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Introduction:  The 930-km diameter Orientale ba-

sin is the best preserved and youngest multi-ringed 
impact basin on the Moon [1-5].  Emplacement of Ori-
entale ejecta was an important surface modification 
process across a wide region; recent observations [6] 
of the crater density in the vicinity of the basin show 
that craters larger than 20 km were removed at a dis-
tance of up to ~500 km from main topographic rim of 
Orientale, the Cordillera Ring (CR).  Because of its 
youth and preservation state, the morphometry and 
thickness of the ejecta deposit surrounding the basin 
can be directly assessed using new topographic meas-
urements from the Lunar Orbiter Laser Altimeter 
(LOLA) [7].  

Methods:  We use three techniques to measure the 
thickness of Orientale ejecta. The first of these tech-
niques relies on LOLA to measure the change in relief 
of pre-Orientale craters. This is similar to the approach 
used by Moore et al. [8], although with the benefit of 
far more accurate topography and more measurements 
(188 craters vs. 70 in [8]).  The difference between the 
observed rim-to-floor relief in these craters and the 
expected relief in a fresh crater of the same size [9] 
represents a firm upper limit on the amount of ejecta 
deposited from Orientale.  In general, this is an overes-
timate of the ejecta thickness, since most craters on the 
lunar surface experienced pre-Orientale degradation 
before the basin-forming impact.  For this reason, we 
fit our decay profile to the lower envelope of data at a 
given radial range to understand the decay of ejecta 
thickness (Fig. 1a). 

A second technique we apply to assess the thick-
ness of ejecta is by finding the smallest crater which 
survived the Orientale basin-forming impact at a given 
radial range.  Smaller craters are far more common on 
planetary surfaces than larger craters, and the smallest 
surviving crater provides information about the scale 
below which all pre-existing craters were erased.  
Translating this into a thickness estimate requires an 
assumption about the ‘pre-weathering’ of the popula-
tion; we take a range of reasonable values and plot 
them as a range in Fig. 1b. 

Our third approach to estimating the ejecta thick-
ness is direct measurement of ejecta where its topogra-
phy is possible to infer above a pre-Orientale surface  
(Fig. 1c). This method is least subject to assumptions, 
but is only possible at radial distances where the ejecta 

is relatively thin.  These regions are also where ejecta 
thicknesses appear to be most heterogeneous, and it is 
not certain that lobes of ejecta at the margin of the 
deposit is assumed to be representative of the deposit 
as a whole [as discussed by 10].   

Results:  We combine these observations by as-
suming that the ejecta thickness t away from the Cor-
dillera Ring can be expressed as a power law of radial 
range [11], non-dimensionally scaled by the radius of 
the Cordillera Ring (RCR =465 km): 

t = TCR(r/RCR)-B 
We then use a nonlinear least squares fit to the data 

in Fig. 1, equally weighting the three measurement 
classes.  The resulting thickness at the Cordillera Ring 
is TCR=3500 m (±500), decaying with a power law 
exponent of B=2.5 (±0.5).  The fit is shown as the 
solid line in Fig. 1; all measurement techniques pro-
vide consistent results with this average profile, al-
though variations of a factor of ~2x in thickness exist 
locally.   

Discussion:  Total Volume of Ejecta:  We can cal-
culate the total volume of ejecta by integration given 
this power law description of the ejecta thickness.  
From the Cordillera Ring to one basin diameter from 
the rim (from r/RCR=1 to 3), this implies an ejecta vol-
ume of 4 x 106 km3.  Beyond this range, ejecta thick-
nesses are not constrained by our measurements, al-
though some ejecta is clearly deposited at greater ra-
dial range [e.g., 12].  Recognition and direct measure-
ment of basin ejecta becomes increasingly difficult as 
the deposit thins and the curvature of the Moon be-
comes important to the thickness profile. The ejecta at 
the greatest radial range re-impacts with the greatest 
velocity, which may enhance vertical mixing and com-
bination of Orientale ejecta and local material [13]. 

If the size of the transient crater is best approxi-
mated by the Outer Rook (OR) [e.g., 4], an additional 
~2 x 106 km3 of ejecta would have been deposited in-
side the basin (between the OR and CR) based on the 
profile we determine.  The total volume of ejecta this 
implies is ~6 x 106 km3, which is of the same order of 
magnitude as estimates for the volume of the transient 
cavity; estimates for its size range from 3 x 106 km3 
[14] based on gravity data, to 9 x 106 km3, assuming a 
paraboloid cavity at the Outer Rook, with central depth 
of 60 km, on the basis of spectroscopic observations 
that suggest mainly feldspathic crustal material within 
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Orientale’s ejecta and rings [15].  Theory and experi-
ments suggest that the ejecta volume should be less 
than the transient cavity volume, perhaps by up to a 
factor of ~2 ([16] gives a factor of ~1.85). 

Comparison with Earlier Estimates for Ejecta De-
cay:  Our estimates of the thickness of ejecta (~3.5 
km) at the Cordillera Ring agree well with the meas-
urements of Moore et al. [8] from image analysis (their 
line “D”), and are larger than originally suggested by 
McGetchin et al. [11] (1.5-2.1 km) on the basis of scal-
ing of smaller terrestrial and lunar craters.   

The best-fit decay exponent we find of 2.5 is con-
sistent with B=2.61, used by  Petro and Pieters [17] on 
the basis of scaling arguments by Housen et al. [18].  
Formally, our estimate is consistent with the steeper, 
B=3 decay used by McGetchin et al. [11] as well. 
However, other functional forms such as a linear decay 
[19] or a concave-down profile [20] are inconsistent 
with our data; both would imply ejecta at r/RCR ~1.5 of 
>2 km, which is inconsistent with the preservation of a 
D=7.4 km (initial relief ~1750 m) pre-Orientale crater 
at this radial range.  

Conclusion:  The ejecta distribution around large 
basins like Orientale is of interest because ejecta can 
dominate local stratigraphy, contribute to the lunar 
megaregolith and become part of our returned sample 
collection (existing or future).  We are currently as-
sessing these factors in light of these measurements, as 
well as using the observations presented here to better 
understand the basin formation process itself. 
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Fig. 1.  (a) Radial distribution of fill within craters near Ori-
entale based on their diminished relief, compared to fresh 
craters of the same size [9].  The lower envelope on the data 
is relied upon for fitting since most craters were likely to be 
somewhat degraded before the Orientale event.  (b) Esti-
mates for the thickness of ejecta on the basis of the smallest 
craters at various ranges.  (c) Direct measurement of ejecta 
thickness where it is possible to infer the pre-ejecta surface. 
In (a)-(c), the primary x-axis is normalized by the Cordillera 
rim radius (RCR=465 km).  The black model fit to all data in 
(a)-(c) has ejecta thicknesses T=3500(r/RCR)-2.5. 
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