two-dimensional plane strain linear elastic medium.
Viscoelastic processes tend to be less important in the outer layers of
the lithosphere and will probably only tend to relax any resulting
features. Faults are introduced instantaneously and thus are assumed
to propagate rapidly compared to the time scale of stress accumula
tion. We use the finite element code Tecton, developed by Melosh
and Raefsky [7]. Faults are modeled using the "slippery node"
technique [8]. Fractures are assumed to form in regions that have
surpasse--' a Mohr-Coulomb failure envelope, given by
'tfailwe = µ O"• + C

where c is the cohesive strength and µ is the coefficient of friction.
The stress on the fault is assumed to drop after rupture to the value
Mars).
predicted by Byerlee's law.
As a simplification we model the lunar lithosphere assuming
three elastic layers. Using average P wave velocity and density pro
References: [1] Warren P. H. and Kallemeyn G. W. (1998) files as determined by Toksoz et al. [9], Eincreases from 0.004 x 1012
GCA, submitted. [2] Morgan J. W. and Wandless G. A. (1984) LPS dyne/cm2 near the surface to 1.1222 x 1012 dyne/cm2 below 20 km.
XV, 562-563. [3] Treiman A. H. et al. (1987) Proc. 17th LPSC, in
Results: Our results suggest that there are two effects that tend
JGR, 92, E627-E632.
to decrease the topography resulting from lunar contraction. First,
the lack of cohesive strength in the lunar crust results in pervasive
fracturing and nonlocalized faults. Toksoz et al. [9] suggest that the
G LOBAL LUNAR CONTRACTION WITH SUBDUED large gradient in seismic velocities in the upper 20 km of the lunar
SURFACE TOPOGRAPHY. 0. Weisberg and 8. Hager, crust is indicative of pervasive fracturing probably caused by im
Department of Earth, Atmospheric and Planetary Sciences, pacts, differential cooling, and thermal cycling, [2]. Second, the very
Massachusetts Institute ofTechnology, Cambridge MA 02139, USA compliant upper layer acts as a mask to any underlying fractures.
(oriweis@mit.edu).
Thus, even though thermal contraction of the Moon could result in
the formation of faults to depths of a few kilometers, our model
Introduction: The lack of global compressive tectonic features suggests that large amounts of strain can be accommodated without
on the Moon led MacDonald [1] to conclude that its radius did not any significant surface manifestation. Thus a hot origin for the Moon
change by more than ±1 km since the emplacement of the mare seems to be a viable hypothesis.
basalts 3.8 b.y. ago. Solomon [2] showed that at the surface of a
References: [1] MacDonald G.J. F. ( 1960) Planet. Space Sci.,
layered elastic body, the relation between the radial contraction and 2, 249-255. [2] Solomon S. C. (1986) in Origin of the Moon (W. K.
Hartmann et al., eds.), LPI, Houston. [3] Solomon S. C. and Chaiken
the tectonic stress is given by
J. (1976) Proc. Lunar Sci. Conf. 7th, 3229-3243. [4] Solomon S. C.
(1977) Phys. Earth Planet. Inter., 15, 135-145. [5] Ida S. et al.
o-1 = E/(1 - n) DR/R
(1997) Nature, 389, 353-357. [6] Touma J. and Wisdom J. (1998)
where E and n are Young's modulus and Poisson's ratio. Solomon Astron. J., 115, 1653-1663. [7] MeloshH. J. andRaefsky A. (1980)
[2] notes that a strength of -1 kbar for the lunar lithosphere is GJR Astron. Soc., 60, 333-354. [8] MeloshH.J. and Williams C. A.
suggested by (1) the height of the highest topography, around 16 km, (1989) JGR, 94, 13961-13973. [9] Toksoz M. N. et al. (1974) Rev.
(2) flexural models of mascon mare basins, and (3) experimental Geophys. Space Phy., 12, 539-567.
results of rock mechanics (Byerlee' s law). Thus, assuming E = 1.0 x
1012 dyne/cm 2, Solomon [2] showed that a tectonic stress limit of 1
LUMINOUS CLOUD IN A IDGH-VELOCITY IMPACT EX
kbar corresponds to AR -1 1cm.
Based on this radius constraint, Solomon and Chaiken [3] and PERIMENT. M. Yanagisawa, University of Electro-Communi
Solomon [4] concluded that the only allowable initial temperature cations, Chofu-shi, Tokyo, 182-8585,Japan (yanagi@alfven.ee.uec.
profile is one in which the outer layers of the Moon are much hotter ac.jp).
than the inner ones. This result is in disagreement with accretion
Introduction: Jetting is the earliest stage of impact cratering
simulations [5] that suggest that the Moon accreted in a very short
time and also with dynamical studies of the Moon's evolution after when a projectile first contacts a target. Its velocity exceeds impact
formation [6] that suggest that tidal heating could have played an velocity though it seems to involve only a small fraction of the
projectile's mass. It is suggested that jetted ejecta generated by the
important role in the Moon's early evolution.
Seismic wave velocities suggest that the Moon's lithosphere is giant impact could form the Moon [1]. Jetting could erode the ter
layered and that the high value for Young's modulus used by Solomon restrial atmosphere [2] and play an important role in the early history
[2] is true only for the deeper layers. This more complex structure of the terrestrial atmosphere.
Inferred mantle compositions, and for comparison the compo
sition inferred by [3] for the mantle of the shergottite parent body (SPB =
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Jetting phenomenon is well understood for a simple case where
two plates converge obliquely. Our understanding is not enough,
however, even for a little more realistic cometary and asteroidal
impact configuration in which a spherical projectile collides with a
plane surface. More experimental works are necessary as well as
analytical [3] and numerical studies to examine the importance of the
phenomenon.
Experiments: We conducted a series of high-velocity impact
experiments. Nylon spheres measuring 7 mm in diameter were accel
erated up to 4 km/s into targets made of basalt, mortar, Al, Fe, and
nylon. The incident angle of the projectile measured from local
surface of the target ranged from 0° to 75° . An ultra-high-speed
image converter camera recorded impact phenomena every 6 µs.
Images thus obtained show luminous clouds. We examined the shape
and expansion velocity of the clouds.
Results and Discussion: The clouds mainly flow downrange
from impact point in oblique impact. We could not observe uprange
expansion in many experiments where the projectile's incident angle
was more than 45 °. The expansion velocity of the cloud is highest in
the downrange and nearly horizontal. The maximum velocity nor
malized to the impact velocity decreases with the increasing impact
velocity. With the fixed impact velocity of 4 km/s, the normalized
velocity is nearly constant for a wide range of the projectile's incident
angle from 0 ° to 75°.
These results are consistent with the characteristics of jetting
obtained by an analytical work by Vickery (1993) [3] where jetting
theory for the two-plate convergence is applied to a case of a spherical
projectile.
However, the normalized velocity is smaller in our experiments
than in the analytical study by a factor of -1.5. There may be some
problems in applying the jetting theory for plate to the jetting with the
spherical projectile. Or, the difference of material for the projectile
and the target between the two works may explain the disagreement,
though the analytical study shows little dependence of jetting veloc
ity on the material properties. An analytical study of the materials
used in our experiments is necessary for further comparison.
Acknowledgments: We thank N. Shirogane, S. Hasegawa, N.
Nakayama, and T. Suminaka who participated in the experiments.
We gratefully acknowledge the invaluable help given by A. Fujiwara,
T. Kadono, A. Nakamura, and A. Yamori. The experiments were
supported by the Plasma Laboratory, ISAS.
References: [1] Melosh H.J. and SonettC. P. (1986) in Orig in
ofthe Moon (W. K. Hartmann et al., eds.), pp. 621-642. [2] Vickery
A. M. and Melosh H.J. (1990) in Global Catastrophes in Earth
History (V. Sharpton and P. Ward, eds.), pp. 289-300, GSA Spec.
Paper, 247. [3] Vickery A. M. (1993) Icarus, 105, 441-453.
SOURCES OF TERRESTRIAL VOLATILES. K. J. Zahnle
and L. Dones, NASA Ames Research Center, Mail Stop 245-3,
Moffett Field CA 94035, USA (fidel@cuba.arc.nasa.gov; luke@
boombox.arc.nasa.gov).
Atmospheres are found enveloping those planets and satellites
best able to hold them. The obvious conclusion is that volatile escape
must have played nearly as great a role as volatile supply. A conse
quence of this view is that volatile supplies were probably much
greater than the atmospheres that remain. The likeliest candidates are
sources associated with the main events of planetary accretion itself,

such as volatile-rich planetesimals, or direct gravitational capture of
nebular gases. Late asteroidal or cometary volatile-rich veneers are
attractive, but they present quantitative difficulties. Comets in par
ticular are inadequate, because the associated mass of stray comets
that would have been scattered to the Oort Cloud or beyond is
excessive. This difficulty applies to Uranus-Neptune planetesimals
as well as to a putative massive early Kuiper Belt. Another potential
problem with comets is that the D/H ratio in the three comets for
which this has been measured is about twice that of Earth's oceans.
Objects falling from a much augmented ancient asteroid belt remain
a viable option, but timing is an issue: Can the depopulation of
the asteroid belt be delayed long enough that it makes sense to talk
of asteroids as a late veneer? Early accretion of asteroids-as objects
scattered into the maw of infant Earth-makes more sense. Another
appealing candidate population of volatile-rich objects for the inner
solar system would be scattered planetesimals associated with the
accretion of Jupiter, for two reasons: (1) Before there was Jupiter,
there was no object in the solar system capable of expelling comets
efficiently, and (2) the cross section of the inner solar system to stray
objects was greater when there were many planetesimals.
Figure 1 shows the likelihood that a stray body from a given
source region in the present solar system will hit Earth. The data are
taken from several numerical studies of orbital evolution of test
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particles. Data for resonances in the asteroid belt are taken from
Gladman.et al. (1997) and Zappala et al. (1998); data for the Kuiper
Belt and the Trojans are taken from Levison and Duncan (1997) and
Levison et al. (1997); the efficiency at which SNC meteorites are
delivered from Mars is from Gladman et al. (1995); and the datum for
Atens (Earth-crossing asteroids with semimajor axes of less than
1 AU) we calculated ourselves. It is apparent that the giant planets in
general and Jupiter in particular pose considerable obstacles to the
delivery of outer solar system material to the inner solar system. The
two filled squares are preliminary results of an effort to model the
source regions of the late heavy bombardment directly (Hal Levison,
personal communication). In this computation Uranus and Neptune
are presumed to accrete at 3.9 Ga. As a consequence of their accre
tion, Jupiter migrates inward about 0.2 AU, which in tum causes
unstable resonances to sweep through the asteroid belt. The two
points shown correspond to the efficiency at which objects from the
outer asteroid belt are delivered to Earth and the much lower effi
ciency at which Uranus and Neptune planetesimals reach Earth. At
the bottom of the graph are the locations of the major asteroid types.
EARLYLUNAREVOLUTIONANDTHESPATIALDISTRI
BUTIONOF MARE BASALTS. S. Zhong 1 , E. M. Parmentier2,
and M. T. Zuber1 , 1Department of Earth and Planetary Sciences,
Massachusetts Institute of Technology, Cambridge MA 02139, USA
(szhong@rayleigh.mit.edu; zuber@mit.edu), 2Department of
Geological Sciences, Brown University, Providence RI 02912, USA
(emp@pelee.geo.brown.edu).
The asymmetric distribution of maria is fundamental to under
standing the early evolution of the Moon. The apparent correlation
between mare and surface elevation has prompted the idea that mare
basalt flooded topographic low areas. However, Clementine topo
graphic data [1] indicate that while mare basalts clearly fill low areas,
large areas of low elevation do not contain mare basalt. The nearside
farside (l = 1) crustal thickness asymmetry that has been considered
responsible for the center-of-figure/center-of-mass offset of the
Moon may be a consequence of the redistribution of crustal material
excavated from the SP-Aitken Basin [l], rather than an endogenic
process that might also subsequently control the mare distribution
[cf. 2]. Therefore, it is necessary to examine how the spatial distribu
tion of mare basalt may be a natural consequence of the Moon's
internal dynamics. A previous study [3] suggested that the asymme
try may be related to the formation of a metallic core at the very early
stage of lunar evolution. However, this study did not address the
timing and distinct geochemical signatures of mare basalts that
indicate an origin from the melting of differentiated materials [4].
Anorthositic crust indicates that chemical differentiation is im
portant in early lunar evolution. Although details of this differentia
tion are not fully understood, a layer of ilmenite cumulates (IC) that
has a greater density than peridotite mantle should develop beneath
the crust. This IC material may also contain a high concentration of
incompatible elements, including heat-producing U and Th. Previ
ous studies [4,5) have suggested that the IC materials should sink into
the deep interior due to Rayleigh-Taylor (R-T) instability, perhaps
forming an IC core.
We have developed models of internal evolution with temperature
dependent rheology that show that IC material initially in a layer at
the base of the anorthositic crust may partially or completely sink into

the deep interior, depending on the viscosity of the crust and mantle.
IC materials that sink due to R-T instability of a -100-km-thick layer
produce small wavelength structure that cannot be related to the l =
1 distribution of maria.
Rayleigh-Taylor instability of an IC-rich core or layer that over
lies a metallic core may, however, explain this distribution. If, be
cause of high viscosity or chemical stratification, radioactive heat
within the IC layer cannot be efficiently transferred out by thermal
convection in the overlying mantle, the IC layer will heat up at a rate
that depends on the concentration of U and Th and may melt to form
a liquid with a density less than that of the overlying peridotites.
Depending on the intrinsic -:lensity of its melt, further heating and
thermal expansion of the IC materials may be required to make it
buoyant relative to the overlying mantle. The ensuing R-T instability
could then give rise to mare volcanism.
Our analyses have shown that the dominant wavelength of R-T
instability for a buoyant IC layer between a metallic core and peridot
ite mantle depends on the size of the metallic core, the thickness of
IC-layer, and the viscosity structure of the mantle.When the IC layer
has the same viscosity as the mantle, the fastest growth rate occurs at
l = 1 only for a small metallic core (<250 km in radius) and a certain
range of IC-layer thickness (Fig. la). However, if the IC layer is less
viscous than the overlying mantle, growth rate for the instability is
fastest at l = 1 for a much wider range of model parameters with the
metallic core as large as 350 km in radius (consistent with geophysi
cal observations [61) and an IC-rich layer of any reasonable thickness
(Fig. lb).
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Fig. 1. Growth rate of 1 = 1 mode of R-T instability, normalized by the
maximum growth rate, of a deep IC layer for a range of thicknesses.
Different curves correspond to different sizes of a dense metallic core.
(a) Constant viscosity case; (b) variable viscosity case. µ1' µ2 is the
viscosity ratio of peridotite mantle/IC layer.
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We are currently exploring the implications ofthis model oflunar Mixing of volcanic gases with air (water) provides two opposing
evolution for other constraints on mare volcanism including its processes with respect to organic synthesis: cooling facilitates the
timing, inferred depth of melting, geochemical characteristics, and synthesis, but dilution does not. The energetic drive to form organic
the thickness of the elastic lithosphere at the time of emplacement. compounds rises in mixing systems with a high cooling/dilution
References: [1] Zuber M. T. et al. (1994) Science, 266, 1839- ratio. This ratio increases in the following sequence: ash-cloud
1843. [2] Wasson J. T. and Warren P. H. (1980) Icarus, 44, 752- eruptive columns, degassing oflava flows, and submarine degassing.
The predominance of high-temperature mafic (e.g., picrites) and
771. [3] StevensonD. J. (1980)Nature, 287, 520-521. [4] Ringwood
A. E. and Kesson S. E. (1976) Proc. LS'C 7th, pp. 1697-1722. [5] Hess ultramafic (e.g., komatiites) lava on earlyEarth would favor effusive
P. C. and ParmentierE. M. (1995)EPSL, 134, 501-514. [6] Dickey eruptions with high H2 and CO contents in VG due to CO-CO2 and
H2O-H2 equilibria in magmatic gases. In addition, the amount of CO
J. 0. et al. (1994) Science, 265, 482-490.
and H2 (and NH3) increases if magmas are more reduced (f02 down
to C0-, Fe0-bearing buffers) than on the present Earth. These buffers
VOLCANIC GASES: SYNTHESIS OF ORGANIC COM provide significant thermodynamic drive to form hydrocarbons be
POUNDS ON THE PRESENT AND EARLY EARTH. M. Yu. low -4(}()0C. The best conditions for organic synthesis on the early
Zolotov1,2 and E. L. Shock 1, 1Department ofEarth and Planetary Earth are achieved in submarine Hawaiian-type eruptions of high
Sciences, Washington University, St. Louis MO 63130, USA temperature and/or reduced magmas. The hydrocarbons might be
(zolotov@zonvark.wustl.edu; shock@zonvark.wustl.edu), formed by Fischer-Tropsch type synthesis catalyzed by magnetite
2Vernadsky Institute, Russian Academy ofSciences, Kosygin Street and/or Fe0 [11] present in solid volcanic products.
19, Moscow 117975, Russia.
Organic synthesis of hydrocarbons in volcanic gases does not
necessarily require a reduced atmosphere on earlyEarth. However,
Introduction: The emergence of life requires the presence of the possible presence ofNH3 in the primordial atmosphere [12] (and
inorganically formed molecules [1]. Volcanic sources ofprebiologic dissolved in the seawater) significantly facilitates the synthesis of
organic compounds have been periodically considered [2-5] or amino acids in VG-air (seawater) mixtures. Besides, a larger N2
neglected [6,7]. Several organic compounds have been identified in content in VG on the early Earth [13] should lead to a larger NH3
fresh products of volcanic eruptions (e.g., n-alkanes, polycyclic content in VG due to thermochemical equilibria in the N-O-H sys
aromatic hydrocarbons (PAHs), and amino acids) [3-5,8]. Carbon tem. Therefore, we conclude that synthesis in cooling/mixing volca
aceous films in alkaline basalts with aliphatic and aromatic hydrocar nic gases could be a significant source of abiotic organic molecules
bons (HC) also have been interpreted as condensates of volcanic on early Earth.
gases [9, 10]. There is no strong evidence that these compounds form
Acknowledgments: This work was sponsored by NSF grant
abiotically or are contaminants. Here we evaluate the energetic CHE-9714060.
possibility for abiotic synthesis of condensed n-alkanes, PAHs, and
References: [1] Oparin A. I. (1957) The Origin of Life.
amino acids in several current terrestrial and modeled early Earth [2] Mukhin L.M. (1976) Origin ofLife, 7, 354. [3]MarkhininE. K.
volcanic gas (VG) compositions.
and Podkletnov N. E. (1978) Sov. Geol. Geophys., 19, 16.
Model: Quick ejection of VG into air or water leads to quench [4] KolesnikovM. P. andEgorovl. A. (1979) Origin ofLife, 9,267.
ing. We consider physical mixing of quenched VG (with or without [5] Podkletnov N.E. andMarkhininE. K. (1981) Origin ofLife, 11,
ash) with ambient air or water. That process leads to cooling and 303. [6] Miller S. L. and Urey H. C. (1959) Science, 130, 245.
dilution of VG, which in turn leads to the formation ofdisequilibrium [7] Chyba C. and Sagan C. (1992) Nature, 355, 125. [8] Pareira
mixtures containing reduced (H2, CO) and oxidized (02, CO2) com W. E. et al. (1980) GRL, 7, 953. [9] MathezE. A. (1987) GCA, 51,
ponents. To get the temperature-abundance relations in that mixture 2339. [10] Tingle T. N. et al. (1991) GCA, 55, 1345. [11] Anderson
we calculate the heat balance equation at each step of mixing. The R. B. (1984) The Fischer-Tropsch Synthesis. [12] Sagan C. and
abundances of gases in the mixture were used to calculate the Gibbs Chyba C. (1997) Science, 276, 1217. [13] Zhang Y. andZindler A.
free energies (dGr = RT ln(Q/K,.), where Qr stands for the reaction (1993) EPSL, 117, 331.
quotient and Kr represents the equilibrium constant) for the reactions
to form HC (from H2, CO, and CO2) and amino acids (from H2 , CO,
CO2, and NH3). Negative values ofDGr indicate an energetic possi TOPOGRAPIDC RELAXATION IN A SPHERICAL, VIS
bility to form reaction products from the reagents.
COELASTIC PLANE T: IMPLICATIONS FOR LONG
Results and Discussion: The calculations show that there is a WAVELENGTH TOPOGRAPHY AND C OMPE NSATION
thermodynamic drive to form metastable organic compounds in OF LUNAR BASINS. M. T. Zuber and S. Zhong, Department
cooling terrestrial VG. Despite CO2 predominance over CO in VG, of Earth and Planetary Sciences, Code 54-511, Massachussetts
the formation of organic species from CO (+H2) is much more Institute of Technology, Cambridge MA 02139, USA (zuber@
favorable. PAHs and n-alkanes can form below -200°C depending mit.edu; szhong@rayleigh.mit.edu).
on VG composition and cooling/mixture conditions. The energetic
drive to form hydrocarbons increases with increasing molecular
Introduction: Topography and gravity anomalies on planets
weight. There is some energetic potential to form amino acids from including theEarth and Moon have significant power at long wave
NH3 , H2, and CO in cooling VG on the present Earth.
lengths. The long wavelength anomalies can be supported statically
High-temperature and/or reduced compositions of magma favor by the elastic strength of the lithosphere or maintained dynamically
organic synthesis due to elevated CO and H2 abundances in the through planetary mantle convection. The capacity of the elastic
corresponding VG. Higher contents ofH2 and CO in cooled/diluted lithosphere to support topography increases sharply with decreasing
VG increase the condensation temperatures of organic compounds. planetary radius due to membrane stresses, according to models of a
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thin elastic shell [1). Although these simple models reveal important
insights into the origin of long wavelength topography, the assump
tion that the elastic shell overlies an invisid fluid interior in thin
elastic shell models has two drawbacks. First, the models are static
with no time scales.Second, since the rheology of major constituents
of terrestrial planets, silicates, is thermally activated, it is unlikely
that a sharp rheological boundary can exist within the lithosphere.
Particularly, the different compensation states of lunar basins sug
gest that thermal history is important for the topographic relaxation
[2).
Models: We have developed analytic models of topographic
relaxation in a spherical geometry for a multilayer viscoelastic me
dium with a layer of crust overlying the mantle. The viscosity in our
models can be related to temperature with a rheological equation for
silicates. The planetary radial temperature profile within the surface
conductive thermal boundary layer can be estimated from either
surface age with a half-space cooling model or measured heat flow.
We solve the time evolution oftopography at the crust-mantle bound
ary (Moho) and the surface for a given initial topography at these
boundaries with a Laplacian transformation technique [3). In the
limits (i.e., a highly viscous layer overlying a weak layer in our
viscoelastic models) where a thin elastic shell model is valid, our
models yield the same results as those from the thin elastic shell
models for spherical harmonic loads [1) and disc loads [4).
Results and Discussions: We find that for a dry olivine rheol
ogy, a 100-m. y.-old planetary surface for Earth-like planets can only
supportlong-wavelengthnonisostatictopography anomalies for about
1 m.y. before the crust reaches an approximately isostatic state.
However, the same age surface with the same rheology can support
>35 and 65% long-wavelength topography, including degree 2, over
4 b.y. for Mars and Moon-like planetary radii respectively (Fig. 1).
The older the surface, the longer it takes to relax the topography.
Other forms of rheology do not change our results significantly.
Since the relaxation times are the same for internal loads, our
results also suggest that for relatively small planets, mantle buoyancy
is unlikely to produce significant dynamic topography even at degree
2, even if active mantle convection is present. This has significant
implications for the interpretation of long-wavelength topography
and gravity anomalies on the Moon and Mars.
We also consider the relaxation of lunar basins on a very young
surface (100 m.y.) for dry olivine rheology. Our results show that
most non-isostatic anomalies can be supported over the entire lunar
history (Fig. 2), although lateral variations in viscosity, such as might
be associated with major impacts, could cause locally variable relax
ation. Results suggest that the existence of lunar mascons cannot be
used as a constraint on lunar viscosity at a depth greater than tens of
kilometers, as has been done in the past [5).
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Fig. 1. Time evolution of degree of compensation (D0 = mass anomaly
at Moho/mass anomaly at surface) for three different spherical harmonics
1 = 2, 4, and 8 for planets with different radii.
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