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more inert host and hence a loss in activity. How-
ever, there are now many experimental and the-
oretical examples of metal alloys under realistic
conditions in which the more active element is
stabilized at the surface by adsorbates (27, 30-32).
This adsorbate-induced reverse segregation effect
is understood in terms of the adsorbate binding
more strongly to the element, which would nor-
mally segregate to the bulk and result in a re-
versal of the surface segregation behavior (27). In
the case of the Cu/Pd system, the stabilization
resulting from segregation of Cu to the surface is
small (0.02 eV) (37) compared with the ~0.4-eV
increase in binding of H to Pd versus Cu (6, 20).
The fact that Pd segregation to the Cu surface has
been observed experimentally in Pd/Cu catalysts
under realistic hydrogenation operating condi-
tions bodes well for the utility of this atomic ge-
ometry in real catalysts (32).
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An Impactor Origin for Lunar
Magnetic Anomalies

Mark A. Wieczorek,™* Benjamin P. Weiss,? Sarah T. Stewart

The Moon possesses strong magnetic anomalies that are enigmatic given the weak magnetism

of lunar rocks. We show that the most prominent grouping of anomalies can be explained by
highly magnetic extralunar materials from the projectile that formed the largest and oldest impact
crater on the Moon: the South Pole—Aitken basin. The distribution of projectile materials from

a model oblique impact coincides with the distribution of magnetic anomalies surrounding this
basin, and the magnetic properties of these materials can account for the intensity of the observed
anomalies if they were magnetized in a core dynamo field. Distal ejecta from this event can
explain the origin of isolated magnetic anomalies far from this basin.

eginning with the Apollo era, spacecraft
B observations have shown that portions of

the lunar crust are strongly magnetized
(1—4), yet their origin has remained unresolved.
The lithologies of the source rocks for these
anomalies are unknown, their time of magneti-
zation acquisition is poorly constrained, and it
is unclear whether the magnetization process
was thermoremanent or shock-related (3, 6). As a
result, the origin of the magnetizing fields is
a matter of debate, with possibilities including a
core dynamo, transient fields generated during
impacts, and the amplification of ambient fields
by impact-generated plasmas (7—13).
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A key difficulty is that most lunar magnetic
anomalies have not been recognized to correlate
with known geologic structures. A few impact basins
possess central magnetic anomalies (12, 14, 15),
but these anomalies are typically weak and are
not representative of the most intense anomalies,
most of which are located on the far side of the
Moon (Fig. 1). Impact basin ejecta deposits are
statistically somewhat more magnetic than other
geologic units, but the magnetic signatures of the
ejecta from any given basin are quite variable
(16). A few prominent anomalies on the far side
ofthe Moon are located near the antipodes of four
young impact basins (2, 3), suggestive of an exot-
ic impact origin (/7), but many strong anomalies
are not associated with basin antipodes, and most
basins do not possess antipodal anomalies.

It is also difficult to reconcile the strengths of
these anomalies with the magnetic properties of
known endogenous lunar materials. This is be-
cause lunar materials are very weakly magnetic
relative to terrestrial materials: The saturation rem-

anent magnetizations of mare basalts and pristine
highlands rocks are weaker than those of mid-
ocean ridge basalt by two to four or more orders
of magnitude (/8, 19). To demonstrate this, we
calculated the thickness of magnetized materials
required to generate a representative 10-nT anom-
aly at an altitude of 30 km as a function of the
magnetizing field strength and rock thermorem-
anence susceptibility (ratio of thermoremanence
to the magnetizing field) (Fig. 2). The thermo-
remanence susceptibility correlates with both the
abundance of magnetic carriers in the rock and
the rock’s saturation remanent magnetization
(supporting online material), and lunar paleomag-
netic studies imply ancient field strengths be-
tween ~1 and 120 uT (5, 20, 21). We find that
even the highest postulated paleofield strengths
would require extremely thick deposits of uni-
directionally magnetized materials to account
for the lunar magnetic anomalies. For example,
more than 100 km of pristine feldspathic high-
land rocks would be required, but these thick-
nesses are greater than the thickness of the entire
lunar crust. More than 10 km of mare basalts
would be required, but this far exceeds the thick-
ness of most maria (/7). Even the relatively high-
ly magnetic mafic impact melts, most of which
are thought to be derived from the Imbrium im-
pact event (22), would require thicknesses of
at least several kilometers, but none of the mag-
netic anomalies show the topographic expres-
sions that might be expected for such locally thick
ejecta deposits.

However, there is a major geologic structure
that correlates with some of the largest lunar
magnetic anomalies and that has received little
consideration previously. The far-side hemisphere
of the Moon hosts the largest known unequivocal
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Fig. 2. Thickness of magnetic materials required to generate a 10-nT anomaly 30 km above the lunar
surface. Thermoremanent magnetizations acquired in a dipolar field were determined for each ther-
moremanence susceptibility, xrrm (in SI units), and surface paleofield intensity within a representative
disk 60 km in diameter at 30° latitude. The maximum magnetic field strength scales linearly with disk
thickness, and the disk thicknesses would differ by a factor of ~2 for anomalies located at the poles and
equator, or for disk diameters of 35 and 200 km. Representative thermoremanence susceptibilities of lunar
(dashed) and meteoritic (solid) materials are denoted by horizontal lines (data from tables S2 and S3).

impact structure in the solar system: the South
Pole-Aitken basin (Fig. 1). With a mean diameter
of ~2200 km, this basin is elongated in the north-
south direction and was likely formed by an
oblique impact, with the projectile coming from
either the north or south (23). The most prom-
inent grouping of lunar magnetic anomalies
coincides with the northern rim of this basin, pre-

cisely where one would expect projectile materials
to have been deposited if the impact direction was
from the south.

We propose that materials from the South
Pole—Aitken impactor are the source materials for
many of the largest lunar magnetic anomalies.
With high concentrations of metallic iron and oth-
er magnetic minerals, typical projectile materials

REPO

Fig. 1. Magnetic field strength and topography
centered over the South Pole—Aitken basin (left)
and opposite hemisphere of the Moon (right).
Upper panel: Total magnetic field strength from
the sequential Lunar Prospector model of (4) eval-
uated 30 km above the surface. Lower panel:
Topography from Lunar Reconnaissance Orbiter
laser altimeter data (34). Ellipses elongated in
the north-south direction denote the inner ba-
sin floor and outer structural rim of the South
Pole—Aitken basin (23), and the connecting lines
join the respective semiminor and semimajor
axes. All images show half of the lunar surface
and are displayed in a Lambert azimuthal equal-
area projection overlain by a shaded relief map
derived from the surface topography.

are on average about two orders of magnitude
more magnetic than endogenous lunar crustal
materials (Fig. 2). If the projectile was similar to a
chondritic meteorite, and if these materials were
magnetized by cooling in a steady core dynamo
field, integrated thicknesses of only a few hun-
dred meters would be required to account for the
strength of the lunar anomalies. If the projectile
was instead differentiated, the projectile core ma-
terials would have been even more magnetic than
undifferentiated chondritic meteorites.

Projectile materials should be incorporated
into impact deposits in abundances sufficient to
substantially change the magnetic properties of
these rocks. Terrestrial impact melts are known to
contain materials from the impactor ranging from
less than 1 weight percent (wt%) up to several
wt% (24, 25). The mafic impact melts sampled
during the Apollo missions are thought to have
formed during one or more basin-forming im-
pact events (primarily Imbrium) and contain ~1 to
2 wt% macroscopic metallic iron that was de-
rived from the core of a differentiated planetes-
imal (22, 26). Given the enormous size of the
South Pole—Aitken basin, the projectile that formed
this basin would have been ~10 times as massive
as that which formed the next largest lunar basin,
and comparable in mass to all other basin-forming
projectiles combined. Numerical simulations show
that most of the projectile would accrete to the
Moon in a molten or partially molten state for an
average impact angle and velocity (27).

www.sciencemag.org SCIENCE VOL 335 9 MARCH 2012

RTS

Downloaded from www.sciencemag.org on March 21, 2012

1213


http://www.sciencemag.org/

REPORTS

1214

We assessed the hypothesis that projectile ma-
terials from the South Pole—Aitken impact event
are responsible for the majority of lunar magnetic
anomalies by tracking the fate of projectile ma-
terials in a suite of impact simulations. Our simu-
lations used a three-dimensional Eulerian shock
physics code with self-gravity and multiphase
equations of state for crustal, mantle, and core
materials (supporting online material). The rheol-
ogies of the target and projectile materials were
dependent on pressure, temperature, and strain
rate (28). The model Moon possessed a silicate
crust 50 km thick, with a forsterite mantle and a
small iron core, whereas the projectile was treated
as being either homogeneous in composition or
differentiated with a silicate mantle and iron core.
Simulations were run for more than 1 hour after
the impact, which allowed most of the ejecta to
re-impact the Moon.

As arepresentative case, a 45° oblique impact
at 15 kms ' of a differentiated projectile 200 km
in diameter completely excavated the crust of the
Moon over an area ~1200 km in diameter and
formed a thick impact melt pool in the basin in-
terior (Fig. 3). The resulting ring of crustal thick-
ening is similar in size to the topographic rim of
the South Pole-Aitken basin, although it is not
elliptical. Differences in crater shape and crustal
structure between the model and observations
may result from gravitational and viscous mod-
ification processes that are not accounted for in
the simulations, or from the relatively low spatial
resolution used to model the lunar crust. In the
simulation, most of the projectile silicate mantle
was vaporized and lost to space, and only ~1%
of these materials were retained in the proximal
ejecta. The retained projectile mantle materials
were deposited downrange and exterior to the
basin’s excavation cavity, and possessed integrated
thicknesses close to 100 m extending about one
crater diameter from the basin rim. Only a neg-
ligible fraction of the projectile core was vapor-
ized, and almost 80% of these materials were
retained on the surface of the Moon. The retained
projectile core materials were deposited primarily
near the downrange basin rim with thicknesses
up to a few kilometers.

We calculated the magnetic signature of the
projectile deposits by assuming that they acquired
a thermoremanence by cooling in the presence of
a global dipolar field (supporting online materi-
al), although transient fields and shock remanence
acquisition are also possible (8). The projectile
mantle was modeled using the magnetic prop-
erties of basaltic achondrites, which have ther-
moremanence susceptibilities less than those of
chondritic materials by about three orders of mag-
nitude (Fig. 1). The magnetic properties of pro-
jectile core materials are not well known (29) and
will depend primarily on how the projectile metal
is mixed with silicate materials in the impact
process (which will determine the grain sizes,
shapes, and magnetostatic interactions between
the metal particles). As a very conservative esti-
mate, we used a thermoremanent susceptibility of

0.5 SI units for the core materials, which is rep-
resentative of the ordinary and enstatite chon-
drites. Given that these chondritic materials
contain only a few tens of wt% metallic iron, the
true thermoremanent susceptibility of projectile
core materials is probably several times our
chosen value.

If the dipole field strength on the surface of
the Moon was just 5 uT when this basin formed
[at the low end of most paleoficld estimates (5)],
the projectile core materials would give rise to
several magnetic anomalies with intensities of

0 100 20 30 40 50 60 70 80

Crustal thickness (km)

Projectile mantle thickness (m)

more than 10 nT at 30 km altitude (Fig. 3). Both
the intensities and the spatial distribution of these
magnetic anomalies are similar to those observed
adjacent to the South Pole—Aitken basin. Although
most of the strong anomalies are located near
the downrange rim of the impact basin, a few
strong anomalies are found exterior to the basin
rim as well.

We have investigated the sensitivity of these
results by testing impact angles of 30°, 45°, and
60° from vertical; impact velocities of 10, 15, and
30 km s '; and impactor diameters of 150, 200,

0o 2 4 6 8 10 12 14 16 18 20

B[ (nT)

0 05 10 15 20 25 30 35 40

Projectile core thickness (km)

Fig. 3. Crustal thickness (top left), predicted magnetic field strength IBI (top right), integrated thickness
of projectile mantle materials (bottom left), and integrated thickness of projectile core materials (bottom
right) for a representative impact event sufficient to form the South Pole—Aitken basin. This oblique
impact simulation used a differentiated projectile 200 km in diameter with a core 110 km in diameter. The
impact direction was from south to north, the impact velocity was 15 km s, and the impact angle from
vertical was 45°. The projectile component delivered to the Moon acquired a thermoremanent mag-
netization in a dipolar field with a surface field strength of 5 uT. All images show half of the lunar surface
and are displayed in a Lambert azimuthal equal-area projection. The solid white contour denotes where
the crustal thickness has been reduced by a factor of 2 and is an approximate boundary for the extent of
the deep melt sheet; the dashed outer ellipse is an approximation of the location of the final basin rim.
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and 260 km (figs. S1 to S4). The overall dis-
tribution and thickness of proximal ejecta mate-

northern lowlands—forming oblique impact on
Mars (30, 31) could help to explain the existence
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produce weakly iridescent (glossy) colors (3).
Iridescent nanostructures are diverse and have
evolved independently numerous times in extant
birds (4), but whether they are exclusively avian
innovations or appear earlier in dinosaur evolu-
tion has been unknown.

Thus far, fossil evidence of iridescent plumage
has been limited to a 47-million-year-old isolated
avian feather from Germany (Grube Messel) (5).
This feather preserved in fine nanostructural de-
tail the organization typical of many iridescent
avian melanosome arrays. Such pristine preser-
vation is rare, however, and so far unknown in

Reconstruction of Microraptor and the
Evolution of Iridescent Plumage

Quanguo Li,* Ke-Qin Gao,? Qingjin Meng,* Julia A. Clarke,®> Matthew D. Shawkey,**
Liliana D'Alba,* Rui Pei,® Mick Ellison,” Mark A. Norell,® Jakob Vinther®*¢
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Iridescent feather colors involved in displays of many extant birds are produced by nanoscale
arrays of melanin-containing organelles (melanosomes). Data relevant to the evolution of these
colors and the properties of melanosomes involved in their generation have been limited.

A data set sampling variables of extant avian melanosomes reveals that those forming most
iridescent arrays are distinctly narrow. Quantitative comparison of these data with melanosome
imprints densely sampled from a previously unknown specimen of the Early Cretaceous feathered
Microraptor predicts that its plumage was predominantly iridescent. The capacity for simple
iridescent arrays is thus minimally inferred in paravian dinosaurs. This finding and estimation

of Microraptor feathering consistent with an ornamental function for the tail suggest a centrality
for signaling in early evolution of plumage and feather color.
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crystal-like arrays generated by layers of materials
with different refractive indices—namely, keratin,
melanin, and sometimes air—in feather barbules

erated from pigments and a variety of nano-

F eather colors in extant birds (Aves) are gen-
structural architectures (7, 2). Iridescent colors,

an integral part of the avian plumage color gamut
involved in signaling and display, are produced
through coherent light scattering by laminar or
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(1, 2). Melanosomes can be arranged in single or
multiple layers (I, 2), and recent work shows
that even slight organization of melanosomes can
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