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Introduction:  The early history of the Moon,
namely the first ~700 My following its formation, was
an era marked by the formation of 43 basins (impact
craters >300 km in diameter) [1,2,3].  Basin formation
during this period had significant effects on the entire
lunar crust; material from depth was excavated and
redistributed across the entire surface [4].  The material
redistributed by basins carried the geochemical
signature of its source region and thus basin-forming
impacts distributed that signature across the lunar
surface [5,6].  In this study, we show that modeling the
distribution of total accumulated ejecta from basins
indicates that the distribution of geochemical terranes
on the lunar surface may be a result of the redistribution
of material during the heavy bombardment.

Images of the farside of the Moon reveal a surface
almost entirely lacking the large regions of mare basalt
found on the nearside.  The origin of this distinction
between the near and farside of the Moon remains
unknown. Other large-scale differences have been found
on the Moon as well.  Geophysical measurements from
lunar orbiters indicate that there is a difference between
the thickness of the nearside and farside crust [7,8].  A
number of recent orbital missions have measured
elemental abundances across the lunar surface [9,10].
Analysis of such data has shown that at least three
geochemical terranes, each with their own distinct
properties, cover large continuous regions of the lunar
surface and represent an additional nearside-farside
dichotomy [11].

Here we investigate an additional nearside-farside
dichotomy: the cumulative amount of basin ejecta.
Comparisons between the observed geochemical
terranes and our estimated abundances of basin ejecta
across the Moon are made.  First we examine
geochemical and geophysical differences across the
Moon and how these may be related in part to the
accumulation of basin material. This is followed by a
discussion of the distribution of basin material across
the entire Moon and how this distribution may give rise
to the present location of the terranes.

Geochemical Observations of the Lunar Surface:
Jolliff et al. [11] analyzed both Clementine and Lunar
Prospector data in order to assess the intricate
geochemistry of the lunar surface.  Using iron estimates
derived from the multispectral Clementine UVVIS data
[12] as well as Lunar Prospector thorium data, Jolliff et
al. divided the Moon into three terranes based on their
FeO and Th characteristics, each presumably having
unique geologic histories.  The three primary terranes
are the Procellarum KREEP Terrane (PKT), the South
Pole-Aitken Basin Terrane (SPAT), and the Feldspathic

Highlands Terrane (FHT). The location of these terranes
is identified in Figure 1a.

Figure 1.  Lambert equal area projection of Clementine 750nm albedo
data, with nearside on the left, farside on the right.  The area inside of
the main topographic ring of each of the 42 basins are filled in black.
a) Geochemical terranes [11] are outlined in white.  The Imbrium
Basin is identified by an I.  b) Colored lines represent isopachs of
cumulative basin ejecta.

The PKT is notable for its enhancement in Th (>3.5
ppm).  The enrichment of Th in this region has been
associated with Imbrium Basin ejecta carrying with it
KREEP-bearing materials [5,13,14].  The SPAT is
described as two sub-terranes: the inner, covering the
region in the central basin cavity, and the outer,
covering what may represent SPA ejecta.  The FHT is
the largest of the terranes, covering 60% of the surface
of the Moon.  Approximately 25% of the FHT contains
between 2 and 4% estimated weight percent of FeO,
while the subdivision FHT,O contains materials of
slightly higher estimated FeO content. Jolliff [11]
interprets the relative FeO enrichment of the FHT,O as a
possible result of basin ejecta modification. Indeed, both
the PKT and SPAT can be regarded as large-scale
modifications to the original FHT as a result of the
formation of large basins. We explore this possibility
further below.

Geophysical Observations of the Lunar Surface
and Crust:  Just as there are geochemical differences
across the Moon, there exist distinct geophysical
differences as well.  Most notable is the difference in
crustal thickness between the nearside and farside [7].
The thicker farside crust and the concentration of
KREEP on the nearside may be related to processes that
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occurred very early in lunar history, both of which
likely lead to the development of the geochemical
terranes [7,8,15,16,17]. The formation of these two
observed asymmetries is also most likely linked to the
asymmetrical distribution of mare basalts [15].
Independent of internal processes that may lead to
geophysical anomalies and geochemical terranes, the
formation of the basins modified the character of any
resulting anomalies.  In the following section, the
effects of basin formation on the lunar crust are
investigated in this context.

Lunar-wide Distribution of Basin Ejecta:
Previous assessments of the lunar-wide cumulative
amount of basin ejecta have noted a nearside-farside
dichotomy with the nearside having received
significantly greater amounts of basin ejecta [18].  A
result of such modeling reveals that there is greater than
10x more cumulative basin ejecta on the nearside
compared to the farside.  Our model of cumulative basin
ejecta for the entire Moon assumes a contribution from
42 basins [1,2,3], and assumes that the basin forming
impacts distributed material symmetrically following
the ejecta decay model of Pike [19].  Using instead the
gravity scaling ejecta equation of Housen et al. [20]
results only in differences in the absolute value of
accumulated ejecta, not in the distribution pattern [18].
Although not addressed here, our model also considers
the degree and depth of mixing of this foreign material
with local material.

The smallest accumulation of basin ejecta is
restricted to the northern farside, while large regions of
significant accumulation of basin ejecta are mostly
constrained to the nearside. The pattern of lunar-wide
accumulation of basin ejecta is illustrated in Figure 1b.
The two distinct regions that received small and
enhanced amounts of basin ejecta correspond roughly to
the FHT and PKT respectively.  The PKT received the
largest amounts of basin ejecta while the FHT and
SPAT received the least accumulation of basin ejecta.
The FHT,O corresponds to an area that received a
intermediate amount of basin ejecta.

The above assessment of cumulative basin ejecta
does not include effects of the formation of the oldest
known basin, South Pole-Aitken Basin (SPA).  SPA is
the largest basin on the lunar surface [1,2] and therefore
is expected to have played a significant role in the
evolution of the early Moon.  Because SPA was the first
basin to form, the effects of the subsequent 42 basins
discussed above would be superimposed on SPA ejecta.
Due to its enormous size, we treat SPA as a special
case, but the same assumptions are used as for modeling
the other 42 basins. The lunar-wide distribution of SPA
ejecta is illustrated in Figure 2.  It should be noted that
if the SPA formed due to an oblique impact [21], the
distribution of ejecta would be asymmetric, with
enhanced accumulations of ejecta downrange from the

impact.  Regardless, in comparing the scale and
distribution of material in Figures 1 and 2, the SPA
forming event introduced a significant amount of
material across the central and southern farside as well
as the southern nearside. Although the composition of
SPA ejecta is unknown (and probably heterogeneous),
the SPAT corresponds to the areas on the farside that
received the greatest amount of SPA ejecta.  Over most
of the PKT, relatively small amounts of SPA ejecta
were emplaced while greater amounts were introduced
to the FHT.  The area with a high concentration of SPA
ejecta, north of Imbrium, corresponds to predicted
antipodal deposits (ignoring rotational effects).

Figure 2. Lambert equal area projection of estimated amount of SPA
ejecta.  The interior of all 43 basins is filled in black.

Conclusions: Jolliff et al. [11] identified three
unique geochemical terranes on the lunar surface.
These terranes are shown to correspond to regions that
had distinct basin modification histories after the
formation of SPA.  The PKT covers an area that
received the greatest amount of cumulative redistributed
basin material. The FHT and SPAT had drastically
different histories from the PKT as they received the
least amount of redistributed basin material.  The unique
basin modification histories of these latter two terranes
aided in preserving both the original feldspathic
composition of the FHT and the ancient FeO anomaly
associated with the SPAT.  Similarly, the extensive
basin modification history of the nearside may have
significantly mixed and altered the early PKT, leading
to what is observed today.
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