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Standard solution
Pile regolith on
equipment using robots
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regolith
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Known issues:

▪ Mega-regolith is largely unknown
▪ Regolith moving vs mega-regolith tunneling energy requirements

Shielded Advantages
▪ Much less Lunar regolith dust
▪ Total radiation protection
▪ Eliminate thermal extremes

▪ Minimize meteoroid impacts
▪ No need for complex robots

Pressurized Oxygen
Resource processing will
produce a lot of oxygen
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Ilmenite (FeTiO3)
Olivine ((Mg,Fe)2SiO4)
Clinopyroxene (Ca(Fe,Mg)Si2O6)
Orthopyroxenes ((Mg,Fe)SiO3)
Anorthites (CaAl2Si2O8)

SPORE solution

Pressurize the SPORE work environment with
100% oxygen to 48 kPa (6.96 PSI)

Known issues:

▪ Atmosphere leakage through the mega-regolith
▪ Pure oxygen fire hazard
▪ “Contamination” of the Lunar atmosphere

Pressurized Oxygen Advantages
▪ Safety
▪ More options for dust mitigation

▪ Simplifies the working environment

Resource Extraction
Standard solution
Open-pit mining of the
regolith using robots

SPORE solution
Sub-surface mining of the
mega-regolith using people
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Known issues:

▪ But the regolith is already crushed!
▪ Regolith has volatiles and metallic iron
▪ Why low-tech solutions?

Resource Extraction Advantages
▪ Safety (again!)
▪ Mitigates the Lunar gravity
▪ Avoids regolith heterogeneous complexity
▪ Reduce the need for regolith simulants

Habitat Creation
Thames Tunneling Shield

SPORE construction
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Lunar Homestead

Orzammar?

Known issues:

▪ Human need for open spaces and “views”
▪ Everything can’t be underground
▪ But… 3D printing!

dragonage.fandom.com

Habitat Creation Advantages
▪ Instant habitat protection
▪ Faster habitat creation
▪ Simpler technology

Other advantages of SPORE
▪ Helps mitigate the exhaust plume issue
▪ More moonquake resistant
▪ Low-tech allows for faster self-reliance
▪ Minimal visual impact of the Lunar surface

▪ Lunar Settlement for Everyone

Next Steps
SPORE Pressure Experiment 1
SPORE 3D modeling
SPORE Physical scale (table top) model

Book 3 of The Lunar Homesteader’s Survival Guides
More presentations, papers, articles

Lunar Homestead
www.lunarhomestead.com
Ben Smith
ben@lunarhomestead.com

What questions do you have?

Appendix

SPORE in a nutshell
▪ Avoid the Lunar surface and regolith
▪ Tunnel down 10+ meters below the regolith
▪ Extract resources and build habitable space in the
mega-regolith
▪ Pressurize the SPORE work area (aka mine face) with
100% oxygen at 48 kPa
▪ Build the habitat pressure hull as the mine face moves
forward
▪ Habitat pressure hull is made from 100% local
material
▪ Low-tech solutions as much as feasible
▪ Human miners not robots
▪ Manual and hand-operated tools

Lunar regolith dust
▪ The median particle size is between 40 and 130 microns, with an average
particle size of 70 microns. This is finer than the human eye can resolve [1,
pg 478]. 10-20% (by weight) of it is finer than 20 microns [1, pg 478].
▪ It’s very sharp and abrasive, fine-grained volcanic ash [1, pg 34].
▪ It gets everywhere and sticks to most surfaces [1, pg 35]
▪ Breathing it on a daily basis will probably cause chronic respiratory problems
as the microscopic particles accumulate in the lungs [2].
▪ The dust is also highly chemically reactive, making it toxic to humans [2].
▪ It quickly damages moving parts and fabrics [3, pg 5], such as spacesuits,
and can cause equipment to overheat [3, pg 6].
▪ The kicker is that we still don’t really know a lot about regolith dust and we
really don’t know much about its long-term effects.
▪ We have some ideas on how we could mitigate the dust threat on the surface
but none have been field-tested. We just don’t for sure know how we’re going
to deal with this problem.

Radiation
▪

There are three major types of radiation we need to plan for
[4]:
▪ The Solar wind, which we can ignore if we design for the
other two.
▪ Solar Particle Events from flares and CMEs.
▪ One source stated that 20 g/cm2 of water equivalent
material would be sufficient shielding [5].
▪ However, “sufficient” isn’t quantified. I assume it’s
sufficient for a short-duration mission.
▪ And Galactic Cosmic Radiation (GCR).
▪ GCR particles can penetrate through meters of regolith
[1, pg 48]

Vacuum
▪ Luna does have a very tenuous atmosphere.
▪ It’s around 104 molecules/cm3 during the Lunar day, which is
about 14 orders of magnitude less than Earth’s atmosphere
[1, pg 40].
▪ Obviously, it’s still a hazard to life and for our purposes it’s
effectively a vacuum.
▪ It’s also hard on equipment.
▪ Organic materials, such as seals and insulation, can release
volatile chemicals which end up as a thin film on nearby
equipment [6].
▪ Special lubricants that don’t sublimate are required for
moving parts [6].
▪ Vacuum welding can be a significant issue [6].
▪ Heat rejection can be tricky [7].

Thermal extremes
▪ The Apollo 15 site registered temperatures ranging from -181℃
(-293.8℉) to 101℃ (213.8℉). That’s a 282℃ (507.6℉)
temperature shift every Lunar day [1, pg 34].
▪ The Apollo 17 site recorded temperatures that were about 10℃
(18℉) higher [1, pg 34].
▪ This thermal environment is hard on exposed equipment and
facilities.
▪ Equipment in partial shade could experience a significant
thermal gradient, causing stress and thermal fatigue in the
material after many temperature cycles [8].
▪ Sustained low temperatures can cause certain materials to
become brittle [8].
▪ Electronics can be damaged by temperature cycling [8].

Meteoroid impacts
▪
▪

▪

▪

The Lunar surface is defined by impact events; from the large
impact basins to the fine regolith dust.
A 1-gram impactor will form a crater approximately 3 centimeters
deep in Lunar rocks [9].
▪ The damage will be even worse if the target, such as a mining
robot or habitat, has been structurally compromised by thermal
cycling.
While the chance of any particular spot getting hit by a meteoroid
this size is between one in 106 to 108 for one cumulative year of
exposure, eventually something important will get struck [1, pg
47].
Facilities and equipment can expect hits by 1-milligram impactors
on a yearly basis [1, pg. 46]. That’s a not-insignificant amount of
energy considering that these objects will be moving at around 20
kilometers per second (12.5 miles per hour) on average [9].

Shielded
▪
▪
▪
▪
▪

The median depth of the mare regolith is about 4 meters [10].
Most Apollo core samples showed a trend to coarser-grained
samples with depth [1, pg 325]. Of course, the deepest sample
we have only went down 298.6 cm [1, pg 325].
The lowest layers of regolith may transition into highly
fragmented bedrock with regolith in the fractures [1, pg 337].
This is the start of the mega-regolith.
30 cm of regolith is sufficient to eliminate monthly temperature
fluctuations [1, pg 38].
It would take a 430-kilogram impactor, give or take, to punch
through 10 meters of shielding [2]. This would be a pretty rare
occurrence.
▪ D = CMΦ [2]
▪ 1,000cm (which is 10 meters) = (8.24)(M)0.370
▪ 42,9177.2273 gram impactor

Pressurized Oxygen
▪

▪

▪

▪

48 kPa because I’ve defined a 78% nitrogen/21% oxygen mix
at 70.11 kPa as 1 Standard Lunar Homestead Atmosphere
[11].
Atmospheric pressure can be halved without risking
decompression injury or needing to pre-breathe oxygen for
hours. This was hammered into me from my SCUBA and
commercial diving training. But I can’t seem to find a
reputable source to cite. Help would be appreciated.
Half of 70.11 kPa is 35.055 kPa is higher than what was used
for all of the Mercury, Gemini, and Apollo missions (34.47
kPa) [12] and for ISS space suits (29.6 kPa) [13]. So, we
know people can deal with it for several weeks.
The Lunar Homestead website has a page on why I landed on
48 kPa [14].

Resource Extraction
▪ On Luna, there’s 1/6 the gravity (1.62 m/sec2 vs 9.81
m/sec2) and therefore 1/6 the countering force. We’ll have
to greatly increase the mass of our machines (to increase
their weight), secure them to the surface (tethers maybe),
or be OK with them doing a lot less work (by exerting less
force on the ground).
▪ Regolith formation and evolution is a complex process driven
by 2 completely random mechanisms [1, pg 286].
Destruction of material caused by impactors and the
creation of new material because of the heat generated by
these impactors.
▪ “a regolith whose structure, stratigraphy, and history may
vary widely, even between locations only a few meters
apart” [1, pg 286].

Other advantages
▪
▪
▪

▪

The Apollo seismic network registered 28 shallow quakes
between 1972 and 1977 [15].
Several of these were up to 5.5 on the Richter scale and
some lasted more than 10 minutes [15].
These are considered “moderate” and powerful enough to
damage poorly constructed buildings [16].
On Earth, even the biggest quakes stop after less than 2
minutes [15].

Known Issue:
Mega-regolith is largely unknown
▪

▪
▪

We really don’t know much
about the mega-regolith
▪ No core samples
▪ Most of our knowledge is
based on seismic data and
models
That’s OK because our
knowledge of the regolith isn’t
much more advanced.
SPORE tech needs to be
versatile enough to deal with
any situation Homesteaders
come across.

Lunar Sourcebook, pg. 92

Known Issue:
Regolith moving vs mega-regolith
tunneling energy requirements
I’ve heard several people claim that sub-surface mining is more energy intensive than surface
mining. I haven’t run any numbers for this question yet. So I don’t really know.
Here are some things to consider however:
▪ That may be true for modern terrestrial mining operations. I haven’t seen research using
Lunar conditions and technology. Especially low-tech solutions like SPORE.
▪ Those robots are going to have to move A LOT of regolith. It’s not just a matter of covering
the top of the habitat with meters of regolith. The habitat needs protection from all
directions. That means the sides as well.
▪ We THINK that a 10-meter pile of uncompacted regolith will naturally come to a 40degree angle [1, pg 523]. We’ll need to use some geometry to figure out how high and
wide that pile has to be to completely protect the habitat INSIDE.
▪ Mechanical compaction with equipment can’t replicate the density of in-situ Lunar
regolith [1, pg 521]. We would get a lot better protection by leaving the regolith alone.
▪ There is also a time component that doesn’t get a lot of attention. Time to design and build
adequate robots. Time for the light weight and underpowered robots to move enough
regolith to make the habitats safe.

Known Issue:
Atmosphere leakage through the mega-regolith
I’ll admit that this could be an issue for SPORE. If the oxygen atmosphere leaks through the
mine face too quickly then this part of SPORE isn’t going to work.
▪ We’ve made no direct measurements of permeability and diffusivity for Lunar soil [1,
pg 517].
▪ One experiment using He, Ar, and Kr through a soil simulant showed diffusion rates of
7.7, 2.3, and 1.8 cm2 [1, pg 5178]. This is a lot.
Here are some points that give me hope that the regolith and mega-regolith will have low
rates of gas leakage.
▪ The mega-regolith is thought to consist of solid blocks of rock ejected from impacts. We
don’t need to worry about gas leakage through rocks. It’s the smaller particles between
the blocks that are a concern.
▪ The in-situ relative density of regolith is 90%+ (very dense) below 30cm [1, pg 495]. This
is more than what heavy compaction equipment can achieve on Earth (65-75%) [1, pg
495]. Apollo astronauts had a hard time driving equipment into the regolith.
▪ Atmosphere loss could be minimal if the particles between the blocks are as densely
packed.

Known Issue:
Pure oxygen fire hazard
▪ The SPORE work area atmosphere will have a higher risk of fire
than the habitat atmosphere. The lack of a buffer gas (nitrogen)
is the primary cause.
▪ It is also going to have a slightly higher fire risk than the
Mercury, Gemini, and Apollo missions (34.47 kPa vs 48 kPa).
▪ Here’s my thinking. The SPORE atmosphere is only 13 kPa more
than the Apollo capsule atmosphere. That increases the fire risk.
However, the SPORE work environment won’t have much in the
way of flammable fuels. That decreases the risk.
▪ Obviously, there is a lot of research that needs to be done so we
can make the SPORE work area a relatively safe environment.
But for now, the fire risk seems manageable. Of course, I could
be completely wrong and this could be a deal-breaker.

Known Issue:
“Contamination” of the Lunar atmosphere
Human activity on The Moon WILL change the Lunar atmosphere.
▪ Each Apollo mission released as much gas equal to the entire ambient Lunar
atmosphere [1, pg 41] and it took the atmosphere years to return to normal [1, pg
635].
▪ Rocket exhaust, mining and processing operations, airlock cycling, leaking habitats
and spacesuits, and more will contribute to the “contamination”.
The SPORE, and Lunar Homestead, solution is to embrace it. “Contamination” isn’t a
problem, it’s an opportunity.
▪ A total atmospheric mass of 107 to 108 kg (>100 times current atmosphere) could
give Luna a long-lived atmosphere [1, pg 44].
▪ A relatively permanent atmosphere provides some unique possibilities.
Sure, some Lunar science would be compromised. And some activities would be difficult
or impossible. Vacuum-dependent industry and telescopes should be in free space
anyway. However, this IS going to happen if settlements become a reality.

Known Issue:
But the regolith is already crushed!
I keep reading that one of the regolith’s positive properties is that it is already crushed down to small particles. OK,
do we suddenly forget how to crush rocks because we’re on Luna? Seriously, humans have been breaking rock for
thousands of years.
The primary complaint about comminution [kom min ushen] (the breaking, crushing, or grinding of rock) is that it’s
very energy intensive. According to the Coalition for Energy Efficient Comminution, “rock breakage is the most
energy intensive process in almost all mines” [17].
The Lunar Homestead response is:
▪ Homesteads are not industrial scale mines. They can get away with smaller scale, perhaps even manual,
machines. How about a small jaw crusher powered by a person on a bicycle? Comminution AND exercise at the
same time.
▪ The regolith particles are not uniformly the same size. Most processing equipment will be designed for a specific
particle size. So, we’re still going to have to spend energy on sorting the particles and crushing the larger ones.
▪ And the very fine dust, the stuff we really want to avoid, will probably be so small that it will foul most
machines. So, we’ll have to screen it out while dealing with all of its problems.
▪ Regolith dust. Remember all the problems with this stuff?
▪ Finally, the regolith is a relatively thin layer. Regolith mining operations will scrape down to the mega-regolith
and then what? Stop? Move on to the next section of regolith? The regolith is a limited resource.
Sure, we might save some energy mining the regolith but any savings come at other significant costs.

Known Issue:
Regolith has volatiles and metallic iron
This is a valid point. By avoiding the regolith, Homesteaders will be missing out on the metallic iron particles and
volatile elements found there.
▪
▪

▪

▪

The stuff will still be there when Homesteads want to extract those resources.
Solar wind implanted volatiles – Hydrogen, nitrogen, and carbon are the main ones. Concentrations are
<100µg/g [1, pg 448]. We’ll have to move and process A LOT of regolith to extract meaningful quantities.
o The LH solution is to simply import these as needed. An occasional shipment of methane (CH4) or ammonia
(NH3) is more reliable, less equipment intensive, safer, and probably cheaper than trying to extract it from
the regolith.
Metallic iron – Yes, the regolith as metallic iron that we could possibly recover with a simple magnet. However:
o The total iron (Fe0) in combined Lunar samples (highland and mare) is 0.54±0.18% (equivalent weight)
[18]. Again, we’ll be processing huge amounts of regolith to get usable amounts.
o Additionally, 0.20±0.10% (equivalent weight) of combined Lunar samples was nanophase iron (40-330A),
mostly in agglutinate glass [18]. We’re not even sure we could extract particles this small, let alone process
them into usable iron.
Helium-3 – The Golden Child of Lunar ISRU. Unfortunately, commercial fusion power is “still 20 years away”. And
while 3Helium is very expensive on Earth, the numbers still don’t make it an economically viable resource.
Otherwise, we would already have 3H mines on The Moon.

Eventually, Homesteaders will mine the regolith. It just won’t be our first choice.

Known Issue:
Why low-tech solutions?
The basic formula for Lunar Homesteading is:

Mechanical > Electrical > Simple Electronics > Complex Electronics
There are several reasons why LH is focused on low-tech solutions:
▪ Technology is great when it works. However, Lunar settlers need simple and reliable equipment
when their high-tech toys break. Especially if they need time to repair them.
▪ Quicker Homestead self-reliance. Homesteads are more likely to be able to manufacture parts
out of local materials for low-tech equipment sooner.
▪ Lower technology usually has a lower energy requirement as well. At least electrical energy.
Manual kinetic energy is another story. Exercise is good though and will help mitigate that
problematic Lunar gravity.
▪ More complex technology usually comes with a higher price tag. Not just for the equipment but
also for having to ship it, and spare parts, from Earth.
▪ Low-tech solutions are easier for people to understand, operate, and repair. Lunar Homesteading
is based on the premise that ANYONE can thrive on the Lunar Frontier. Not just the smartest
people.
▪ Low-tech solutions are more accessible to people that want to research them. Like me.
▪ Curiosity. Everyone else is working on pushing the technical envelope. I want to see how lowtech we can get away with.

Known Issue:
Human need for open spaces and “views”
There are many people that think humans can’t permanently live underground and absolutely need access to the outside. I haven’t dived
into the science on this topic but it seems to me that humans are great at adapting to new environments. Sure, it might be hard on the
first settlers but their kids will have it easier because it will be normal for them. The next generation will have it easier still.

Actually, going outside to work will always be restricted to competent and trained personnel. Mistakes on the Lunar surface will be
unforgiving and fatal. Most settlers will spend very little time on the surface and probably wouldn’t want to anyway given the dangers.
Homesteaders can simulate the outside in several ways:
▪ We can create specialized “viewing” rooms on the surface. People can go up there when they need to see the horizon. It will still be
heavily shielded from radiation so there probably won’t be a view of Earth or the sky. And any window is an unnecessary potential
failure point.
▪ Periscopes are a great option for Homestead habitats near the surface. By using Lunar-made glass and mirrors, the outside view can be
seen underground without the radiation risk. They’re also interesting because they can be used to bring in natural light and don’t use
any electricity.
▪ We can always use flat screen panels to project any image we want on the walls. This is pretty common in science fiction but I’m not a
fan. This tech would have to come from Earth, making it an expensive luxury. Plus, it requires electricity, which will probably be in short
supply.
▪ Better options are painting colorful murals or landscapes on the habitat walls. Or growing lots of plants. Personally, I’m fond of water
features. There are lots of ways we can make underground settlements enjoyable and interesting.

Hopefully Homesteaders will screen for people that can make the adjustment. Those that can’t will have a pretty rough time and probably
won’t last. Since there’s no way back to Earth (at least initially) that means they’ll probably die. It’s harsh but that’s life on the Lunar
Frontier.

Known Issue:
Everything can’t be underground
Sure, but most operations can. One of the “rules” of Lunar Homesteading is to put as much stuff in the
underground pressurized habitats as possible. Why?
▪ Easier design - This is huge. Designing equipment to operate in a high radiation, dusty, thermally
unstable, vacuum environment is hard. It takes lots of time and money. Designing equipment for a
habitable environment is much easier.
▪ Easier construction - Building and installing the equipment in a shirt-sleeve environment will be
magnitudes easier, and safer, than doing it on the surface.
▪ Easier maintenance and repair - Everything mentioned above applies here as well. Plus, it’s much
faster to get to the problem if you don’t have to put on a suit, do a multi-hour pre-breath to avoid
getting a decompression injury, and then walk (or drive) to the equipment. Now try to do that when
it’s a critical piece of equipment and your life, and your family’s lives, are on the line.
▪ Ease of operation – Keeping equipment inside habitats means humans can be involved in the daily
operation. There isn’t a need for complex and expensive automation.
The only equipment that can’t be placed underground are:
▪ Communications antennas
▪ Solar energy collection devices
▪ Waste heat radiators

Known Issue:
But… 3D printing!
I know, 3D printing of Lunar habitats is the current “flavor of the month” right now. There have been contests
requiring the 3D printing of habitats (on Earth, of course). It’s all very high-tech and futuristic. I’m not sold on it
however.
▪
▪

▪
▪
▪

Tele-operated robots spend weeks (or months) prints habitats on the surface and use regolith as a building
material. This entire presentation has been about why these are bad ideas.
The regolith is going to have to be processed (sorted, at a minimum) into something usable unless all the robots
are doing is sintering it. They can’t just scoop up raw regolith and start printing. I haven’t seen data that suggests
sintered regolith is durable enough for pressurized habitats. Sintering will require a lot of energy however.
Binding agents are required for low-energy printing to hold the particles together. These materials will have to
come from Earth.
3D printing requires equipment that has to be built and shipped from Earth. Replacement parts have to come from
Earth. Local production of 3D printing equipment will probably be impossible for most Homesteads.
3D printing has a cool factor. Unfortunately, it also has an “untested-in-the-Lunar-environment” factor as well. We
may be waiting a long time if we rely on 3D printing for our habitat needs.

OK, I’m probably being a little too hard on 3D habitat printing. I admit that I could be completely wrong and it could
be the best technology for the job. It just seems like an unnecessarily high-tech solution. We’ll see how far LH can get
with its low-tech research.

Links to resources
1. Lunar and Planetary Institute - Lunar Sourcebook
▪ (www.lpi.usra.edu/publications/books/lunar_sourcebook/)
2. NASA - Impact of Dust on Lunar Exploration
▪ (www.nasa.gov/centers/johnson/pdf/486014main_StubbsImpactOnExploration.407
5.pdf)
3. NASA - The Effects of Lunar Dust on EVA Systems During the Apollo Missions
▪ (history.nasa.gov/alsj/TM-2005-213610.pdf)
4. Lunar and Planetary Institute - Lunar Ionizing Radiation Environment
▪ (www.lpi.usra.edu/wiki/lunaref/index.php/Lunar_Ionizing_Radiation_Environment)
5. NASA - Spaceflight Radiation Health Program at JSC
▪ (srag.jsc.nasa.gov/Publications/TM104782/techmemo.htm)
6. NASA - Effect of Vacuum on Materials
▪ (ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/19690026573.pdf)
7. NASA - Thermal Management In Space
▪ (space.nss.org/settlement/nasa/spaceresvol2/thermalmanagement.html)
8. Auburn University - The Lunar Engineering Handbook
▪ (www.eng.auburn.edu/~dbeale/ESMDCourse/Chapter5.htm)
9. Lunar and Planetary Institute - Meteoroid Flux
▪ (www.lpi.usra.edu/wiki/lunaref/index.php/Meteoroid_Flux)

Links to resources
10.Lunar and Planetary Institute - Global Lunar Regolith Depths Revealed
▪ (www.lpi.usra.edu/meetings/lpsc2011/pdf/2607.pdf)
11.Lunar Homestead – Atmospheric and pressure composition
▪ (lunarhomestead.com/2018/04/10/atmospheric-pressure-and-composition/)
12.NASA - SP-368 Biomedical Results of Apollo - Chapter 5
▪ (history.nasa.gov/SP-368/s2ch5.htm)
13.NASA - The Space Shuttle Extravehicular Mobility Unit (EMU)
▪ (www.nasa.gov/pdf/188963main_Extravehicular_Mobility_Unit.pdf)
14.Lunar Homestead – SPORE Oxygen Pressure
▪ (lunarhomestead.com/2020/05/20/spore-oxygen-pressure/)
15.NASA – NASA Science – Moonquakes
▪ (science.nasa.gov/science-news/science-at-nasa/2006/15mar_moonquakes)
16.Wikipedia – Richter magnitude scale
▪ (en.wikipedia.org/wiki/Richter_magnitude_scale)
17.Coalition for Energy Efficient Comminution
▪ (www.ceecthefuture.org/wp-content/uploads/2013/01/Ballantyne.pdf)
18.Origins and Size Distribution of Metallic Iron in the Lunar Regolith
▪ (adsabs.harvard.edu/full/1980LPI....11..747M)

