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Key Points:
e We investigated the SELENE Lunar Radar Sounder (LRS) data to detect underlying
lava tubes.

e A distinctive echo pattern was found in the LRS data obtained around the Marius
Hills Hole (MHH), a possible skylight of a lava tube.

e The LRS echo pattern indicates the existence of an intact lava tube.

e Around an area (13.00-15.00°N, 301.85-304.01°E) around MHH, similar LRS echo
patterns were found at several locations.

e The locations exhibiting the echo pattern are consistent with mass deficits suggested
by the GRAIL gravity data analysis.
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Intact lunar lava tube detection by LRS

Abstract

Intact lunar lava tubes offer a pristine environment to conduct scientific examination of the
Moon’s composition and potentially serve as secure shelters for humans and instruments. We
investigated the SELENE Lunar Radar Sounder (LRS) data at locations close to the Marius
Hills Hole (MHH), a skylight potentially leading to an intact lava tube, and found a
distinctive echo pattern exhibiting a precipitous decrease in echo power, subsequently
followed by a large second echo peak that may be evidence for the existence of a lava tube.
The search area was further expanded to 13.00—15.005°N, 301.85-304.01°E around the
MHH and similar LRS echo patterns were observed at several locations. Most of the
locations are in regions of underground mass deficit suggested by GRAIL gravity data
analysis. Some of the observed echo patterns are along rille 4, where the MHH was
discovered, or on the southwest underground extension of the rille.

1 Introduction

Lunar lava tubes are important from various science perspectives and provide
potential sites for future lunar base construction (Coombs & Hawke, 1992; Horz, 1985;
Oberbeck et al., 1969; Haruyama et al., 2012). Since the insides of lava tubes are shielded
from meteorite bombardment, cosmic radiation, or particle implantation, they are expected to
be in pristine condition, an environment with preserved lava composition, textures and even
volatiles. Careful examination of the interior can add insight concerning the evolutionary
history of the Moon. The radiation and meteorite bombardment that disturbs the geologic
record at the surface of the Moon also makes it a harsh place for humans and instruments;
thus, the inside of an intact lava tube would be the safest place on the Moon from an
exploration perspective. Coombs and Hawke (1992) investigated lunar surface segments
associated with rilles to infer the existence of intact lava tubes under the surface. However,
the Lunar Orbiter and Apollo photographs they used were not conclusive, because the image
coverage by the photographs was limited and most were nadir observations. No plausible
evidence for the existence of intact lava tubes on the Moon was reported in the 20th century.

In 2009, a large, deep hole was discovered in the lunar Marius Hills in image data
acquired by the Selenological and Engineering Explorer for SELENE Terrain Camera (TC)
with 10 m/pixel resolution from an orbit 100km above the lunar surface. (Haruyama et al.,
2009). Both diameter and depth are 50 m (Haruyama et al., 2012, 2016; Robinson et al.,
2012). The Marius Hills Hole (MHH) is located in rille 4, which was once proposed as a
primary investigation station for Apollo (Elston et al., 1969; Karlstron et al., 1968; Greeley,
1971). Haruyama et al. (2009) hypothesized that the hole was a skylight that appeared to be
an opening into a lava tube.

Later, higher resolution nadir and oblique angle observations performed by the Lunar
Reconnaissance Orbiter (LRO) Narrow Angle Camera (NAC) with 50 cm/pixel resolution
from an orbit 50 km above the lunar surface confirmed that the MHH is a skylight opening
into a large space (Robinson et al., 2012; Wagner, R. V. & Robinson, M. S., 2014); the floor
of the hole extended at least several meters eastward and westward under a ceiling of two
other holes, Mare Tranquillitatis Hole (MTH) and Mare Ingenii Hole (MIH). The height from
the floor to the ceiling exceeds 15 m for MHH. However, because oblique observations do
not penetrate far beneath the rim of the hole, the full extent of the subsurface space around
the MHH remained unknown.

Gravity measurements provide one probe to explore the distribution of subsurface
structures (Bills & Ferrai, 1977; Thurber & Solomon, 1978; Bratt et al., 1985; Andrews-
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Hanna et al., 2013). The existence of a lava tube extending a few to several tens of kilometers
in length would affect gravity conditions and be detectable as a “mass deficit”. The twin
Gravity Recovery and Interior Laboratory (GRAIL) spacecraft were launched in 2011 (Zuber
et al., 2013a, 2013b). The GRAIL representation of the Moon’s gravity field is a spherical
harmonic expansion, currently reported to degree and order 1200 (Chappaz et al., 2017).
Developing methods of gradiometry and cross-correlation to isolate the target signal of mass
deficits from the GRAIL gravity data, Chappaz et al. (2017) detected several locations of
horizontally extended mass deficits. A lava tube extending a few to several tens of kilometers
would be a large enough void to create a mass deficit detectable in the GRAIL data. A mass
deficit signature follows rille 4 and is far larger than expected from the topographic trough
alone, which implies the existence of a large void space beneath the visible surface extending
60 km to the west of the MHH. Some of the mass deficits detected by Chappaz et al. (2017)
could be caused by long open lava tubes (Chappaz et al., 2017). Geologically plausible
alternative sources of cave include large highly fractured faults or partially collapsed lava
tubes.

Another method to explore the subsurface structure uses ground-penetrating radar
systems (e.g., Phillips et al., 1973; Sue et al., 2004; Sue et al., 2007; Miyamoto et al., 2005).
Campbell et al. (2009) investigated the Marius Hills using Earth-based radar with 12.6 cm
and 70 cm wavelengths and characterized domes by the high circular polarization ratios
(CPRs) of the radar data. The 12.6 cm radar signals penetrate up to a meter or two, and the 70
cm data reach about a factor of five times greater depth. However, the radar data were not
appropriate to detect features deeper than a few tens of meters.

The Lunar Radar Sounder (LRS), an active radar sounder, was installed on SELENE.
The operation frequency of the LRS is 4-6 MHz (around 60m wavelength), and transmission
power is 800 W. Subsurface structures at depths of a few hundred meters to a few kilometers
have been investigated using LRS data (e.g., Ono et al., 2009; Oshigami et al., 2012;
Oshigami et al., 2014). However, most previous works focused on the structure of laterally
extensive it. In the present study, we examine in detail the LRS echo data reflected from a
few tens of meters to a few hundred meters’ depth to confirm the existence of underlying
intact lava tubes.

2 Methods

We used radar echo data from the LRS on-board SELENE to investigate the existence
of underground lava tubes at depths of a few tens to a few hundreds of meters. The LRS
consists of two sets of dipole antennas with a tip-to-tip length of 30 m transmitting
electromagnetic (EM) waves and receiving echoes from the Moon or natural radio waves
from the Earth and other planets (e.g., Jupiter). The LRS actively transmits frequency-
modulated continuous EM waves sweeping from 4 to 6 MHz (around 60m wavelength) in
200 psec to the Moon. The bandwidth of 2 MHz leads to the range resolution of 75 m in
vacuum (dielectric constant € is 1), and a smaller resolution in the ground depending on the
dielectric constant. The transmission interval of LRS is 50 msec, which corresponds to 75 m
on the ground in the SELENE flight direction (Ono et al., 2009; Kobayashi et al., 2012). The
LRS transmission power of 800 W is designed to detect subsurface boundaries even at depths
of a few kilometers. The echoes of EM waves transmitted by LRS antennas are observed with
different time delays corresponding to the distances to reflectors, such as surface crater walls
and/or subsurface boundaries. The observed LRS echo data are comprised of reflections from
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the surface and subsurface boundaries. We used LRS echo data that were processed using the
Synthetic Aperture Radar (SAR) algorithm (Kobayashi et al., 2012). As a result of SAR
processing, the signal is limited to returns from the surface and subsurface due east-west of
the sub-spacecraft point. The synthetic aperture size for the LRS echo data used is 5 km. The
data set we used is the Sounder SAR image (power) processed using a synthetic aperture of 5
km and is archived in the SELENE Data Archive website
(http://12db.selene.darts.isas.jaxa.jp/index.html.en).

Figure 1 plots a typical LRS echo power data profile in a mare region (13.715°N,
304.010°E). The time differences of received echoes were converted to corresponding depths
where the LRS transmitted EM waves transmitted by the LRS were reflected. The dielectric
constant used here for converting time-to-depth is unity (1), for vacuum. The true location of
the reflectors are therefore shallower than tentatively given with the vacuum dielectric
constant value. The largest echo peak (red point; normalized to 0 dB) is from the nadir
surface of the Moon. After the largest echo peak, the observed signal level gradually
decreases due to adsorption and scattering of EM waves in the underground, and finally falls
to a noise level of -34 dB (green triangle), weaker than the noise level of about -25 dB.

3 Results

We first investigated the LRS data from a SELENE orbit approaching the MHH
(14.100°N, 303.262°E) and found an echo pattern with two peaks at location T1, which is 1.2
km east and 0.3 km south from the MHH. Figure 2 plots the LRS echo power as observed at
location T1 versus the subsurface depth from where the LRS radar power was reflected. Here,
we set the dielectric constant (€) to that of vacuum, which is 1, to calculate an upper limit for
the depth. The first echo peak (red point; normalized to 0 dB) is from the surface, and the
second peak (blue square) must be from the subsurface boundary. Prior to the second echo
peak, the received echo power decreased precipitously with time to a noise level of -28.1 dB
(green triangle). After the second echo peak, the received echo power decreased (orange
pentagon). The purple diamond marks the third echo peak. In Figure 2, the depth of the green
triangle is 125 m and that of the blue square is 250 m. When we assume a dielectric constant
of 4 or higher, a more appropriate value for lunar subsurface materials (Ono et al., 2009), we
obtain a more realistic depth of 62.5 m or shallower for the green triangle, and 125 m or
shallower for the blue square. The subsurface boundary detected at T1 (blue square) may be a
ceiling or a floor of a cave, such as an underlying lava tube.

We expanded the search area to 13.00-15.00°N, 301.85-304.01°E around the MHH,
in an effort to identify locations with subsurface caves where the echo patterns exhibit the
following three characteristic features similar to those of location T1:

1) The echo power returned from the subsurface regions shallower than 125 m
decreases more than 25 dB compared to the surface echo power level (i.e. in Figure 2, echo
power of the red point — echo power of the green triangle > 25 dB), which indicates the
existence of a cave or a homogeneous rock bulge where no change of dielectric constant in
the subsurface region occurs, and thus there is no reflection of sounding EM waves.
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2) There is a second echo peak (for example, the blue square in Figure 2) at a depth of
less than 225 m from the surface, as observed at location T1, which indicates the existence of
a boundary with a change of dielectric constant such as the ceiling or the floor surface of a
lava tube.

3) The echo level of the third largest peak (for example, the purple diamond in Figure
2) is smaller than that of the second peak; here, we assume that the third echo peak should be
weaker than the second one, and any strong third echo should be regarded as that from an off-
nadir surface point.

Figure 3 presents the results that mark various locations corresponding to the three
aforementioned characteristic features in the vicinity of the MHH. The background of the
figure is an image from the SELENE TC. The gray lines correspond to the LRS observation
tracks. The circular points on these lines indicate locations where echo patterns satisfy the
condition of the three characteristic features possibly suggesting a cave, based on the echo
pattern determined at location T1. More than 80 locations, candidate sites of possible
subsurface caves, were detected in this search area. The colors of the circles denote the power
difference between the first and second echo peaks (4Prb: a point indicated by a red circle — a
point by a blue square in Figure 2). Some candidate sites for the presence of a cave exhibit
strong second echo peaks; the lower the 4Prb value, the more likely the presence of a
subsurface lava tube (for instance, at circle points with black to red colors in Figure 3). Some
of the candidate cave sites are aligned along rille 4 (T2) and on a possible extension of rille 4
(T3 and T4). The location of the MHH (a white star in Figure 3) is indicated by an arrow.

4 Discussion

We found several candidate sites for intact lava tube caves where a large second peak
of radar echo transmitted by the SELENE LRS was observed with an interval characterized
by a precipitous decrease in echo power after the largest echo from the nadir surface. Some of
the candidate sites were at rille 4, where a skylight hole of a possible subsurface lava tube
had been discovered (Haruyama et al., 2009).

There are two interpretations of the echo pattern with two peaks and a substantial
echo decrease between them. The first interpretation is that the second echo peak is from the
ceiling (f boundary) or the floor (y boundary) of a lava tube, and the echo from the floor of
the lava tube was buried in the peak of echo from the ceiling, thus no additional echo is seen.
The decrease in echo power before the second echo peak demonstrates the existence of a
large dense rock layer through which the radar passed without any significant reflections. The
lava tube must be located deeper than 75 m from the surface, and the height (from floor to
ceiling) of the lava tube must be smaller than 75 m. The second interpretation is that the
second echo peak is from the floor (y boundary) of a lava tube, whereas the echo from the
ceiling (# boundary) of the lava tube was buried in the peak of echo from the surface. The
decrease in echo power before the second echo peak means the existence of a cave through
which the radar passed without any reflections. The cave must be located deeper than 75 m,
and the height of the lava tube must exceed 75 m. It seems more plausible that the second
echo peaks of the candidate sites are from floors, because the precipitous decrease in echo
power prior to the second echo peak is most consistent with the presence of vacuum space.
Dielectric constants of any lava forming the ceiling of a lava tube would be less
homogeneous than that of vacuum space; vacuum space yields a more considerable decrease
in echoes.
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The first interpretation is that the second echo peak is from the ceiling (5 boundary) and the
floor (y boundary) of a lava tube. The decrease in echo power demonstrates the existence of a
large dense rock layer. The lava tube must be located deeper than 75 m from the surface, and
the height (from floor to ceiling) of the lava tube must be smaller than 75 m. The second
interpretation is that the second echo peak is from the floor (y boundary) of a lava tube,
whereas the echo from the ceiling (5 boundary) of the lava tube was buried in the peak of
echo from the surface. The decrease in echo power before the second echo peak means the
existence of a cave. The cave must be located shallower than 75 m, and the height of the lava
tube must exceed 75 m.

We investigated whether or not nearby geologic features, such as walls of large
craters, may have produced off-nadir EM surface reflectors. Bars were centered on locations
where prominent second echo peaks are observed to see if other features may correspond to
the second echo. The bars are presented in Figure 3. The half of widths of these bars are
6.990 km around T1, 5.850 km around T2, 6.993 km around T3, and 5.640 km around T4.
We used the data for which SAR processing (Kobayashi et al., 2012) was performed.
Therefore, besides the surface echo, only echoes from subsurface boundaries and/or from the
due east and/or due west surface should remain. The possible locations of the off-nadir
surface reflectors with 4Prb < 10 dB are marked with X on the bars in Figure 3. However, no
topographic feature (e.g., crater walls) that could cause a large off-nadir surface echo has
been found at the locations indicated by X marks. Thus, the second echo peaks observed are
probably from subsurface boundaries, not from any EM wave reflectors on the surface.

For the same search region (13.00—15.00°N, 301.85-304.01°E around the MHH), we
compared the result of Chappaz et al. (2017) based on the twin GRAIL spacecraft data.
Figure 5 indicates the lava tube candidate sites as suggested by the LRS data overlaid on a
cross-correlation Bouguer gravity map Chappaz et al. (2017) developed. The cold colors on
the map are consistent with mass surplus; whereas the hot colors correspond to mass deficits
(i.e., low-density space, or voids such as caves). Most lava tube candidate sites suggested by
LRS data are also apparent as LRS data correlate with the area of mass deficits (red to yellow
regions) in the cross-correlation Bouguer gravity map. Prominent mass deficits are seen on
rille 4 and on an extension to the southwest of the rille (red regions). Therefore, the lava
flows that formed rille A may have flowed toward the southwest beyond the visible end of
the rille through a tube or roofed over channel.

Some candidate sites are in areas of mass surplus. The circular points of these sites
are indicated by green to blue, and the radar echo peak levels for the sites are small.
Therefore, the sites may not have any large caves under the subsurface, or they may contain
some voids surrounded by a large mass surplus. We note that an area in 13.5-13.8°N, 302.5—
302.8°E contains many candidate sites, some of which are SELENE LRS data with a large
second echo peak (indicate by red points). Many lava tubes or cavernous voids likely exist
below the surface in this region.
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5 Conclusions

We investigated the LRS data to detect subsurface intact lava tubes. We found a
characteristic feature in LRS data indicating a large second echo peak after a precipitous
decrease in echo close to the MHH, a possible skylight of an underground lava tube. Several
locations around the MHH (13.00—-15.00°N, 301.85-304.01°E) exhibit similar characteristic
features in the LRS data. Since there are no possible feature on the surface which could cause
a second echo peak, these locations are candidate sites for the presence of underground lava
tubes or cavernous voids. We note that most of these candidate sites are at locations
consistent with a mass deficit on the cross-correlation Bouguer anomaly map based on
GRALIL data. In particular, some lava tube candidate sites are along rille 4, in which the
MHH was discovered, and on a possible underground extension southwest of the rille where
the cross-correlation Bouguer map indicates a large mass deficit. In conclusion, we have
identified an intact lava tube at Marius Hills on the Moon in SELENE LRS data.
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Figure 1. Typical LRS echo power versus subsurface depth. The LRS data was
observed at a mare region (13.715°N. 304.010°E). The dielectric constant used here for
converting time to depth is unity (1), as if it were vacuum. The largest echo peak (red point;
normalized to 0 dB) is from the nadir surface of the Moon, and subsequently observed echoes
gradually decrease in power to the noise level of 34 dB (green triangle), weaker than the
noise level of about 25 dB.
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Figure 2. The LRS echo power versus the subsurface depth at location T1 (14.100°N,
303.262°E). The LRS data has an echo pattern with two peaks at T1 1.2 km east and 0.3 km
south of the MHH. The dielectric constant used for converting time to depth is unity (1),
appropriate for vacuum. The first echo peak (red point; normalized to 0 dB) is from the
surface, and the second one (blue square) must be from a subsurface boundary. Prior to the
second echo peak, the received echo power precipitously decreased with time to a noise level
of -28.1 dB (green triangle). This echo pattern with two peaks and a substantial echo decrease
between them implies the existence of a cave, such as an underlying lava tube (see text).
After the second echo peak, the received echo power decreased (orange pentagon). The
purple diamond marks the third echo peak.
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Figure 3. The search led to the identification of locations where LRS echo patterns
satisfy the condition of three characteristic features associated with location T1. The
background image is from the SELENE TC. The gray lines correspond to the LRS
measurement tracks. The color of the circular points denotes the power difference between
the first and the second echo peaks (4Prb). The bars around the candidate sites indicate
equidistances corresponding to portions where reflectors yielding the second echo peaks
should exist. The half of widths of bars around T1 are 6.990 km. As a result of SAR
processing, echoes from subsurface boundaries and/or echoes from reflectors at due east or
due west off-nadir surface remain (X marks on the bars). The location of the MHH (a white
star) is indicated by an arrow.
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Figure. 4 Two interpretations of the echo pattern in LRS data at location T1 (14.100°N,
303.262°E).
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Figure 5. The search identified locations where LRS echo patterns satisfy the
condition of three characteristic features associated with T1 and overlaid them on a cross-
correlation Bouguer gravity map Chappaz et al. (2017) developed. The cold colors on the
map are consistent with mass surplus; the hot colors correspond to mass deficits (i.e., low
density space, or voids such as caves). Prominent mass deficits are observed on rille 4 and on
an extension southwest of the rille (red). Most other lava tube candidate sites not on rille 4
are also in the Bouguer mass deficits (red to yellow).
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