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When humans explore the Moon, lunar caves will be an ideal base to provide a shelter from the hazards of radiation, 
meteorite impact, and extreme diurnal temperature differences. In order to ascertain the existence of caves on the Moon, 
it is best to visit the Moon in person. The Google Lunar X Prize(GLXP) competition started recently to attempt lunar 
exploration missions. Ones of those groups competing, plan to land on a pit of Lacus Mortis and determine the existence 
of a cave inside this pit. In this pit, there is a ramp from the entrance down to the inside of the pit, which enables a rover to 
approach the inner region of the pit. In this study, under the assumption of the existence of a cave in this pit, a 3D model 
was developed based on the optical image data. Since this model simulates the actual terrain, the rendering of the model 
agrees well with the image data. Furthermore, the 3D printing of this model will enable more rigorous investigations and 
also could be used to publicize lunar exploration missions with ease. 
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1. INTRODUCTION

The lava tubes of the Moon, which were formed by active 

lava in the past (Oberbeck 1971; Greeley 1971a, 1971b; 

Cruikshank & Wood 1972; Head 1976), are appropriate for 

a human base on the Moon (Horz 1985; Coombs & Hawke 

1992). Since lava tubes are located below the lunar surface, 

they protect humans from high energy particles such as 

cosmic rays without any special shielding equipment, thus 

avoiding radiation damage (Angelis et al. 2002). Also, lava 

tubes protect humans from physical impact such as those 

from meteorites. Since lava tubes are sealed, except for the 

entrance, the atmosphere is so thin that the conservation 

of temperature is excellent compared to the lunar surface 

where there is an extreme diurnal temperature difference.

In previous studies, several places presumed to be the 

entrances of caves were discovered in the Moon and Mars 

(Haruyama et al. 2009, 2010, 2011; Cushing et al. 2007; Cushing 

2012; Jung et al. 2014). The shapes of these places are similar 

to the “sink hole” of earth and they have a slightly larger space 

inside the entrance. Moreover, about 200 pit-looking places, 

which are known as pit craters (abbreviated to pits), have 

been discovered and these can be candidates of caves. The 

pits are found in the regions of the lunar sea and in places that 

experienced melting due to meteorite impact (Robinson et al. 

2012; Wagner & Robinson 2014). Hong et al. (2014) showed 

that those pits could be entrances of caves through comparing 

those pits to the actual cave entrance of the Earth. 

The Google Lunar X Prize (GLXP) project is a public 

competition that is planning to explore the Moon using a 

rover. Among those competitors, Astrobotic Technology Inc. 

and HAKUTO Team each plan to explore a pit using a rover 

(Huber et al. 2014; Britton et al. 2015). For both teams, the 

target landing site is a pit of Lacus Mortis. In this pit, there is 

a ramp down to the bottom of the crater. Thus, it is believed 

that the rover could approach the inside of the pit. Although 
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there was a report insisting no evidence of cave entrance 

structure inside this pit (Wagner & Robinson 2014), all the 

image data of this pit are shadowed to some portion, the 

complete shape of pit is not possible to identify. Thus, it is 

arguable whether there is no inner space.

In this study, a 3D model of the pit in Lacus Mortis was 

built based on the topographical information obtained from 

the optical image data of this pit. 

2. DATA AND METHOD

2.1 Area of Interest

The region of interest, the Lacus Mortis pit, is located 

at 44.96°N, 25.61°E of Lacus Mortis (Fig. 1). Lacus Mortis 

is in a lunar mare region and composed of basalt and has 

several rilles. The pit is located about 1 km away from Rimae 

Burg. The rilles are in the form of straight line and seems to 

be a kind of graben. There are pyroclastic deposits which 

seem to be an evidence of volcanic activity around the 

grabens(Schultz 1972; Head 1976). Those are believed to 

be evidences of previous magma activity in the interior of 

the Moon (Head & Wilson 1993) and lava caves may be in 

existence there (Greeley 1971b).   

The pit is oval shaped and the length of the major axis is 

about 260 m while the length of the minor axis is about 100 

m. Also, there is a ramp enabling access to the inside of the 

pit (Fig. 2).

2.2 Data

For this study, the optical image data of the Lunar 

Reconnaissance Orbiter Camera (LROC) from the Lunar 

Reconnaissance Orbiter (LRO) were used. The LROC 

consists of two cameras; Wide Angle Camera (WAC) and 

Narrow Angle Camera (NAC). The Narrow Angle Camera 

(NAC) has a maximum resolution of 0.5 m/pixel and is 

suitable for analyzing the topography of the lunar surface. 

The other information of NAC is listed in Table 1. 

Fig. 1. Location of Lacus Mortis pit. The location of Lacus Mortis in lunar scale (A); the location of pit in the Lacus Mortis (B); 
detailed look of pit location (C); Rimae Burg locates in the left of the pit in a diagonal line. (LROC ACT-REACT Quick Map: http://
target.lroc.asu.edu/q3/#)
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22 images of Lacus Mortis pit are available up to this 

time and most of them have similar incident angle and 

emission angle. For this study, 3 of them were selected which 

seemed to be a best shot and showing different incident and 

emission angles. The information of 22 images is shown in 

Table 2, and the 3 images selected are shown in Fig. 3.

2.3 Method

The detailed information necessary to build a 3D 

model is obtained by analyzing the NAC image data. It is 

assumed that there is space of a cave across the eastern 

slope of the pit (Fig. 4). Since the southern shape of the pit 

could not be identified due to shadows and the interior 

space of the pit showed be assumed to take any form 

until the actual exploration on foot and the small shadow 

in the northern side also indicates that there is a ramp 

alongside the wall of the pit, it is considered that this ramp 

could be an entrance to the inside of the pit. Also, since 

the collapsed ceiling materials covered the floor of the 

pit, it is assumed that the entrance of the cave was buried 

or the size of the entrance is much smaller compared to 

the thickness of ceiling. Thus, the entrance is set to have 

a small size. Moreover, the big size pits (about 100 m in 

diameter) discovered up to the present time may have 

some inner space inside the pit that can be considered 

suitable for an outpost once the space is excavated slightly 

more. The existence of inner space is confirmed through 

the incidence angle of the sun and the emission angle of 

the satellite. Incidence angle is angle between solar ray 

incident and normal of planetary surface, and emission 

Table 1. LROC/NAC specification.

Resolution
Maximum 
image size

Optics Sensitivity

0.5 m/pixel 2.5 x 26 km
f/3.59 Cassegrain

(Ritchey-Chretien)
400 ~ 750 nm

Table 2. Information of Lacus Mortis pit images.

Product ID
Average pixel scale 

(m/pixel) 
Incidence angle 

(°)
Emission angle

 (°)
Phase angle (°) North Azimuth (°) Note

M104354152L 1.62 65.79 1.8 67.4 90.09
M109072682R 0.5 46.46 1.14 46.59 270.22

M1101037528R 1.14 48.79 1.22 48.22 88.73
M1105701957R 2.04 60.13 48.05 36.73 248.32 Used in this study
M1105737674L 1.44 57.27 13.47 48.28 261.74
M1105759104L 1.43 55.72 13.3 65.55 275.1
M1111650179L 1.47 77.03 1.79 78.78 91.18
M1114008179R 1.47 58.73 1.2 57.71 92.36
M1121075381R 1.42 55.33 1.2 54.46 271.27
M1123434946L 1.49 72.99 1.8 74.72 273.23
M1136377273R 1.47 55.57 32.7 35.67 264 Used in this study
M1138730834R 1.45 72.01 3.37 68.91 265.65
M1142284165R 1.49 78.93 1.2 77.74 93.03
M1144637703L 1.49 59.92 1.79 61.39 91.97
M1154059262R 1.47 72.71 1.2 71.58 272.06
M1156415500L 1.46 91.8 1.78 93.58 273.93 Error in image
M1157570651L 1.39 78.17 1.77 79.91 86.45
M1159926976L 1.38 61.09 1.77 62.57 86.43
M1159926976R 1.38 61.27 1.2 60.23 87.5
M126759036L 0.5 49.4 1.69 50.39 270.5 Used in this study
M183361510L 1.61 57.02 1.8 58.4 90.62
M190438197L 1.8 59.14 57.69 272.54 142.99

Fig. 2. Lacus Mortis pit morphology. Image ID is M126759036L. There is a 
ramp in the east of the pit to enable access to the interior of the pit. (Image 
URL: http://wms.lroc.asu.edu/lroc/view_lroc/LRO-L-LROC-3-CDR-V1.0/
M126759036LC)
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angle is angle between satellite camera and normal of 

planetary surface. Also, there are a few grabens such as 

Rimae Burg, it is likely that there might be lava tubes 

below these grabens (Greeley 1971b). Since the pit is not 

far away from the graben, if there is a lava tube below the 

surface, the pit could serve as an entrance to this cave. In 

addition, Astrobotic Technology Inc. and HAKUTO team 

of GLXP plan to land a rover on this site because there is a 

ramp on which a wheeled rover could approach the inside 

of the pit without additional equipment. It looks like the 

ramp was formed by the collapse of the ceiling, and if we 

go down the ramp, it is possible to reach the bottom of the 

pit and explore the inner space. Thus, we have surmised 

that there is some inner space.

The information necessary to build a model is the length 

of the major axis, the length of the minor axis, the depth 

of the pit, the length of the ramp, and the thickness of the 

crust comprising the ceiling. The information is obtained 

using the conventional method of measuring the pixel size 

of various geometrical elements based on the resolution 

information of image data (Fig. 5). In order to calculate 

the depth, the end point of the ramp is assumed to be the 

bottom and the length of the shadow is measured using the 

following equation (Haruyama et al. 2009):

D=L/tan(i)

where D is the depth, L is the length of shadow, and i is 

Fig. 4. The conceptual illustration of the inside of Lacus Mortis pit; a cave across the eastern slope of the pit is assumed.

Fig. 5. Estimated result structure information and sectional view about 
major axis of Lacus Mortis pit.

Fig. 3. The images selected for this study. The structure of the pit can be recognized according to viewing angle due to different emission angle. Image IDs are A: 
M126759036L, B: M1136377273R, C: M1105701957R.
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the incident angle of the sun. The length of the slope is 

estimated using a simple trigonometric ratio based on the 

endpoint of the slope, the starting point of the slope, and 

the depth obtained above. Since it is difficult to find a clear 

boundary of the ceiling due to the emission angle of the 

satellite, the thickness of the crust comprising the ceiling 

is estimated using the trigonometric ratio between the 

emission angle and the top layer of the crust. The angle of 

inclination determined based on the trigonometric ratio 

is 30 degrees, which is consistent with the angle of repose 

(30 ~ 45 degrees) formed when pebble, sand, or soil pileup 

naturally. In a real pit, however, the local inclination, rather 

than the overall inclination, changes according to the 

distribution of big rocks.

3. RESULTS

The 3D model rendering was made using 3DS MAX from 

Autodesk Inc. on a scale of 2000:1. The length of the internal 

cave in the cross sectional view is 8.6 cm and the height of 

the internal cave is 3.75 cm. Also, a little bit of tolerance is 

allowed in each interval of the cave. The reason why the 

cave is not in a cylindrical shape is due to the assumption 

that the cave was originally cylindrical, but gradually, the 

crust material of the ceiling collapsed down to pile up and 

fill the lower part of the cylinder. If the model covers a larger 

region that is not limited to the pit, the internal cave will 

start to have a cylindrical shape that is gradually moving 

away from the pit.  

Each dimension of the model is as follows: the length 

of the major axis is 18 cm, the length of the minor axis is 5 

cm, the depth at the endpoint of ramp is 6.45 cm, and the 

thickness of the crust at the ceiling is 2.45 cm. There is an 

unobservable area due to shadow, even when the time of 

the NAC image data is different. In this case, it was assumed 

that the model was symmetrical relative to the major axis, 

and the model was also displayed in various perspectives 

(Figs. 6 and 7). Also, mesh smooth filtering was applied to 

express curvatures. 

The 3D model built was compared with the NAC image 

data to find any similarities out similarity with the actual 

pit. When the viewpoint was set to be consistent with the 

viewpoint image that resulted from the emission angle of 

the satellite, it was found that the actual topography was  

rendered somewhat closely (Fig. 8).

Fig. 6. Wireframe image of 3D model. (A) indicates a sectional view against the major axis and takes similar shape shown in Fig. 5. (B) 
represents a sectional view against the minor axis and shows the placement of the cave. (C) shows a floor plan and shows the shape of the 
pit and the internal cave. (D) is an aeroview of the model and shows entire shape of the model.
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4. SUMMARY

A 3D model was built using the NAC image data of LROC. 

We assumed that there was a cave in the inside pit based on 

the existence of graben around the pit and the fact that the 

bottom area is bigger than the entrance. It was also likely 

that there are lava tubes below the graben. In spite of this 

assumption, since the goal was to render actual topography, 

the model was quite close in achieving the goal. 

One of the benefits of this model is that it is based on a 

computer graphic tool and allows for changes in viewpoint 

with ease. Hence, we can observe various features of 

the topography from many viewpoints. Therefore, the 

observation can be made from a lunar surface viewpoint 

rather than a satellite viewpoint which can be of great help 

in pre-planning the rover mission prior to its operation. 

While this model lacks precision as it cannot render rocks, 

small hills, and texture of topography, this kind of precision 

Fig. 7. 3D model rendering images of Lacus Mortis pit. (A) is a sectional view against the minor axis and shows the 
structure of the cave at a glance. (B) shows the shape of the pit. (C) shows an aeroview of the pit and shows the entire 
shape of the pit. (D) and (E) show the interior of the pit in different angles.

Fig. 8. Comparison of LROC/NAC image and 3D model image. 3D model is appropriate match to 2D optical 
image.
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is of little significance in the view of the structure. Therefore, 

those details can be neglected. 

5. CONCLUSIONS

It has been predicted that lunar caves exist, which could 

serve as a lunar base. A pit was also discovered recently to 

be a candidate of cave. In order to ascertain the existence of 

tube-shaped caves inside a pit, it is best to visit the place in 

person. However, there has been no human mission since 

the Apollo mission. Thus, there was no way to determine 

this. Recently, the X Prize foundation and Google Inc. 

are working together to create the Google Lunar X Prize, 

which promotes private-funded missions of lunar landings 

independent of government or research institutes. Ones of 

the competitors of this project, Astrobotic Technology Inc. 

and HAKUTO team, decided to have the landing site on the 

pit of Lacus Mortis, making it a perfect chance to find out if 

there is a cave inside the pit through direct observation.  

In this research, the structure of the Lacus Mortis pit, 

which is a target landing site of Astrobotic Technology Inc. 

and HAKUTO team, was investigated and a 3D model was 

developed. In spite of the assumption that there is a cave 

inside the pit, the shape of the model is quite consistent with 

the satellite image data. Moreover, this model allows for 

various viewpoints. Thus, a lunar surface viewpoint enables us 

to determine the topography and to have provisions on how 

to operate an actual rover. In addition, the 3D printing of this 

model will enable intuitive analysis and also could be used as 

a convenient tool to publicize lunar exploration missions.
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