a result of net compressive forces operating
on the hot early crust over a convective
downwelling, and (iii) the hemispheric sur-
ficial and interior dichotomy as due to lat-
eral transport of material during differenti-
ation. The model is in conflict with the
simple geophysical argument that the high
Rayleigh number of a 500-km-thick magma
ocean will promote small-scale turbulent
convection rather than global-scale con-
vection, but the current degree of ignorance
of nature, let alone behavior of the actual
lunar magma ocean, may not make this a
tightly binding constraint.

The distribution of elevations on the
moon is distinctly irregular, and the near
side and far side differ both in mean eleva-
tion and shape of the hypsographic curve.
There is a correlation between topography
and composition, and five hypsographic
units have been defined with differing com-
positional characteristics. Two of these
units, the South Pole—Aitken Basin and the
nearside mare basalts, are clearly the result
of impact and volcanism, respectively. The
lack of extensive mare basalt fill in the
South Pole-Aitken Basin, despite the thin
crust in this region, suggests hemispheric
compositional asymmetry in the deep lunar
interior. Early giant impact can explain
many of the observed characteristics, but
not the deep-interior compositional asym-
metry. Primordial differentiation processes
can explain all of the observed composi-
tional and hypsographic characteristics but
suffer from the lack of an understood mech-
anism for causing global- rather than small-
scale lateral convective transport.
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Clementine Observations of the Aristarchus
Region of the Moon

Alfred S. McEwen,* Mark S. Robinson, Eric M. Eliason,
Paul G. Lucey, Tom C. Duxbury, Paul D. Spudis

Multispectral and topographic data acquired by the Clementine spacecraft provide in-
formation on the composition and geologic history of the Aristarchus region of the moon.
Altimetry profiles show the Aristarchus plateau dipping about 1° to the north-northwest
and rising about 2 kilometers above the surrounding lavas of Oceanus Procellarum to the
south. Dark, reddish pyroclastic glass covers the plateau to average depths of 10 to 30
meters, as determined from the estimated excavation depths of 100- to 1000-meter-
diameter craters that have exposed materials below the pyroclastics. These craters and
the walls of sinuous rilles also show that mare basalts underlie the pyroclastics across
much of the plateau. Near-infrared images of Aristarchus crater reveal olivine-rich ma-
terials-and two kilometer-sized outcrops of anorthosite in the central peaks. The anortho-
site could be either a derivative of local magnesium-suite magmatism or a remnant of the
ferroan anorthosite crust that formed over the primordial magma ocean.

The Clementine mission has provided
global multispectral mapping of the entire
moon in 11 bandpasses (415, 750, 900, 950,
1000, 1100, 1250, 1500, 2000, 2600, and
2780 nm) and altimetry profiles from about
—75° to +75° latitude (I1). In this report,
we present preliminary interpretations of a
small portion of these observations, from
the Aristarchus region (latitude 18°N to
32°N, longitude 42°W to 57°W).

The geologic and compositional diversi-
ty of the Aristarchus region (2-7) and evi-
dence for active emission of volatiles from
Aristarchus crater (8-9) have led to pro-
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posals for surface exploration and resource
exploitation (10-12). The 170 km by 200
km Aristarchus plateau, an elevated crustal
block just west of the outer ring of the
Imbrium Basin (Fig. 1), includes the densest
concentration of sinuous rilles known on
the moon. Most of these rilles begin at
distinctive “cobra-head” craters (or.irfegu-
lar depressions), the probable source vents
for a reddish dark mantling deposit (DMD)
that blankets the entire elevated plateau;

‘the DMD probably consists of volatile-rich

pyroclastic glass (4, 13, 14). The plateau is
embayed on all sides by mare basalts of
Oceanus Procellarum. The well-preserved
Copernican impact crater Aristarchus, 42
km in diameter, lies on the southeastern
edge of the plateau. The Aristarchus pla-
teau may have been the source region for a
significant portion of the mare basalts of
Oceanus Procellarum (15). The movement
and temporary storage of a large volume of




magma may have profoundly altered the
mineralogy of the country rock; highland
materials in the Aristarchus region are
much richer in mafic minerals (olivine and
high-Ca pyroxene) than are typical lunar
highlands (4, 16).

Altimetry profiles indicate that the
Aristarchus plateau is a tilted slab sloping
downward to the north-northwest and ris-
ing about 2 km above Oceanus Procellarum
on its southern margin (Fig. 2). Previous
topographic data (17) indicated that the
plateau dipped predominantly to the west
and that the plateau rose nearly 5 km above
Oceanus Procellarum.

We have completed preliminary calibra-
tions and mosaicking of a subset of the
Clementine images covering the Aristarchus
region. The entire region has been mosa-
icked with images from three bandpasses of
the ultraviolet-visible (UVVIS) camera,
centered at 415, 750, and 1000 nm (Fig. 3),
and a north-south strip of images has been
processed from four bandpasses of the near-
infrared (NIR) camera (1100, 1250, 1500,
and 2000 nm). Spatial resolutions range
from 90 to 160 m/pixel in the UVVIS im-
ages, and 135 to 240 m/pixel in the NIR
images. The best previous digital multispec-
tral imaging of this region has a resolution of
~2000 m/pixel (18). Color ratios serve to
cancel out the dominant brightness varia-
tions of the scene, which are controlled by
albedo variations and topographic shading,
thus enhancing and isolating the color dif-
ferences related to mineralogy and soil ma-
turity (19). In Fig. 3 we present.a color-ratio
composite with the 750/415-nm, 750/1000-
nm, and 415/750-nm ratios controlling the
red, green, and blue, respectively.

Once calibrations and processing of the
Clementine data are complete, we will pro-

58°w
32°N,

duce quantitative mineralogic maps. At this
time, however, our compositional interpre-
tations of the color-ratio composite (Fig. 3)
are based on correlations with Earth-based
telescopic spectra (4). Exposures of gabbroic
highland materials are blue, the glassy Fe?*-
rich pyroclastics or DMD (4, 13) are deep
red, fresh exposures of mare basalt are yel-
lowish or greenish, and mature mare soils
are purplish or reddish [corresponding to
“blue” and “red” mare units (20)]. Albedo
variations have also been very useful for our
interpretations. Aristarchus ejecta consists
of mixtures of highland, mare, DMD, and
impact melt (5, 6); thus, it has a complex
variety of colors and albedos. With this data
set, basic compositional units can be
mapped at a much higher spatial resolution
than has been previously possible.

The mare versus highland color signa-
tures of craters of various diameters can be
used to reconstruct the crude stratigraphy of
the plateau. All craters larger than ~2-km
diameter on’ the plateau have excavated
predominantly highland gabbroic materials
(including Herodotus D, where we now see
that the southeastern wall is mostly high-
land material). The transient cavity of sim-
ple craters may have a depth-to-diameter
ratio of ~1/3, but the maximum depth of
excavation may be as little as ~0.10 times
the diameter (21). On this basis, we esti-
mate that the maximum thickness of mare
materials on the plateau is 200 to 600 m.
Radar returns indicate that the Aristarchus
DMD is at least 6 m deep (22). Colors
indicative of mare basalt or highland mate-
rials can be seen (Fig. 3) in the interiors
(but 'not in the ejecta) of many 100- to
500-m-diameter craters superimposed over
the DMD. We interpret these crater colors
as being due to different compositions rath-
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Fig. 1. Location map of the Avistarchus region. The dashed line'indicates the approximate position of the

outer ring of the Imbrium Basin (26).
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er than to “immature” DMD, because (i)
most researchers interpret the glassy mate-
rials in DMD as original volcanic ash or
cinders rather than the products of mi-
crometeroid impacts (4, 13, 14); and (ii)
Aristarchus secondary impacts on the DMD
must have exposed immature DMD, yet the
resulting color and albedo effects are minor.
Therefore, given the expected excavation
depths, we estimate an average DMD thick-
ness of 10 to 30 m. A previous estimate of
50 to 100 m for its average thickness (3)
was based on the sizes of nearly filled cra-
ters, but other processes, such as impact
erosion and lava flows, may have filled
these craters before deposition of DMD.
Mare basalts are common on the
Aristarchus plateau. Previous geologic map-
ping (2, 3) indicated the possible presence
of mare basalts over ~25% of the plateau,
where the surface morphology is relatively
smooth, and the remaining, hummocky ter-
rains were interpreted as highland materi-
als. Almost the entire plateau is covered by
DMD or Aristarchus ejecta, and subsurface
materials are seen only where exposed by
superposed craters or on steep slopes. Ex-
cept for a few large craters (diameter >10
km) and large mountain slopes such as
Herodotus x (Fig. 1), these exposures have
not been resolved by previous multispectral
observations. The only previous spectral ob-
servation (4) indicating the presence of
mare basalt on the plateau was for the crater
Herodotus D, on the extreme northwest
corner of the plateau (Fig. 1). The 100
m/pixel color mosaic (Fig. 3) reveals the
subsurface composition in many locations
in 100- to 1000-m-diameter craters and
along the steep walls of sinuous rilles. The
walls of Vallis Schroéteri are composed
mostly of mare basalt, rather than highland
material as previously mapped (2, 3), ex-
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Fig. 2. Clementine altimetry profiles over the
Avristarchus plateau. The lowest data point (bot-
tom profile) is probably the floor of Aristarchus
crater.
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cept near the cobra head (which may be
covered by highland ejecta from
Aristarchus). The greenish color within
craters and along rille walls (Fig. 3) indi-
cates the presence of additional mare ba-
salts over much of the plateau. Some of the
mare exposures occur in smooth plains ma-
terial that has embayed the hummocky
highland materials on the plateau. This
smooth plains material was previously
thought to consist of either mare lavas or
highland plains material (2, 3, 6); we now
see that the plains unit is indeed mare
basalt. Many craters and at least one rille
also expose mare materials on generally
hummocky terrains previously interpreted
as highland materials (2, 3).

Many geologic mapping details will be
revised after analysis of the Clementine
data sets. One such example is provided by
the Agricola Straits (Fig. 1), a low-lying
zone that separates the plateau from the
(apparently) fault-bounded Agricola Moun-
tains to the northwest (2). The straits are
composed of mare basalt and appear con-
tinuous in elevation with the mare fill sur-
rounding the plateau (2, 3). However, the
eastern half of the straits are largely covered
by dark red material resembling the DMD
(Fig. 3). Some of this red material may
consist of red mare lavas, as appears to be
the case in the western part of Agricola
Straits, but the eastern straits have an espe-
cially low albedo and red color, like the
DMD and unlike any nearby mare lavas.
Thus, either the mare flows in Agricola
Straits or the DMD must be subdivided into
units of different ages.

The crater Aristarchus displays an inter-
esting pattern of color and albedo units in
its ejecta (Fig. 3) (3, 6, 19), which consists
of both a discontinuous deposit that ex-
tends up to 300 km from the crater rim and
a nearly contiguous high-albedo blanket
around the crater, up to about 50 km from
the rim. The Clementine mosaic (Fig. 3)
confirms that the Aristarchus ejecta deposit
is asymmetric; lobes of blue (highland) ma-
terial extend north of the crater for ~100
km and west of the rim for ~75 km. The
distribution of these lobes of highland com-
position is consistent with previous studies,
suggesting excavation of such debris on the
plateau side of the Aristarchus impact tar-
get (5, 6). On the mare side of the crater
(east and south sectors), material near the
crater rim consists of both blue (highland)
units and well-exposed zones of a yellowish
unit (probably mare basalt) at 2 and 4
o'clock. These yellowish areas correspond
to the stripped zones described by Guest
(5), in which late stage ejecta was thought
to be removed from the near rim because it
had high radial momentum after deposition.
Outward 10 to 20 km from the rim, the
intricately textured multicolor deposits sug-
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Fig. 3. Color-ratio composite from UVVIS mosaic of 500 images in three spectral bands. The ortho-
graphic map projection covers 18°N to 32°N, 42°W to 57°W, at a scale of 100 m/pixel. The 750/415-nm
ratio controls the red, the 750/1000-nm ratio controls the green, and the 415/750-nm ratio controls the

blue.

gest basaltic ejecta mixed with highland
debris and impact melt (5, 6). Mare basalt
ejecta appears to be absent in the northwest
sector of the crater ejecta blanket. A large
streak of blue material (highland debris)
extends up to 75 km southwest of the crater
rim (Fig. 3); this streak could result from an
asymmetric ejecta curtain or could be a
consequence of ballistic shadowing by the
plateau boundary fault exposed in this area
(compare Fig. 1) or of reworking of high-
land materials in the plateau scarp.

We have processed four bandpasses of
the NIR data in a north-south strip (orbit
186), which passes over the craters
Aristarchus and Aristarchus A (Fig. 1). The
NIR bandpasses are diagnostic of highland
compositions because the 1100- and 2000-
nm bands enable discrimination of olivine
from pyroxene, and the 1250-nm band
(compared with the 1500-nm continuum)
is indicative of anorthite (16, 23). NIR
color ratios (Fig. 4) enable us to map the
distributions of compositional units. Pixel
values from each bandpass were extracted
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(Fig. 5) for two distinctive spectral features
(see Fig. 4) and calibrated with coefficients
for each of the bandpasses that were deter-
mined by dividing the Clementine data for
Aristarchus A by the corresponding values
in telescopic spectrum 1A of Lucey et al.
(4). Two very bright areas (normal albedo
~0.5) on or near the central peak of
Aristarchus have spectral values that match
laboratory measurements of anorthite (23).
A unit on the crater’s south rim has spectral
properties consistent with  significant
amounts of olivine, probably mixed with
anorthite (that is, troctolite), as previously
reported (4).

Anorthosite is not known elsewhere on
the northwestern nearside of the moon.
The presence of the 1250-nm anorthite
band indicates that the bulk composition
must be at least 85% anorthite, and the
absence of a 1-um band indicates less than
5% pyroxene (24), so an anorthosite
(>90% anorthite) classification is proba-
bly correct. Ferroan anorthosites are
thought to have formed the primordial



Fig. 4. NIR coverage of
Aristarchus crater from
Clementine orbit 186.
Arrows indicate the
anorthositic  central
peaks (right center) and
the olivine-rich unit on
the crater rim (bottom
right).
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Fig. 5. Laboratory reflectance spectra of miner-
als commonly found in lunar highland rocks
[from (23)], and Clementine reflectance data
points for Aristarchus central peak bright spots
(solid circles) and for a spot on the south rim of
Aristarchus (solid squares; see Fig. 4 for loca-
tions).

lunar crust, emplaced as flotation cumu-
lates in the global magma ocean (25).
There has been much speculation about
the asymmetric distribution of anorthosite
on the moon’s nearside. Wilhelms (26)
proposed that the giant Procellarum im-
pact event completely removed the prim-
itive crust from this region. Other re-
searchers favor an explanation involving
enhanced magmatic intrusions and
anorthosite assimilation in this region,
due either to magma ocean processes or
crustal thinning by single or multiple giant
impacts (27, 28). Perhaps the anorthosite
exposed in the uplifted central peak of

1100/1500-nm ratio

3 i h
2000/1500-nm ratio

Aristarchus is a sample of more extensive
primordial crust, largely buried by basin
ejecta and mare lavas in this region of the
moon. If so, then the presence of anortho-
site at Aristarchus would argue against
complete removal or assimilation of the
primordial crust in this region.

An alternate possibility is that the
Aristarchus central peak exposes an outcrop
of alkalic anorthosite (29). Alkali anortho-
sites, rare in returned lunar samples, are
richer in Na and K than the ubiquitous
ferroan anorthosites and are extremely rich
in incompatible elements (29). The only
relatively large returned clast of alkali
anorthosite (14047c) is relatively mafic-
rich and lies along an extrapolation of Mg-
suite compositional trends (Mg/[Mg + Fe]
versus Caf[Ca + Na + K]). This sample
also has rare-earth element (REE) concen-
trations ~40 times higher than that of the
most REE-rich ferroan sample. Warren et al.
(29) suggested that they may be late differ-
entiates from Mg-suite magmatism that as-
similated especially large amounts of
urKREEP (residual liquid from the magma
ocean, rich in potassium, REEs, phospho-
rus, and other incompatible trace ele-
ments). The alkali anorthosite interpreta-
tion for the Aristarchus central peaks is
consistent with (i) high concentrations of
KREEP (potassium, REE, phosphorus) and
radioactive elements observed near
Aristarchus crater from orbital gamma ray
measurements (7); (ii) the fact that most
of the few anorthosites from western land-
ing sites are alkali, whereas all of the
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pristine anorthosites from eastern sites are
ferroan (29); and (iii) the evidence for
voluminous post-magma-ocean magma-
tism in the Aristarchus region.

We have analyzed a tiny fraction of the
global Clementine data set. The Aristarchus
region covers less than one-half of 1% of the
moon’s surface, and we have analyzed only a
portion of the Clementine data acquired of
this region. The Aristarchus region is one of
the better observed and studied regions of
the moon, yet our brief study has resulted in
improved knowledge of the topography,
stratigraphy, and mineralogy of the region.
Thus, this report is one small example of
how the Clementine data set will improve
our knowledge of the moon.
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An Alternative to SH2 Domains for Binding
Tyrosine-Phosphorylated Proteins

W. Michael Kavanaugh and Lewis T. Williams*

Src homology 2 (SH2) domains bind specifically to tyrosine-phosphorylated proteins that
participate in signaling by growth factors and oncogenes. A protein domain was identified
that bound specifically to the tyrosine-phosphorylated form of its target protein but differs
from known SH2 sequences. Phosphotyrosine-binding (PTB) domains were found in two
proteins: SHC, a protein implicated in signaling through Ras; and SCK, encoded by a
previously uncharacterized gene. The PTB domain of SHC specifically bound to a ty-
rosine-phosphorylated 145-kilodalton protein. PTB domains are an alternative to SH2
domains for specifically recruiting tyrosine-phosphorylated proteins into signaling com-
plexes and are likely to take part in signaling by many growth factors.

SH2 domains are amino acid sequences
that are similar to a 100-residue noncata-
lytic region of the Src tyrosine kinase and
are present in various signaling molecules
(1). SH2 domains are functional protein
motifs that bind tyrosine-phosphorylated
targets by recognizing phosphotyrosine and
specific adjacent residues (2). Activation of
tyrosine kinases by growth factors, cyto-
kines, and oncogenic agents therefore
serves as a switch for assembling SH2 do-
main-containing proteins with their ty-
rosine-phosphorylated targets in signaling
complexes in which downstream effectors
are activated.

We identified a domain in the signaling
protein SHC that binds specifically to the
tyrosine-phosphorylated form of its target
protein. The amino acid sequence of the
PTB domain is not similar to that of any
member of the known SH2 domain family.
The SHC gene encodes 46- and 52-kD
transforming proteins that are tyrosine
phosphorylated in response to a number of
growth factors and have been implicated as
mediators of signaling from growth factor
receptor and nonreceptor tyrosine kinases
to Ras (3). The SHC protein contains (i)
an SH2 domain at its COOH-terminus that
binds tyrosine-phosphorylated targets such
as activated growth factor receptors, (ii) a
region of similarity to human alpha 1 col-
lagen in the middle of the molecule that
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contains a binding site for the GRB2
adapter protein, and (iii) a 232-residue
NH,-terminus with no known function.
We investigated proteins that coimmu-
noprecipitated with SHC in growth factor—
stimulated cells. Several tyrosine-phospho-
rylated proteins of approximately 145 kD
(collectively called pp145) were present in
anti-SHC immunoprecipitates from cells
treated with either platelet-derived growth
factor (PDGF) or fibroblast growth factor
(FGF) but not in anti-SHC immunopre-
cipitates from unstimulated cells (Fig. 1). A
similar tyrosine-phosphorylated protein or
proteins were associated with SHC in B
cells stimulated with antibodies to immu-
noglobin M, in activated T cells, in HepG2
hepatoma cells stimulated with interleukin-
6, and in CCE embryonic stem cells stimu-
lated with leukemia inhibitory factor (4).
The number and electrophoretic mobility
of the pp145 proteins varied slightly among
different cell types. These may represent
different proteins or the same protein with
different amounts of phosphorylation. All
of these proteins appear to bind to SHC in
a similar manner. The ppl45 proteins in
fibroblasts or in B cells were not recognized
by immunoblotting with antibodies to
SHC, phospholipase C gamma, Ras
guanosine triphosphatase—activating pro-
tein, the guanine nucleotide exchange fac-
tor Son of Sevenless (SOS), insulin recep-
tor substrate 1, the guanine nucleotide
exchange factor C3G, the transforming
protein Eps 15, or the PDGF or FGF re-
ceptors (5).
To characterize binding of SHC to
SCIENCE
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ppl45, we separated proteins from cell ly-
sates by SDS-polyacrylamide gel elec-
trophoresis (SDS-PAGE), transferred them
to nitrocellulose, and incubated them
with 3?P-labeled glutathione-S-transferase
(GST)-SHC fusion protein. 3?P-labeled
SHC bound specifically to three proteins of
approximately 180, 145, and 120 kD from
lysates of PDGF-stimulated fibroblasts but
did not bind any proteins from lysates of
unstimulated cells (Fig. 2A). The 180-kD
band comigrated with the autophosphoryl-
ated PDGF receptor; the 145-kD band
comigrated with the major ppl45 protein
identified in Fig. 1; the identity of the
120-kD protein is unknown. The *2P-SHC
probe also bound 145-kD proteins present
in anti-SHC immunoprecipitates from
PDGFEF-stimulated cells but did not bind any
proteins in immunoprecipitates from un-
stimulated cells (Fig. 2A). Therefore, the
32P_.SHC probe apparently binds to the
same 145-kD protein or proteins that asso-
ciate with SHC in vivo. These experiments
demonstrate that SHC binds pp145 directly
and that interaction of SHC and p145 in
vitro requires PDGF stimulation in vivo.
To map the region of SHC responsible
for binding to pp145, **P-SHC probes were
prepared that contained deletions of various
domains. Deletion of the SH2 domain of
SHC eliminated binding to the p180 and
p120 proteins in lysates of PDGF-stimulat-
ed cells but did not affect binding to pp145
in either cell lysates or in anti-SHC immu-
noprecipitates (Fig. 2B). Further, the isolat-
ed SH2 domain from SHC bound to p180
and pl20 but not to ppl45 (Fig. 2B).
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Fig. 1. Association of SHC with 145-kD tyrosine-
phosphorylated proteins in vivo. Balb/3T3 fibro-
blasts were stimulated with PDGF (left); L6 myo-
blasts expressing the human FGF receptor 1 were
stimulated with bFGF (right) (72). Cell lysates were
immunoprecipitated with preimmune serum or
antiserum to SHC and immunoblotted with anti-
body to phosphotyrosine. Black arrows indicate
the 52-kD SHC protein and a 66-kD SHC-related
protein seen in fibroblasts. The pp145 proteins are
indicated by open arrows. Each lane contains
equal amounts of SHC, as determined by immu-
noblotting with antiserum to SHC (5).





