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Stochastic Late Accretion to Earth,
the Moon, and Mars

William F. Bottke,™* Richard ]. Walker,? James M. D. Day,>3

David Nesvorny,® Linda Elkins-Tanton*

Core formation should have stripped the terrestrial, lunar, and martian mantles of highly
siderophile elements (HSEs). Instead, each world has disparate, yet elevated HSE abundances.
Late accretion may offer a solution, provided that >0.5% Earth masses of broadly chondritic
planetesimals reach Earth’s mantle and that ~10 and ~1200 times less mass goes to Mars and
the Moon, respectively. We show that leftover planetesimal populations dominated by massive
projectiles can explain these additions, with our inferred size distribution matching those

derived from the inner asteroid belt, ancient martian impact basins, and planetary accretion
models. The largest late terrestrial impactors, at 2500 to 3000 kilometers in diameter, potentially
modified Earth’s obliquity by ~10°, whereas those for the Moon, at ~250 to 300 kilometers, may

have delivered water to its mantle.

ighly siderophile elements (HSEs: Re, Os,
HIr, Ru, Pt, Rh, Pd, Au) have low-pressure

metal-silicate partition coefficients that
are extremely high (>10%) (/). Hence, a common
assumption has been that the silicate portions of
rocky planetary bodies with metallic cores are
effectively stripped of HSEs immediately after
primary accretion and final core segregation
(2). Accordingly, the “giant impact” on Earth that
formed the Moon 60779 million years (My) after
formation of the earliest solids should have
cleansed HSEs from the mantles of both worlds
(3-9).

However, studies of mantle-derived terres-
trial peridotites (olivine-rich rocks that dominate
Earth’s upper mantle) have shown that, not only
are HSE abundances in Earth’s mantle much
higher than expected (at ~0.008 x CI-chondrite
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meteorites), but their HSE proportions are also
approximately the same as chondritic meteorites
(Fig. 1) (6). Although we have no direct samples
of martian or lunar mantle rocks, studies of HSE
and Os isotopes in derivative mantle melts sug-

gest roughly equivalent absolute abundances in the
martian mantle (7, §), but much lower abundances
in the lunar mantle (<0.0004 x Cl-chondrite) (9-11),
with HSEs in chondritic relative proportions for
both bodies (Fig. 1) (7, 10).

Although different scenarios have been pro-
posed to produce the relatively high absolute
and chondritic relative abundances of HSEs in
planetary mantles (/2), perhaps the most straight-
forward process is delivery from continued plan-
etesimal accretion after the last core-formation
event, with the materials mixed into the mantle
by convection (/3). Such events would represent
a natural continuum from a planet-formation per-
spective, with the Mars-sized projectile that pro-
duced the giant impact representing the largest
component of the leftover planetesimal popula-
tion that continued to bombard the planets until
surviving projectiles were depleted by collision-
al and dynamical processes (/4).

We used the estimated collective distribu-
tion of HSEs in the terrestrial, martian, and lunar
mantles to test whether their abundances were
set by late accretion. For Earth, late accretion of
~2.0 x 10%* kg of material with bulk chondritic
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times less than those of Earth. (B) Minimum number and sizes of late accretion chondritic projectiles
needed to deliver the estimated abundances of HSEs to the mantles of the Moon, Mars, and Earth,
assuming 100% accretion efficiency. These values are lower limits in terms of delivered mass because

the process is unlikely to be 100% efficient.
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composition is required to reproduce measured
mantle peridotite compositions (/5), assuming
even distribution of the HSEs throughout the
mantle (/2). This quantity of mass does not vio-
late Earth-Moon isotopic constraints, such as
for oxygen, examined to date (16, /7). If martian
mantle abundances of the HSEs are similar to the
terrestrial mantle (we assume that HSE abun-
dances are 0.7 x terrestrial mantle abundances),
late accretion of ~2.0 x 10?! kg of material would
be necessary for that planet (/5). A proportion-
ally much lower amount of mass (~1.7 x 10" kg)
is needed for the Moon (10, 15), assuming that
lunar mantle abundances are <0.05 x terrestrial
mantle abundances and the lunar core is only
~4% of the Moon’s mass (/7). These mass esti-
mates yield Earth/Mars and Earth/Moon input
mass ratios of ~10 and ~1200, respectively.
The high Earth/Moon input mass ratio is cu-
rious on several levels. For example, the Earth/
Moon impact number flux ratio for both late-
accreting planetesimals and present-day near-
Earth objects is ~20, with this value being a
reflection of their different gravitational cross-
sectional areas (14, 18, 19). Micrometeorites,
many of which achieve nearly circular orbits with
Earth and the Moon via nongravitational forces

before impact, only reach an impact number flux
value of ~50, with the increase coming from grav-
itational focusing by Earth (79). Thus, it seems
unlikely that small, numerous projectiles could
ever achieve mass input ratios close to 1200 in
the aftermath of the Moon-forming event when
most leftover planetesimals, asteroids, or comets
in the inner solar system were dynamically ex-
cited (14).

It is possible to lower the Earth/Moon input
mass ratio by assuming that the Moon retained
less impactor material than did Earth or Mars.
Numerical simulations show that ~60 and ~15%
of the mass of stony and water-ice impactors re-
siding in the inner solar system, respectively, are
retained on the Moon after an impact (20). Water-
ice cannot carry HSEs, so a reasonable retention
factor for standard cometary ice-rock composi-
tions is ~30% (21). This could conceivably lower
the ratio to between 400 and 700. However, if
projectiles delivering HSEs were denser and/or
volatile-poor, such as differentiated or iron-rich
planetesimals, more mass might be retained,
moving the range to 700 to 1200, or higher.

An additional constraint is that most HSEs
had to be delivered to the lunar, terrestrial, and
martian mantles within tens of million years of

Fig. 2. Results from a Monte Carlo
code simulation showing the differ-
ential power-law index g of the SFDs
most likely to deliver the appropriate
quantity of late accretion projectiles
to Earth and the Moon (24). The colored
lines correspond to the maximum pro-
jectile size that could potentially strike
the worlds (Dp.,). Low g values corre-
spond to shallow size distributions
where most of the mass of the colliding
population is in the largest projectiles.
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Fig. 3. SFDs of planetesimal popu-
lations at different evolution stages
compared with data from the asteroid
belt and ancient martian basins. The
black curve represents an accretion
SFD at 1 AU with planetesimals born
big between D ~ 100 and 200 km.
The shallow branch of the SFD for D >
250 km was produced by runaway
growth and has g ~ 2.2. The red dots
show that ~10 My of collisional evo-
lution among the accretion SFD does
not affect the slope of the D > 250-km
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core-formation termination. The lunar crust, which
formed 4.42 to 4.46 billion years ago (Ga) or
possibly earlier, is essentially intact and has only
been modestly contaminated by extra-lunar ma-
terials (5, /0—12, 22). Thus, most of the HSEs in
the terrestrial and lunar mantles arrived before
this time. Late-arriving projectiles could poten-
tially modify Earth’s HSE budget, because their
mass could reach the mantle via plate tectonic
processes, but the net mass delivered would be
limited because some fraction would unavoid-
ably end up on the Moon where it is not observed.
For Mars, Nd-Os isotopic correlations indicate that
mantle reservoirs were isolated within ~20 My
of differentiation (7). This implies that most HSEs
were delivered by leftover debris from terrestrial
planet accretion, which was probably dominated
by stony, iron, and/or differentiated planetes-
imals, rather than comets (6, 23). Accordingly,
the Earth/Moon input mass ratio is probably
>700.

By combining these constraints within a
Monte Carlo code, we explored whether any
plausible late accretion size distributions were
capable of delivering the estimated abundances
of mass and, consequently, HSEs to Earth, Mars,
and the Moon (24). For Earth and the Moon,
whose origins and last core-formation events are
linked together in time, and assuming a projec-
tile size distribution dN o< D ?dD (where dN is
the number of objects of diameter D within a bin
dD, and ¢ is the differential power-law index),
our best results came from simulations where
g < 2 and few projectiles between 200 and
4000 km diameter hit the Moon (Fig. 2). This
combination allowed large impactors to produce
profound differences in delivered mass and
HSE:s to the mantles of the worlds they struck.

Although the precise projectile size range
needed to match Earth/Moon constraints is un-
known, modeling work does set limits (/6). In
the absence of plate tectonics, late accretion im-
pactors needed to be large enough to breach
early planetary lithospheres, create local mag-
ma ponds from their impact energy, and then
efficiently mix into the mantle, but not so large
that their impact-fragmented core coalesced with
the planet’s core. Assuming an end-member case
(25), where a world is still in a magma ocean
phase, the iron core of a differentiated projectile,
assumed here to be about half the projectile’s
diameter, will become emulsified into the man-
tle if it is smaller than the depth of the magma
ocean. For Earth, Mars, and the Moon, this crite-
rion roughly limits HSE delivery among differen-
tiated projectiles to diameters <2000 to 4000 km
(26), <1000 to 3000 km (27), and <1000 km (5),
respectively. Projectiles striking after this phase
need to punch through the body’s newly formed
lithosphere, and some will not make it. For those
that do, fragmentation experienced en route to
the mantle may break down the core into smaller
pieces more suitable for emulsification (/6).

For projectiles larger than 10% of the diame-
ter of the target world, HSE delivery is mainly
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controlled by the physics of so-called “hit and
almost run” collisions (28), in which most of the
projectile’s core (and HSEs) plows through the
target’s mantle and emerges on the other side in a
highly fragmented state. The debris then evolves
into a long spiral-armlike structure that proceeds
to rain down across the target over many hours.
Thus, these events would allow massive impac-
tors to stochastically deliver large quantities of
HSEs, but in a manner akin to small-body ac-
cretion that optimizes emulsification into the
upper mantle (/6). If the largest terrestrial late
accretion events were of this nature, several on-
going conundrums may be explained, includ-
ing why mantle peridotites in Earth’s early rock
record have surprisingly similar, although not
necessarily uniform HSE abundances (29, 30)
and how the iron in the projectile’s core became
oxidized (9, 31).

Assuming the late accretion size distribu-
tion hitting Earth, the Moon, and Mars had g ~
2, the best-case Monte Carlo results yield mean
and median diameters of the largest Earth and
Moon impactors of 2500 to 3000 km and 250
to 300 km, respectively. For Mars, whose forma-
tion, differentiation, and evolution are not linked
in time to the Earth-Moon system, we developed
an alternative Monte Carlo code. Choosing ran-
dom projectiles from a size distribution and ter-
minating each run when the net accreted mass
exceeded 2.6 x 10°! kg, we found that the largest
mean and median projectiles to strike Mars were
1500 to 1800 km in diameter. For impact ve-
locities of ~10 km/s, this range matches the com-
puted projectile size needed to create the proposed
10,600-by-8500—km Borealis basin (32).

Our preferred late accretion populations (those
with ¢ ~ 2) appear to be consistent with results
from numerical simulations in which submeter
objects in the protoplanetary disk are concen-
trated by turbulence into gravitationally bound
clumps that collapse to form D ~ 100-km plan-
etesimals (33—35). Because the new planetesimals
are born big, they avoid the many survival prob-
lems faced by D = 0.001-km to multikilometer
planetesimals, namely gas drag driving them into
the Sun or disruption via impacts from numerous
smaller objects embedded in the gas disk.

We produced an accretion size distribution
closely resembling runs from our previous nu-
merical experiments (33, 36), where 1.6 Earth
masses of material were placed into D = 2-m
objects coupled to a gas disk near 1 astronomical
unit (AU) and left to evolve for ~2 My (Fig. 3).
Here, once sufficient numbers of D ~ 100-km
planetesimals were created, a subset of the pop-
ulation underwent runaway growth and devel-
oped into a shallow ¢ ~ 2 size distribution that
stretches from D > 200- to 300-km planetesi-
mals all the way to planetary embryo sizes. Next,
we assumed the planetesimals were dynamically
excited enough by gravitational interactions with
planetary embryos to induce collisional evolution
(Fig. 3). The objects were given new collision
probabilities and impact velocities based on

www.sciencemag.org SCIENCE VOL 330

numerical simulations that tracked how planetary
embryos near 1 AU affect a background plane-
tesimal population (37, 38). After ~10 My, we
found that many D ~ 100-km bodies were smashed
into rubble. Larger planetesimals, however, were
harder to disrupt, with the bodies finding increas-
ing protection via their own gravity. Apparently,
once a planetesimal size distribution develops a
shallow branch among large objects, it is there
to stay.

Observational evidence also exists to support
the idea that large planetesimals in regions ad-
jacent to the 1-AU zone had ¢ ~ 2 size dis-
tributions. In the inner and central asteroid belts
(with semimajor axis < 2.8 AU), the only known
asteroids beyond D > 250 km are Ceres, Pallas,
and Vesta, with D = 975, 544, and 530 km,
respectively (Fig. 3) (39). A power-law slope
determined for asteroids between D =250 and
975 km yields ¢ ~ 1.8, the same as those favored
in Fig. 2. Notably, the outer asteroid belt follows
a power-law size-frequency distribution (SFD) in
the range 100 < D <400 km and has no shallow
branch at large sizes. Although the absence of
D> 400-km objects may be a by-product of small
number statistics and/or collisional/dynamical
evolution, the other shape differences between
the inner and outer main-belt size distributions
imply that planetesimal-formation mechanisms
change as one approaches the so-called snow-
line and/or that the outer asteroid belt has been
contaminated by outer solar system planetes-
imals captured during giant planet migration
(40).

Additional observational evidence comes from
ancient martian impact basins, defined as D >
300-km diameter craters, that formed during the
earliest bombardment phases of the solar sys-
tem. Their ages are unknown, though numerical
simulations suggest that the oldest impact basins
were produced by leftover planetesimals in the
terrestrial planet region (/4), whereas the youn-
gest probably came from colliding comets and
asteroids liberated from stable reservoirs during
the last substantial giant planet migration event
~4 Ga (40). Using populations of buried and
visible basins on Mars that have been previously
cataloged (417), scaling relations for complex
craters from (42), and impact velocities derived
from (14, 18), we transformed those basins not
in saturation equilibrium (namely those with D =
700 to 2000 km) into a projectile size distribu-
tion (Fig. 3). As before, the impactors with D >
200 to 300 km have g ~ 1.8.

Our inferred late accretion populations may
have substantially modified Earth’s rotational
angular momentum vector, perhaps enough to
violate constraints. To test this, we tracked the
effects of inelastic collisions between Earth and
suites of projectiles computed from the most fa-
vorable cases shown in Fig. 2. We found that
for a range of reasonable post—giant impact
values (43), Earth’s rotational angular momen-
tum changed by ~1 to 4%. On average, more
than half of the input angular momentum was

REPORTS

delivered by the largest projectile in the suite,
which tended to be between 2500 and 3500 km
diameter. Moreover, in at least 50% of these trial
cases, Earth’s obliquity was altered by 5° to 15°.

Such an obliquity change could help to ex-
plain the Moon’s orbital inclination, but only if
the projectiles struck soon after the Moon-forming
event. The Moon is believed to have formed in
Earth’s equatorial plane, but shortly thereafter it
obtained a primordial orbital inclination value of
~10° (3). Modeling work suggests that this value
was produced by gravitational interactions be-
tween the Moon and the protolunar disk (44). If
the protolunar disk was too short-lived to produce
the full inclination, however, late terrestrial im-
pacts could have made up the difference by al-
tering Earth’s obliquity by up to ~10°. To work,
delivered HSEs could not be sequestered to
Earth’s core, no easy task given the dynamic,
high-temperature environment of Earth at this
time, and the largest impactors would need to hit
before Earth’s tides pushed the Moon beyond
~20 Earth radii from Earth (3). Note that the
estimated interval for the latter, on the order of ~1
My, is short compared with numerical compu-
tations of late accretion time scales.

The Moon’s interior was once thought to be
largely dry, with bulk water estimates of less
than 1 part per billion (ppb) (45). Recent sample
measurements, however, suggest that the water
content in the lunar mantle is between 200 and
several thousand ppb (or more) (45, 46). If true,
it is possible that the same projectile that deliv-
ered most of the Moon’s HSEs may have also
have provided it with water. Assuming that our
inferred D = 250- to 300-km lunar projectile
could reach and mix itself into a spherical shell
that is 100 to 500 km deep within the Moon and
that the projectile had a minimum bulk water
content of 0.05 to 0.2 weight percent (wt %)
(47, 48), we estimate that 400 to 3000 ppb water
could be delivered to the lunar interior by late
accretion. Thus, late accretion provides an alter-
native explanation in case lunar mantle water
cannot migrate from the post—giant impact Earth
to a growing Moon through a hot and largely
vaporized protolunar disk (3).
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Thought for Food: Imagined
Consumption Reduces
Actual Consumption

Carey K. Morewedge,** Young Eun Huh,? Joachim Vosgerau®

The consumption of a food typically leads to a decrease in its subsequent intake through
habituation—a decrease in one’s responsiveness to the food and motivation to obtain it.

We demonstrated that habituation to a food item can occur even when its consumption is
merely imagined. Five experiments showed that people who repeatedly imagined eating a food
(such as cheese) many times subsequently consumed less of the imagined food than did people
who repeatedly imagined eating that food fewer times, imagined eating a different food (such as
candy), or did not imagine eating a food. They did so because they desired to eat it less, not
because they considered it less palatable. These results suggest that mental representation

alone can engender habituation to a stimulus.

eople believe that thinking about a desir-
able food or drug sensitizes one to it,
increasing their hedonic response to the

stimulus (7). Indeed, picturing oneself eating a
delicious steak elicits an increase in salivation

and the desire to eat it (2), and imagining the
sight or smell of a burning cigarette increases
smokers’ craving (3). The increased desirability
of imagined stimuli seems to similarly affect be-
havior: Children have greater difficulty resisting
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