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Introduction:  Recent geophysical modeling of the Im-
brium and Serenitatis basins suggest that the crustal
structure beneath these basins is highly anomalous [1].
Specifically, Imbrium and Serenitatis appear to have only
excavated material from shallow crustal depths, whereas
proportional scaling laws (valid for basins at least as
large as Crisium) predict that the entire crustal column, as
well as a small fraction of mantle material, should have
been excavated during these events.

Gamma-ray data from the Apollo [2] and Lunar Pros-
pector missions [3] suggest to us that the Imbrium and
Serenitatis basins may lie within (or on the boundary of)
an anomalous nearside KREEP-rich geochemical prov-
ince, here named the ÒProcellarum KREEP terraneÓ. We
believe that the anomalous crustal structure associated
with the Imbrium and Serenitatis basins is directly related
to these impacts occurring within this anomalous region
of the lunar crust. We postulate that this KREEP-rich
geochemical province is a manifestation of the final stages
of asymmetric cooling of a global Òmagma oceanÓ and that
a residual KREEP-rich magma body was located beneath
the crust in that region about 3.9 billion years ago. An
impact into this province at this time would have led to
voluminous KREEP-basalt volcanism [4], and the disper-
sal of KREEP-rich ejecta (the Th-rich mafic impact melt
breccias [5]).

In the following sections, we first briefly discuss the
remote sensing and petrologic evidence for postulating
such a scenario. We then go on to a more extensive dis-
cussion of the geophysical evidence, and end with a few
speculations regarding the thermal consequences of this
province.

Remote Sensing Evidence.  Perhaps the most dramatic
evidence for the existence of a unique geochemical prov-
ince enriched in a KREEP component comes from the re-
cent analysis of data from the Lunar Prospector gamma-ray
spectrometer [3]. These data show that the Procellarum
and Imbrium regions of the Moon are highly enriched in
KREEP, while regions exterior to this province are com-
paratively depleted in KREEP. Though this nearside-
farside asymmetric distribution of KREEP was hinted at
during the Apollo era [2, 6] and was recently predicted by
Haskin [7], only now do we have clear evidence that
KREEP is highly enriched in a single lunar geochemical
province [see also Jolliff et al., this volume].

Both Oceanus Procellarum and Mare Imbrium contain
vast quantities of mare flood basalts, but these basalts are
most likely not the sole carriers of the surface KREEP
component. For example, basalts collected at the Apollo
12 site (which is in southern Oceanus Procellarum) have
relatively low concentrations of Th, whereas the soils from
this site are highly enriched. In fact, none of the mare ba-
salts in the Apollo sample collection even come close to
having the high concentrations of incompatibles that are
observed in the Lunar Prospector and Apollo gamma-ray
experiments. Though it is possible that some of the low-
albedo mare flows in this region are actually KREEP-
basalt flows, we currently do not have sample or remote
sensing data to test this hypothesis. This surface distribu-

tion of KREEP, combined with the Apollo 12 samples,
leads us to believe that the high concentrations of
KREEP that are observed in Oceanus Procellarum and
Imbrium are derived from vertical mixing with the underly-
ing crust. We name this unique crustal province the ÒPro-
cellarum KREEP Terrane.Ó

Petrologic Evidence.  Ubiquitous in the Apollo sample
collection are the Òmafic impact melt brecciasÓ (also
known as, LKFM, MKFM, and VHA ÒbasaltÓ). Recent
ejecta modeling [7, 8] suggests that there should be a sub-
stantial proportion of Imbrium ejecta at each of the Apollo
landing sites. Furthermore, the amount of primary Imbrium
ejecta predicted from these models corresponds closely to
the observed amount of mafic impact melt breccias found at
these sites. This fact and others led Haskin et al. [9] to
suggest that most (if not all) of the mafic impact-melt brec-
cias may have had an Imbrium origin.

Recent mixing model calculations by Korotev [5; see
also Korotev, this volume] have shed light on the origin
of these impact melts, as well as the composition of the
Imbrium target material. He has shown that the composi-
tions of all Th-rich mafic impact melt breccias can be mod-
eled as a mixture of three major components: (1) a material
very similar to Apollo 15 KREEP-basalt, (2) highly mag-
nesian olivine, and (3) typical feldspathic upper crust. The
proportion of these components vary for each Apollo
landing site (as well as within sites), but average to about
54% KREEP basalt, 33% feldspathic upper crust, and
13% forsteritic olivine. If the mafic melt breccias represent
Imbrium ejecta, then a substantial portion of the crust in
the Imbrium region at the time of impact must have had a
composition similar to that of KREEP-basalt. Since Im-
brium is located within the Procellarum KREEP terrane
(as defined by the global surface gamma-ray data), it can be
inferred that this entire terrane also contains a substantial
quantity of KREEP-basalt disseminated within the crust.

Geophysical Evidence.  Our last piece of evidence for the
existence of the Procellarum KREEP terrane comes from an
analysis of the crustal structure of lunar multi-ring basins.
Using the improved gravity field obtained from the Lunar
Prospector mission, we have recomputed the dual-layered
crustal thickness maps of [10] and have constructed azi-
muthally averaged crustal thickness profiles for each of the
young nearside basins. As an example, Figure 1 shows the
average crustal structure associated with the Imbrium ba-
sin. As is quite evident in this model result, the lunar
Moho is substantially uplifted beneath this basin, reflect-
ing the excavation of a large quantity of crustal material
during the basin forming event, and the subsequent re-
bound of the crater floor.

As is discussed in [1, 11], the excavation cavity (that
portion of the pre-impact crust that is ballistically ejected)
for basins younger than Tranquillitatis was reconstructed
by restoring the uplifted Moho to its pre-impact location.
Doing so resulted in a roughly parabolic surface depres-
sion, from which the depth and diameter of the excavation
cavity could be estimated (see Figure 1). These results are
plotted in Figure 2 and show that with the exception of
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Imbrium and Serenitatis, that the depth/diameter ratio of
the excavation cavity is constant and equal to about 0.12.
This is consistent with the theory of proportional scaling
and MaxwellÕs Z-model, which predict that the
depth/diameter ratio is equal to ~0.1 [12] irrespective of
crater size.

Imbrium Crustal Structure
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Figure 1.  Left image shows a plot of the azimuthally averaged
crustal structure of the Imbrium basin. Image on the right shows
ImbriumÕs reconstructed excavation cavity. Light gray represents
feldspathic upper crustal material, dark gray is noritic lower crustal
material, and black is mare basalt. Vertical exaggeration is five
times.
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Figure 2. Plot of the depth versus diameter of the excavation cavity
for ten young nearside basins. Straight line represents the best fit
for all basins excluding Imbrium and Serenitatis, and is given by dex

= 0.12 Dex.

The apparent shallow excavation depths of Imbrium
and Serenitatis, however, are not consistent with propor-
tional scaling. As is discussed in [1], this can not be ex-
plained by current non-proportional scaling laws, nor is
it an artifact of the assumed mare thickness model or the
dual-layered crustal thickness model that was used. The
most plausible cause for this ÒanomalyÓ is that these two
basins were modified in some form subsequent to the ba-
sin-forming event. One possible modification process is
viscous relaxation. Basins that are older than Imbrium and
Serenitatis in this study (such as Crisium and Mendel-
Rydberg), however, do not appear to have been signifi-
cantly affected by this process. If viscous relaxation is
indeed responsible for the apparent shallow excavation
depths of these two basins, then the crust beneath Imbrium
and Serenitatis must have been hotter than more typical
regions of the lunar crust. Since these two basins appear
to have impacted a region of the Moon that is concentrated
in heat producing elements, this indeed appears to be a
plausible explanation.

Another process that could have reduced the recon-
structed excavation depth would be Òlow-densityÓ vol-
canism. If volcanic flows having the density of the lower
crust were extruded into these basins, the gravity model-

ing would not be able to distinguish between these two
compositions (gravity modeling only depends on den-
sity). By not ÒremovingÓ these hypothetical flows before
reconstructing the excavation cavity, the depth of excava-
tion would be reduced. The only lunar volcanic rock that
has the density of the lower crust is KREEP-basalt. Vo-
luminous KREEP-basalt volcanism is consistent with the
model of Korotev [5] that suggests KREEP-basalt is a
major lithologic component in the Procellarum KREEP
terrane. Additionally, KREEP-basalts (though they are
rare) have been returned from the Apollo 15 and 17 sites
which lie at the edge of the Imbrium and Serenitatis ba-
sins, respectively.

An analysis of the stresses that are being supported
beneath the lunar basins also suggest that the Procellarum
region of the Moon is anomalous. Based on Clementine
gravity and topography data, it had been suggested that
the crust within lunar basins may have been uplifted and
ÒfrozenÓ above its isostatic position during the cratering
process [13]. This premise was dramatically confirmed by
the Lunar Prospector mission by identifying ÒmasconsÓ
over basins that possessed no evidence of mare filling. Of
the basins in our study, we find that most are super-
isostatic in agreement with this observation. The only
basins that are close to approaching isostatic equilibrium
are Imbrium, Serenitatis, Grimaldi, and Humorum. Of all
the basins in our study, these four lay the closest to the
ÒProcellarum KREEP terraneÓ as defined by the gamma-
ray data. This suggests to us that this region of the crust
was indeed hotter than more typical regions of the Moon.

Summary and Conclusions.  Based on an analysis of the
Lunar Prospector Th and K surface concentrations, the
composition of ImbriumÕs ejecta, and the structure of lunar
multi-ring basins, we believe that the Procellarum and
Imbrium region of the Moon represents a unique lunar
geochemical province. This province (the Procellarum
KREEP terrane) appears to contain a large quantity of
KREEP-basalt (or the differentiated or plutonic equiva-
lents), which caused a thermal anomaly within the crust
that led to either KREEP-basalt volcanism, or accelerated
rates of viscous relaxation. Based on the high heat produc-
tion of KREEP-basalt 4 billion years ago, we suspect that
this layer of ÒKREEP-basaltÓ was molten at the time of
the Imbrium impact. This would explain why KREEP-
basalt volcanism appears to be coincident in age with the
formation of the Imbrium basin [4]. Additionally, this
KREEP-rich geochemical province may be responsible for
most mare volcanism on the lunar nearside. Wieczorek and
Phillips [this volume] show that a ten-kilometer KREEP-
basalt layer in the Procellarum KREEP terrane would melt
the mantle from the top down, possibly explaining the
distribution of mare volcanism in both space in time.
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