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The recent announcements of evidence from the U.S. Grail satellite and from the Japanese 
SELENE (Kaguya) radar soundings of a possible lunar lava tube over 30 kilometers long have 
enhanced interest in exploiting lunar lava tubes for exploration and habitation. In a paper 
presented at ICES, Turner and Kunkel, 2017, examined the effectiveness of GCR shielding by 
the lunar regolith overburden covering a lunar lava tube, and found that less than 10 meter 
depth would reduce the radiation levels to terrestrial levels or lower. But a missing ingredient 
was the radiation levels produced by natural radionuclides in the walls of a lunar lava tube. 
This paper examines the possible range of natural (background) radiation levels from 
common radionuclides, including Thorium, Uranium, and Potassium expected to be present 
in lunar caves.  

Nomenclature 
Bq =  Becquerel (disintegrations per second) 
Bk =   Becquerel/kg mass for given element in emissions per sec per kilogram 
ro  =  small sphere radius (m) (used to represent the size of the astronaut) 
r1  =  radius of the cave (m) (assumed to be a semi-cylinder) 
r2 =  outer shell or radius of cylinder (m) containing radionuclide of interest  
r3 =  height above cave floor of the center of the small sphere representing the astronaut 
dr  =  a small distance used to increment depth into cave walls  
r  =  distance into wall of cave (m), normal to cave surface  
rmax  =  largest value of r for numerical integration 
y  =  distance along cave floor from small sphere (m) = n dy 
ymax  =  maximum value of y for numerical integration 
dy =  a small distance used to increment distance along cave floor  
rho  =  density of rock or material (g/cm3) 
ppmm  =  density of emitters in rock in parts per million by mass 
u  =  mass-energy attenuation constant for a gamma of energy E (Mev) (cm2/g)  
p  =  for a radionuclide, fraction of decay modes producing gamma ray out of all decay modes 
Ael = Specific Activity level of element “el” in building materials 
Hex = external hazard index for building materials 
Hin = internal hazard index for building materials 

I. Introduction 
Lava tubes are caves formed after a lava flow; the exposed outer surface of the magma crusts over and then the 

interior magma drains at the end of the flow, leaving a hollow, somewhat cylindrical tube.1 Although lava tubes have 
been known to exist in abundance on Earth, it was only recently that they have been confirmed to exist on the moon, 
through images of the lunar surface that show lava tube ‘skylights’.2 Their discovery is significant as lunar lava tubes 
could provide refuge for astronauts from harmful cosmic radiation.3 Even so, the threat posed by the natural 
radionuclides in the surrounding rock has not been examined. This analysis seeks to understand the severity (or lack 
thereof) of the threat posed by the naturally occurring radionuclides on the lunar surface.  
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Terrestrial caves vary significantly in natural background, from nearly nothing to substantially higher than modern 
housing limits from radon.4 It may be that the natural radionuclides in lunar lava tubes would be a limiting factor in 
the base daily dose, but not enough is known to make that assessment. If the variability of Earth caves is any indication, 
then it may be that lunar lava tubes also have high variability. Analysis of concentrations of potassium and thorium 
(and by correlation, uranium) from Lunar Prospector and more recently, Chang’E-2, support this conclusion.5 6 7 The 
distribution in a lava tube would likely follow the surface distribution, but may vary significantly over tens of meters. 

II. Lunar Lava Tube Structure and Characteristics 
Lunar lava tubes may vary greatly in width and overburden. Although some lava tubes could be as much as 5000m 

wide with overburdens of 500m, but observations of skylights (observable openings) suggest that many of the lava 
tubes have overburdens ranging from 1-20m, and would be able to support widths of up to 750m.8 Lava tubes are 
believed to have some variation of basalt, such as KREEP basalt (referring to high concentrations of potasium, K, rare 
earth elements (REE), and phosporus, P), or lunar granite, or as a mix between the two. Such mixtures are also likely 
to have higher concentrations of thorium and uranium. 

 KREEP basalt itself seems to have a consistent composition of about 50% SiO2, with about 14% Al2O3. The 
other components of KREEP basalt seem to vary, but consistently have similar amounts of compounds such as FeO.9 
Other rocks such as lunar granites could also form the area that surrounds and/or makes up the lunar lava tubes. Lunar 
granites, like terrestrial granites have high SiO2 contents, typically around 70%. Lunar granites also have typically 
lower Al2O3 (around 12%) and FeO (typically 6% less than basalt) components than KREEP basalts.10 The other 
possible scenario in terms of composition could be some type of mixture of granite and basalt. The density of the 
material surrounding a lava tube would vary, but would likely be on the order of 3.3 g/cm2. 

III. Potential Radioactive Elements in Lunar Lava Tubes 
Some of the most common radioactive elements in KREEP basalt and lunar granites are Thorium (Th), Uranium 

(U), and Potassium (K). K, U and Th content can vary widely depending on the granite or basalt. Typically, high K 
KREEP can have nearly 1% K and 5 parts per million by mass (ppmm) U. Low K KREEP can have 0.2% (2000 
ppmm) K and 1 ppm U. 11 Lunar granite has the highest concentration of K, with up to 35,000 ppm K and 11 ppm U. 
Lunar granite has ~36 ppmm Thorium. KREEP rocks are much more variable in terms of Th concentration, with 
concentrations ranging from 0.6 ppmm to 18 ppmm.12 It is assumed that the isotopic variations within K, Th, and U 
is consistent with terrestrial concentrations: Naturally occurring Potassium is 0.012 percent 40K.13  

 
Figure 1: The Potassium and Thorium concentration ranges on the lunar surface. Note Th ranges from 

negligible to over 10 ppm (by mass), and K ranges from negligible to over 4000 pmm (by mass) 
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This assessment focuses on 40K gamma decay. U and Th emit primarily alpha particles and 40K primarily emits 
beta (89 %) and gamma (11%) particles. Alpha and beta particles can be easily blocked; alpha particles can be blocked 
by a sheet of paper, while beta particles can be blocked by a thin sheet of aluminum.14 So while, beta and alpha 
particles do pose a significant threat if ingested or inhaled (usually as dust). K is still dangerous due to the rarer, but 
more penetrating, gamma rays that it (and its decay daughter products) emit.  

The activity of K (decays per kg of natural K) is on the order of 3.8 x 104 Bq/kg, readily derived from: 

• 40K has a half-life of 1.24 x 109 years, or ~4 x 1016 seconds 
o There is a decay roughly every 4 x 1016 seconds per 40K atoms  

• Naturally occurring potassium is 93 percent 39K and 6 percent 41K, so average mass of K is about 39 amu 
• One kg is approximately 6 x 1026 amu 
• So one kg of K contains 6 x 1026 / 39 atoms of K ~ 1.5 x 1025 atoms of K (all isotopes) 
• Roughly one in 10,000 K atoms are 40K, so one kg of K contains 1.5 x 1021 atoms of 40K 
• One kg of K would have approximately 1.5 x 1021 / 4 x 1016 or ~ 38,000 decays/kg-sec  
• More direct measurements give the Specific Activity as  

o ~3.0 x 104 Bq/kg for natural potassium 
o ~4.0 x 106 Bq/kg for natural thorium (mostly alpha decay) 
o ~1.2 x 107 Bq/kg for natural uranium (mostly alpha decay) 

IV. Comparable Radioactivity Risks in Buildings 
The risk of natural radionuclides in building materials on Earth is similar to the risk posed by natural radionuclides 

in lunar lava tubes. More than one third of the US public annual radiation exposure comes from radon in household 
building materials.15 However, just as with lunar lava tubes, 232Th and 40K are especially important as abnormally high 
concentrations of these radionuclides can have negative effects on health over time. In addition, given the fact that 
residents may spend a great deal of time inside buildings, it is of little surprise that the standards and risk assessments 
surrounding radioisotope concentrations in building materials are quite important. Of particular interest in relation to 
lunar lava tubes is the safety regulations surrounding the safe exposure levels of radiation. Acceptable levels of 
radiation are determined through an internal or external hazard index. 16  The internal hazard index measures the 
radiological threat to respiratory organs, while the external hazard index measures the gamma risk of building 
materials with certain radionuclide concentrations. The equation for the external hazard index is defined as 

 
 

 
While the internal hazard index is defined as 
 

 
 
The values Au, ATh, and Ak are specific activity concentrations which combines the activity and the relevant 

concentrations, expressed as Bq/kg. The results of these equations should be less than one in order to ensure the annual 
effective dose is less that 1.5 mSv to be considered safe.17 The results are summarized in Tables 1 and 2. 

Table 1. Activity concentration 
 
 
 
 

Table 2: Resulting external and internal hazard indices. 

Element Activity 
(Bq/kg) 

Range, ppmm 
(averages, from Low K 

KREEP to granite) 

Specific Activity 
Concentration 
Range (Bq/kg) 

Contribution 
to Hex 

Contribution to 
Hint 

K  3.08 x 104 2000-35000 62 - 1080 0.013-0.22 0.013-0.22  

Th  4.1 x 106 0.6-36 2.5 - 148 0.0095-0.56   0.0095-0.56 

U 1.2 x 107 1 to 11 12. - 132 0.032-0.36 0.065-0.71 

External Hazard Index Risk Range Internal Hazard Index Risk Range 
0.055-1.15 0.088-1.51 
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Even though such risk assessments might be useful in determining risk for building inhabitants, they seem less 
useful for lava tube risks, the calculation of which might have to take into account much more material, as well as the 
irregular dimensions of the tube itself. What is more relevant in terms of lunar lava tubes is the amount of radiation 
from the material that makes up and/or surrounds the lava tube. Taking this into account, the threat posed by 
radionuclides might be more adequately determined by Grays per an amount of time, as the Gray measures energy 
absorbed per unit mass through ionizing radiation. 

V. Methodology 
Figure 2 is a schematic representation of a lava tube used for the calculation of the flux of gamma radiation into a 

notional small sphere (representing the astronaut) placed on the midline of a semi-cylindrical cave. We assume we are 
far from any skylight that would expose the cave occupants to the surface radiation environment. There are two 
contributions: the flux from the walls of the cave, and the flux from the floor of the cave. Details of the approach are 
provided in Appendix 1. The general approach for both the wall and the floor is to consider a small volume element 
of the cave, determine the total amount of radioisotope within that volume element, find the rate of (isotropic) 
emissions from that volume element, estimate the amount of material between the volume element and the target 
sphere, calculate the absorption by the intervening material, and finally account for the relatively small solid angle 
subtended by the target sphere. After the contribution of a single volume element is determined, a sum (or integral) 
over all possible volume elements is computed. Results are shown in Table 3. 

Figure 2. Schematic of Lunar lava tube 

Table 3: Flux of gammas through a nominal sphere of radius ro at a height r3 above the floor of a hemi-
cylindrical cave with height r1 (see appendix for the derivation). 

VI. Results for Representative Values 
 
As noted earlier, K is the dominant source of gamma radiation, while Th and U decay to alpha particles. Since the 

alpha particles are readily absorbed, and since K is the dominant element, this analysis concentrates on the contribution 
from K. 

For the cave dimensions, we assume a semi-cylindrical shape with radius 10 m (r1). We use a sphere with radius 
0.25 (ro), at a nominal height of 1.0 m (r3) to its center, located on the center line of the cave, to represent the astronaut. 

Cave Element Flux of gamma rays (sec-1) 

a) Cave Wall (nested 
arches) 

𝝅𝝅 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑟𝑟ℎ𝑜𝑜 𝐵𝐵𝐵𝐵 𝑝𝑝 𝑟𝑟𝑜𝑜2
2000 ∬ 𝑟𝑟1+𝑟𝑟

(𝑟𝑟1+𝑟𝑟)2+𝑦𝑦2
 𝑒𝑒−100 𝑢𝑢 𝑟𝑟ℎ𝑜𝑜 𝑟𝑟

(𝑟𝑟1+𝑟𝑟) �(𝑟𝑟1 + 𝑟𝑟)2 + 𝑦𝑦2 dr dy 

b) Cave Floor (nested 
hoops) 

𝝅𝝅 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑟𝑟ℎ𝑜𝑜 𝐵𝐵𝐵𝐵 𝑝𝑝 𝑟𝑟𝑜𝑜2
2000 ∬ 𝑦𝑦

(𝑟𝑟3+𝑟𝑟)2+𝑦𝑦2
 𝑒𝑒−100 𝑢𝑢 𝑟𝑟ℎ𝑜𝑜 𝑟𝑟

(𝑟𝑟3+𝑟𝑟) �(𝑟𝑟3 + 𝑟𝑟)2 + 𝑦𝑦2 dr dy 

c) Simple Cave Floor 
(nested hemispheres) 

 ∫    2 𝜋𝜋 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑟𝑟ℎ𝑜𝑜 𝐵𝐵𝐵𝐵 𝑝𝑝 𝑟𝑟𝑜𝑜2

4 𝑥𝑥 1000
  𝑟𝑟𝑝𝑝𝑚𝑚𝑥𝑥

0 𝑒𝑒−100 𝑢𝑢 𝑟𝑟ℎ𝑜𝑜 𝑟𝑟dr 
 
=  5.0 𝑥𝑥 10−6  𝜋𝜋 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝐵𝐵𝐵𝐵 𝑝𝑝 𝑟𝑟𝑟𝑟2 / u        (for rmax to infinity) 
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40K has two primary decay modes: beta decay (89 percent) and electron capture (11 percent)18; The energy of the 
gamma from electron capture is approximately 1.46 MeV. Using barite concrete, with a density of 3.3 g/cm3, as a 
surrogate for the lunar material, the mass-energy attenuation coefficient, which accounts for secondary gamma 
emission (bremsstrahlung and other effects) is ~0.024.19 

The number of gamma rays that impact the notional sphere is directly proportional to the concentration of K in 
ppmm, which varies from a few ppmm to over 4,000 ppm (and potentially locally as high as 30,000 ppm). However, 
the flux of surviving gamma rays is strongly dependent on the absorption coefficient (exponentially impacting 
absorption) so this factor was varied by approximately +/- ten percent to illustrate the sensitivity. The results are 
presented in Table 4. 

Gamma rays per second 
striking a water sphere in a lunar lava tube 

(from decay of naturally occurring 40K) 

mass-energy attenuation 
coefficient 

4,000 ppmm natural K 
Regolith Density ~3.3 g/cm3 

 Walls / Floor/Total 

0.022 cm2/g 604/595/1200 

0.026 cm2/g 511/503/1014 

 
Table 4: Number of 1.46 MeV gamma radiation from decay of naturally occurring 40K striking a 0.25 m 

water sphere located 1.0 meter above the floor of a 10 m radius semi-cylindrical cave. Shown for 4,000 ppmm 
40K, but values in the table scale directly with concentration.   

Note that the contribution from the floor and walls is roughly equal. The calculated result was for K only, as that 
is likely to be the dominant source of gamma flux. Further analysis of the contribution from U and Th needs to be 
examined, particularly for the risk of ingestion of dust containing the radionuclides (which can be minimized by proper 
design of necessary dust mitigation strategies). 

The dose (in Gray, or Joules/kg) can be estimated by assuming all of the gamma rays are absorbed by the sphere, 
and dividing the total energy absorbed (number of gammas times energy per gamma in Joules) by the mass of a water 
sphere with radius ro. Table 5 shows the dose for one year in milliSieverts (since the dose is from gamma radiation, it 
is the same for Seivert and Gray) for a range of mass-energy attenuation coefficients. This compares to an annual U.S. 
public average dose of 6.2 milliSieverts per year.20 

Effective Dose (mSv/year) 

K ppmm 
mass-energy attenuation coefficient 

0.022 cm
2
/g 0.024 cm

2
/g 0.026 cm

2
/g 

4000 0.14 mSv/yr 0.13 mSv/yr 0.12 mSv/yr 

10000 0.35 mSv/yr 0.32 mSv/yr 0.29 mSv/yr 

30000 1.04 mSv/yr 0.96 mSv/yr 0.88 mSv/yr 

 
Table 5: Effective Dose for one year from exposure to naturally occurring 40K embedded in lunar lava 

tube regolith for a range of mass-energy attenuation coefficients appropriate to 1.46 MeV gamma radiation. 
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The dose per year is generally less than 1 mGy or 1 mSv, and only approaches 1 mSv at extremes in expected 
concentrations of 40K. 

VII. Considerations of Secondary Neutron Radiation from GCR 
 
Although this paper is focused on the risk posed by radionuclides in lunar rock, another factor that may be 

important in terms of overall safety is that of secondary neutron radiation, created when space radiation impacts the 
walls and floor through access provided by skylights or surface cracks and subsequently propagates along the cave. 
While this is likely to be modest when far from such openings, detailed calculation would require Monte Carlo 
simulations which were beyond the scope of this effort. 

VIII. Conclusion 
 
Based on the this assessment, the dose in milliGray/milliSeivert from potassium), and the fact that lunar 

concentrations of radioisotopes are not alarmingly disparate from terrestrial concentrations, it seems reasonable to 
conclude that the risk from radio isotopic-related radiation should not be a large issue. Given this, along with how 
lunar lava tubes have been demonstrated to be able to provide adequate protection from galactic cosmic rays, lunar 
lava tubes continue to be promising sites for lunar settlement.  

  

Appendix 
This appendix provides additional information on the equations used to calculate the flux of gamma particles from 

radionuclides distributed throughout the lunar regolith. There are two sources: the flux from the walls of the cave, and 
the flux from the floor of the cave. The general approach is to consider a small volume element of the cave (y1), 
determine the total number of radioisotopes within that volume element (y2), find the rate of (isotropic) emissions 
from that volume element (y3), estimate the mass of material between the volume element and the target sphere (t), 
calculate the absorption by the intervening material (y4) using the appropriate mass attenuation coefficient, and finally 
account for the solid angle subtended by the target sphere (y5). After the contribution of a single volume element is 
determined, a sum (or integral) over all possible volume elements is computed (y6). 

 Figure A1 shows the geometry used for determining the contribution from the cave walls and the contribution 
from the cave floor in two cases: above the floor and flush with the floor (a limiting case).  



 
International Conference on Environmental Systems 

 
 

7 

 
 

Figure A-1: Geometry used to determine flux of gamma radiation 

 
 

Cave Element 
(how the 

surrounding cave 
volume is 

represented) 

Volume of 
Nested 

Element 

Distance from nested 
element to test volume 

(d) 

Absorption path length from 
nested element to test volume 

(t) 

a) Cave Wall 
(nested arches) 

π r dr dy �(𝒓𝒓𝟏𝟏 + 𝒓𝒓)𝟐𝟐 + 𝒚𝒚𝟐𝟐 𝒓𝒓 �(𝒓𝒓𝟏𝟏 + 𝒓𝒓)𝟐𝟐 + 𝒚𝒚𝟐𝟐
𝒓𝒓𝟏𝟏 + 𝒓𝒓

 

 

b) Cave Floor 
(nested hoops) 

2 π y dr dy �(𝒓𝒓𝟑𝟑 + 𝒓𝒓)𝟐𝟐 + 𝒚𝒚𝟐𝟐 
 

𝒓𝒓 �(𝒓𝒓𝟑𝟑 + 𝒓𝒓)𝟐𝟐 + 𝒚𝒚𝟐𝟐
𝒓𝒓𝟑𝟑 + 𝒓𝒓

 

 

c) Simple Cave 
Floor 

(nested 
hemispheres) 

2 π r2 dr r r 



 
International Conference on Environmental Systems 

 
 

8 

Key Parameters: 
r1 is the radius of curvature of cave roof 
ro is the radius of the spherical test volume representing the astronaut 
r3 is the height of test volume above cave floor in case b 
r is the depth into regolith normal to cave surface except for case c, where it is the distance from test 

volume 
dr is incremental change in r 
y is the distance along cave floor from absorber 
dy is incremental change in y 

Table A-1 

 
The number of radioisotopes within a volume element is found from the density of the material in g/cm3 (rho) and 

the density of emitters in the rock in parts per million by mass (ppmm) 
The number of decays/second from that material is the activity of the isotope in Bq/kg (Bk) times the fraction of 

that activity expressed in gamma decay, p (this assumes other decay products are readily absorbed in the walls). 
 

 Combining these steps: 
 
y1 = density of volume element (Table A-1) in m3 
y2 = the total mass of radioisotopes (kg) within that volume element = ppmm rho * y1 /1000 
 (accounting for: 
  rho is in g/cm3 so we need to include a factor of 10-3 g/kg 
  volume is m3 so we need to include a factor of 106 cm3/m3 
  ppm is a factor of 10-6 ) 
y3 =  the rate of (isotropic) emissions from that volume element = Bk p y2  
y4 = accounding for the absorption by the intervening material using the appropriate mass attenuation coefficient, u 
 = y3 * exp (-100 u rho t) 
 ( u is in cm2/g, rho is in g/cm3 but t is in m, so we need the factor of 100 cm/m) 
 (t is found in table A-1 for three configurations used) 
y5 = ro

2/(4 d) 
 (accounting for solid angle subtended by the target of radius ro) 
 (d is found in table A-1 for three configurations used) 
  
  After the contribution of a single volume element is determined, a sum (or integral) over all possible volume 
elements is computed (y6).The results for the three configurations are repeated here in Table A-2, and were also 
presented in the body of the text, Table 3. 

Table A.2 

Cave Element Flux of gamma rays (sec-1) 

a) Cave Wall (nested 
arches) 

𝝅𝝅 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑟𝑟ℎ𝑜𝑜 𝐵𝐵𝐵𝐵 𝑝𝑝 𝑟𝑟𝑜𝑜2
2000 ∬ 𝑟𝑟1+𝑟𝑟

(𝑟𝑟1+𝑟𝑟)2+𝑦𝑦2
 𝑒𝑒−100 𝑢𝑢 𝑟𝑟ℎ𝑜𝑜 𝑟𝑟

(𝑟𝑟1+𝑟𝑟) �(𝑟𝑟1 + 𝑟𝑟)2 + 𝑦𝑦2 dr dy 

b) Cave Floor (nested 
hoops) 

𝝅𝝅 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑟𝑟ℎ𝑜𝑜 𝐵𝐵𝐵𝐵 𝑝𝑝 𝑟𝑟𝑜𝑜2
2000 ∬ 𝑦𝑦

(𝑟𝑟3+𝑟𝑟)2+𝑦𝑦2
 𝑒𝑒−100 𝑢𝑢 𝑟𝑟ℎ𝑜𝑜 𝑟𝑟

(𝑟𝑟3+𝑟𝑟) �(𝑟𝑟3 + 𝑟𝑟)2 + 𝑦𝑦2 dr dy 

c) Simple Cave Floor 
(nested hemispheres) 

 ∫    2 𝜋𝜋 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑟𝑟ℎ𝑜𝑜 𝐵𝐵𝐵𝐵 𝑝𝑝 𝑟𝑟𝑜𝑜2

4 𝑥𝑥 1000
  𝑟𝑟𝑝𝑝𝑚𝑚𝑥𝑥

0 𝑒𝑒−100 𝑢𝑢 𝑟𝑟ℎ𝑜𝑜 𝑟𝑟dr 
 
=  5.0 𝑥𝑥 10−6  𝜋𝜋 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝐵𝐵𝐵𝐵 𝑝𝑝 𝑟𝑟𝑟𝑟2 / u        (for rmax to infinity) 
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