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Introduction: The model ages of lunar mare deposits 
have been re-estimated with global high-resolution 
imaging data [e.g., SELENE’s Terrain Camera (TC) 
and the Lunar Reconnaissance Orbiter Camera 
(LROC)’s Narrow Angle Camera (NAC)].  This re-
estimation, particularly for young mare units, is chang-
ing the view of the history of the Moon. Here, we pro-
pose a unique method to derive relative ages for lunar 
mare deposits using SELENE (Kaguya) Lunar Radar 
Sounder (LRS) echo data. Basalt flow areas expanding 
around Flamsteed crater, one of the youngest units 
(~1Ga old), are investigated.  

Mare deposits of ~2.5 Ga were found in the South-
Pole Aitken (SPA) basin [1], the Mare Moscoviense 
[1], and Tsiolkovsky crater [2] on the lunar farside. 
Much younger mare deposits that erupted1.7 Ga ago 
have been discovered between the Australe and the 
SPA basin [3].  

The youngest mare volcanisms on the nearside were 
identified on the plane in the southern area of the Aris-
tarchus plateau and found to be 1.2Ga old and 1.3Ga 
old in the western area of Flamsteed crater [4]. Morota 
et al. (2011) [5] re-estimated the model ages of the 
areas to be 1.5Ga and 1.3Ga for the southern Aristar-
chus plateau and western Flamsteed crater [5].  Recent-
ly, Barden et al. (2014) [6] estimated the model ages of 
irregular mare patches (IMPs) (e.g., Ina on 18.65° N, 
5.30° E) to be 100 million years.   

Identification of younger mare deposits is often diffi-
cult. Researchers must extract target regions in imaging 
data and count many craters to estimate model ages in 
each region. However, recent globally collected data is 
changing this situation. All craters on the entire surface 
of the Moon have been catalogued. Fassett and Thom-
son (2014) [7] used catalogued craters ranging from 
800 m to 2 km in diameter on mare regions that were 
identified in LRO WAC data to provide the density 
distribution of crater size range in moving neighbor-
hood areas of 50 km radius, and converted it to a mod-
el age map. This map is consistent with the results of 
previous work and provides far more information on 
the variation in crater densities in the lunar mare re-
gions. Furthermore, they provided the global distribu-
tion of crater degradation states in craters ranging in 
diameter from 800 m to 2 km, based on the TC Digital 
Terrain Models (DTMs) and converted implied model 
ages. Independently obtained model age maps, one 
from crater size distribution and another from crater 

erosion (degradation) states, correlate well; however, 
they exhibit slight differences at several locations. 
These differences may be due to secondary craters, the 
size of the area used to count the number and degrada-
tion stage of craters, and/or an application limit of cra-
ter chronology and the diffusion theory for crater ero-
sion (degradation). 
LRS Data: The LRS transmitted HF band (center fre-
quency 5 MHz; wavelength 60 m) electromagnetic 
waves using one set of dipole antennas (tip-to-tip 
length 30 m), and received echoes that reflected from 
the lunar surface and subsurface boundaries. The LRS 
sampling interval was 50 msec, corresponding to 76 m 
distance on the surface of the Moon. Subsurface echoes 
provide information on the structure at a depth of a few 
hundred m to a few km under the ground. Various re-
sults have been presented using these echoes. However, 
here we use the surface echo of LRS. Reflected echoes 
from the surface are mixed waves from the top surface 
and the bottom of an underlying regolith layer with a 
delay, and are often weakened. In principle, the greater 
the regolith thickness, the weaker the powers of re-
turned echoes become.  
Locations Returning Higher LRS Echoes: We inves-
tigated the locations returning higher LRS surface 
echoes that are assumed to have a relationship with 
thinner regolith layers formed on young mare basalt 
flows. Figure1 presents a radar echo map derived from 
LRS active sounding experiments. The highest return-
ing echo regions at longitude λ and latitude φ are  
1)   31.5°W <λ<   31.0°W,  39.5°N <φ< 40.0°N, 
2)   43.0°W <λ<   42.5°W,    4.0°S <φ<   3.5°S, 
3) 133.5°E  <λ<  134.0°E,   51.5°S <φ< 51.0°S.   

Location 1 is in the Mare Imbrium. Bugiolacchi and 
Guest (2008) [9] estimated the region (classified as 
“9i” in their paper) to be 2.2Ga, the youngest area in 
the Mare Imbrium. Location 2 is at the Flamsteed cra-
ter, where previous works indicated coverage by young 
mare basalts formed 1.3Ga ago [4,5,7]. Location 3 is 
on the north area of the Planck crater in the SPA on the 
lunar farside SPA. In this paper, we report on Location 
2, the Flamsteed basalt-covered area.  
Young Lunar Mare Deposit at Flamsteed: We re-
estimated the model ages of the Flamsteed areas to find 
the youngest mare deposit by crater counting based on 
SELENE (Kaguya) TC imaging data. We referred 
SELENE Multi-band Imager (MI) visible band data to 
define geological units, each of which is assumed to be 
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covered by the same basalt that erupted in the same age. 
Our estimation for the areas is 1.18Ga for the Neukum 
model age, one of the youngest mare deposits.  

We investigated the degradation states of craters su-
perposed on the area. Soderblom (1970) [11] proposed 
a crater degradation model based on an analytic theory 
of meteorite impact cratering erosion, expressed by a 
simple diffusion equation for change of crater interior 
slopes. An approximate solution is  

, 
where S is the maximum interior slope (tangent of 
slope angle) after a net (micro)meteorite flux F has 
accumulated on a crater of diameter D, which was in-
itially at a slope Si; and α2 is a constant [12]. This plain 
expression tells us that the maximum degradation states 
or the minimum depth-to-diameter ratio of each crater 
size should have the same F value (Fmin) in a geologi-
cal unit, which should correspond to the age of the unit. 
We plotted depth/diameter vs diameter of craters for 
several lava units and found that a “cut-off” curve does 
exist in each unit, expressed by the above exponential 
using Fmin. In a region inside Flamsteed crater, howev-
er, there seems to be two cut-off curves: Fmin = 0.30 and 
0.34, though these Fmin values both indicate the region 
should be very young (see Figure 2).  
Discussion and Conclusion: The LRS surface echo is 
a good indicator of lunar mare deposit age, although 
the indication may have some inaccuracy due to depo-
sit material. One of the youngest regions indicated by 
high LRS echoes exists in the Flamsteed mare deposit 
area, as previous works suggest. The re-estimated age 
for some extracted units in the area as a similar deposit 
by MI data is 1.18Ga, based on crater counting using 
TC imaging data. The maximum degradation state for a 
few hundred meters to several hundred meters, ex-

pressed by Fmin, is lower, consistent with the result 
from crater chronology.  

The degradation state expressed by Fmin is a useful 
indicator to determine the relative age of each geologi-
cal unit because it is not influenced by secondary cra-
ters that often lead to wrong estimation of model ages 
from crater size distribution. Here, we note that the 
curve of Fmin often does not fit for the highest 
depth/diameter crater of more than several hundred 
meters in diameter in some regions. We may have 
counted craters for different age units, or the degrada-
tion state may not be expressed using the simple ero-
sion model derived by Soderblom (1970) [11] for larg-
er craters exceeding several hundred meters.  

The radar surface echo power data and Fmin value da-
ta derived from the degradation state for smaller craters 
of a few to several hundred meters diameter may be 
good indicators for identifying young mare deposits. 
Both data are currently available for most areas of the 
Moon.  
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Fig.1. SELENE Lunar Radar Sounder (LRS) surface 
echoes on the Moon. The yellow circles indicate the loca-
tions of the highest echoes, possibly corresponding to the 
youngest mare deposits. 
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Fig.2. Crater depth to diameter ratio (d/D) vs diameter 
(D) inside Flamsteed crater. Curves (green: Fmin= 0.30; 
red: Fmin = 0.34) fit the points corresponding to the most 
degraded craters with the smallest d/D after adjusting 
only parameter F of equation (1) in the text. 
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