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Is there a source of resource X on planetary body Y?



🛢 Fuel-Minerals 

🪨 Industrial minerals 

🪙 metals

Coal, uranium, oil, natural gas

Sand, gravel, gypsum, salt, diamond

Iron, ferro-alloys, non-ferrous metals, precious metals



🛢 Fuel-Minerals 

🪨 Industrial minerals 

🪙 metals

31%

69%

11%

89%

MASS 
produced

Value

Coal, uranium, oil, natural gas

Sand, gravel, gypsum, salt, diamond

Iron, ferro-alloys, non-ferrous metals, precious metals
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Aldridgeite 
(Cd,Ca)(Cu,Zn)4(SO4)2(OH)6·3H2O

Greenockite 
CdS



Mg Magnesite, Dolomite, Brucite, Bischofite, Carnallite, Olivine Sr Celestine, Strontianite

Ti Ilmenite, Rutile, Anatase, Brookite, Perovskite, Geikielite, Titanite, 
Leucoxene, Arizonite Co Cobaltite, Carrollite, Cattierite, Linnaeite, Skutterudite, Erythrite, Smaltite

Fe Hematite, Magnetite, Siderite, Goethite, Limonite Sc Thortveitite, Bazzite, Kolbeckite
Cr Chromite Sn Cassiterite
Si Quartz Cd Greenockite
P Apatite, Francolite, Dahllite, Collophane Au Native gold, Electrum
Ca Calcite, Aragonite, Dolomite Bi Bismuthinite, Bismite, Native bismuth
Zr Zircon, Baddelyite, Eudialyte Sb Stibnite, Jamesonite

Ni Garnierite, Pentlandite, Millerite, Violarite, Polydymite, Nickeliferous 
limonite, Genthite, Hengleinite B Colemanite, Kernite, Tincal, Ulexite

C Graphite W Scheelite, Wolframite

Cu Chalcopyrite, Chalcocite, Covellite, Bornite, Tetrahedrite, Digenite, 
Malachite, Azurite, Cuprite, Chrysocolla, Tennantite, Dioptase, Enargite U Uraninite, Coffinite

Zn Sphalerite I Lautarite, Dietzeite
REEs Bastnäsite, Monazite, Xenotime Ta Columbotantalite, Wodginite, Microlite
Hg Cinnabar, Native mercury Al Gibbsite, Böhmite, Diaspore)
Na Halite S Native sulfur
Mo Molybdenite, Wulfenite, Molybdite, Powellite Th Thorite, Thorianite
Ba Barite, Witherite Cs Pollucite
Pb Galena, Cerussite, Anglesite Nb Columbite-(Fe), Pyrochlore group

Mn Pyrolusite, Cryptomelane, Romanechite, Braunite, Hausmannite, 
Rhodochrosite, Manganite Ag Acanthite, Native silver, Pyrargyrite, Electrum, Argentite

As Realgar, Orpiment, Arsenopyrite V Vanadinite, Roscoelite, Carnotite, Descloizite, Mottramite

K Sylvite, Carnallite, Langbeinite, Kainite, Picromerite, Schoenite Li Spodumene, Petalite, Lepidolite, Amblygonite, Eucryptite, Zinnwaldite

Be Bertrandite, Beryl





Element Moon Asteroids Mars Alternatives Score (with alternatives) Score (without) # of Modes First Stage Mode Occurrences
Mg Olivine (Ma) Olivine (Ma) Magnesite (Ma) None 9 9 30 0.0 69.0
Ti Ilmenite (Ma) Ilmenite (Ac) Ilmenite (Mi) None 6 6 27 0.0 67.0
Fe Magnetite (Ac) Magnetite (Mi) Hematite (Ma) Native iron-nickel (Moon; Mi) 7 6 36 0.0 64.0
Cr Chromite (Mi) Chromite (Mi) Chromite (Mi) None 6 6 11 0.0 41.0
Si Quartz (Ma) Quartz (Ac) Quartz (Mi) Hydrated silica (Mars; Ma) 7 6 14 1.0 34.0
P Apatite (Mi) Apatite (Mi) Apatite (Mi) None 6 6 19 2.0 28.0
Ca NR Dolomite (Mi) Calcite (Ac) Gypsum (Mars; Ma) 5 3 23 2.0 37.0
Zr Zircon (Ac) Zircon (Ac) Zircon (Ac) None 3 3 13 1.0 37.0
Ni Pentlandite (Ac) Pentlandite (Ac) Pentlandite (Ac) Native iron-nickel (Moon; Mi), Native iron-nickel 

(Asteroids; Ma), Native iron-nickel (Mars; Mi)
7 3 15 1.0 36.0

C Graphite (Ac) Graphite (Mi) NR Atmosphere (Mars; Ab), Sequestered Ices (Moon; 
Mi)

8 3 13 0.0 35.0
Cu Chalcopyrite (Ac) Chalcopyrite (Ac) Chalcopyrite (Ac) Native copper (Asteroids; Mi) 4 3 22 2.0 29.0
Zn Sphalerite (Ac) Sphalerite (Ac) Sphalerite (Ac) None 3 3 15 1.0 27.0
REEs Monazite (Ac) Monazite (Ac) Monazite (Ac) None 3 3 10 3.0 13.0
Hg Cinnabar (Ac) Cinnabar (Ac) NR Polar ices (Moon; Mi) 3 2 6 2.0 13.0
Na NR Halite (Ac) NR Sodium carbonate (Asteroids; Ma) 3 1 8 2.0 10.0
Cl NR Halite (Ac) NR Apatite (all; Mi) 6 1 8 2.0 10.0
Mo NR NR NR None 0 0 15 2.0 22.0
Ba NR NR NR None 0 0 18 2.0 20.0
Pb NR NR NR None 0 0 20 3.0 15.0
Mn NR NR NR** None 0 0 14 2.0 14.0
As NR NR NR None 0 0 13 3.0 12.0
K NR NR NR None 0 0 12 2.0 10.0
Be NR NR NR None 0 0 6 4.0 10.0
Sr NR NR NR None 0 0 9 3.5 9.0
F NR NR NR Apatite (all; Mi) 6 0 12 4.0 9.0
Co NR NR NR Native iron-nickel (Moon; Mi), Native iron-nickel 

(Asteroids; Ma), Native iron-nickel (Mars; Mi)
7 0 9 4.0 8.0

Sc NR NR NR None 0 0 5 1.0 8.0
Sn NR NR NR None 0 0 6 4.0 7.0
Cd NR NR NR None 0 0 6 3.0 6.0
Au NR NR NR Native iron-nickel (Moon; Mi), Native iron-nickel 

(Asteroids; Ma), Native iron-nickel (Mars; Mi)
7 0 6 3.5 5.0

Bi NR NR NR None 0 0 7 3.0 5.0
Sb NR NR NR None 0 0 5 4.0 5.0
B NR NR NR None 0 0 2 4.0 4.0
W NR NR NR None 0 0 5 4.0 4.0
U NR NR NR None 0 0 8 4.0 4.0
I NR NR NR None 0 0 1 4.0 3.0
Ta NR NR NR None 0 0 3 4.0 3.0
Al NR NR NR Anorthite (Moon; Ab), Spinel (Asteroids; Mi), 

Halloysite (Mars; Ma)
9 0 2 4.0 2.0

S NR NR NR Polar ices (Moon; Mi), Sulfates (Mars; Ma) 6 0 6 4.0 2.0
Th NR NR NR Monazite (All; Ac) 3 0 3 4.0 2.0
Cs NR NR NR None 0 0 2 4.0 2.0
Nb NR NR NR None 0 0 3 4.0 2.0
Ag NR NR NR None 0 0 5 4.0 1.0
V NR NR NR None 0 0 7 4.0 1.0
Li NR NR NR None 0 0 3 4.5 0.0



Paragenetic modea Age (Ga) Moon Asteroid Mars
1. Stellar atmosphere condensates 2 2 2
2. Interstellar condensatese 2 2 2
3. Solar nebular condensates (CAIs, AOAs, URIs) >4.565 2 2 2
4. Primary chondrule phases 4.566–4.561 2 2 2
5. Primary asteroid phases 4.566–4.560 2 2 2
6. Secondary asteroid phases 4.565–4.550 2 2 2
7. Ultramafic igneous rocks 2 2 2
8. Mafic igneous rocks 2 2 2
9. Lava/xenolith minerals (hornfels, sanidinite facies) 1 1 2
10. Basalt-hosted zeolite minerals 0 0 1
11. Volcanic fumarole minerals; reduced phases (see also #45) 1 0 1
12. Hadean hydrothermal subsurface sulfide deposits (see also #33) 0 1 1
13. Hadean serpentinization 0 1 2
14. Hot springs, geysers, and other subaerial geothermal minerals 0 0 2
15. Black/white smoker minerals and other seafloor hydrothermal minerals 0 0 1
16. Low-T aqueous alteration of Hadean subaerial lithologies (see also #23) 0 1 2
17. Marine authigenic Hadean minerals (see also #24) 0 0 1
18. Minerals formed by freezing 0 1 2
19. Granitic intrusive rocks 1 0 1
20. Acidic volcanic rocks 2 1 2
21. Chemically precipitated carbonate, phosphate, iron formations 0 0 1
22. Hydration and low-T subsurface aqueous alteration (see also #23) 0 0 2
23. Subaerial aqueous alteration by non-redox-sensitive fluids (see also #47) 0 0 1
24. Authigenic minerals in terrestrial sediments (see also #17) 0 0 1
25. Evaporites (prebiotic) 0 1 2
26. Hadean detrital minerals 0 0 2
27. Radioactive decay; auto-oxidation 0 0 1
28. Photo-alteration, pre-biotic 1 1 1
29. Lightning-generated minerals 0 0 1
30. Terrestrial impact minerals 2 2 2
31. Thermally altered carbonate, phosphate, and iron formations 0 1 1
32. Ba/Mn/Pb/Zn deposits, including metamorphic deposits 0 0 1
33. Minerals deposited by hydrothermal metal-rich fluids (see also [#12]) 0 0 1
34. Complex granite pegmatites 0 0 0
35. Ultra-alkali and agpaitic igneous rocks 0 0 1
36. Carbonatites, kimberlites, and related igneous rocks 0 0 0
37. Layered igneous intrusions and related PGE minerals 1 1 1
38. Ophiolites 0 0 0
39. High-P metamorphism (blueschist, eclogite, ultrahigh P facies) 0 0 0
40. Regional metamorphism (greenschist, amphibolite, granulite facies) 0 0 1
41. Mantle metasomatism 1 0 1
42. Sea-floor Mn nodules 0 0 1
43. Shear-induced minerals (including mylonite/slickensides) 1 0 1
44. Anoxic microbially mediated minerals (see also #44) 0 0 1
a. [Sulfates, arsenates, selenates, antimonates] 0 0 0
b. [Other oxidized fumarolic minerals] 0 0 0
46. Near-surface hydrothermal alteration of minerals (see also #22) 0 0 0
a. [Near-surface hydration of prior minerals] 0 0 0
b. [Sulfates and sulfites] 0 0 0
c. [Carbonates, phosphates, borates, nitrates] 0 0 0
d. [Arsenates, antimonates, selenates, bismuthinates] 0 0 0
e. [Vanadates, chromates, manganates] 0 0 0
f. [Uranyl (U6+) minerals] 0 0 0
g. [Halogen-bearing surface weathering minerals] 0 0 0
h. [Near-surface oxidized, dehydrated minerals] 0 0 0
i. [Terrestrial weathering of meteorites] 0 0 0
48. Soil leaching zone minerals <0.6 0 0 0
49. Oxic cellular biomineralization (see also #44) <0.54 0 0 0
50. Coal and/or oil shale minerals <0.36 0 0 0
51. Pyrometamorphic minerals (see also #54 and #56) <0.36 0 0 0
52. Guano- and urine-derived minerals <0.4 0 0 0
53. Other minerals with taphonomic origins <0.4 0 0 0
54. Coal and other mine fire minerals (see also #51 and #56) 0 0 0
55. Anthropogenic mine minerals 0 0 0
56. Slag and smelter minerals (see also #51 and #55) 0 0 0
57. Other minerals formed by human processes 0 0 0H
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Element Moon Asteroids Mars Alternatives Score (with alternatives) Score (without) # of Modes First Stage Mode Occurrences
Mg Olivine (Ma) Olivine (Ma) Magnesite (Ma) None 9 9 30 0.0 69.0
Ti Ilmenite (Ma) Ilmenite (Ac) Ilmenite (Mi) None 6 6 27 0.0 67.0
Fe Magnetite (Ac) Magnetite (Mi) Hematite (Ma) Native iron-nickel (Moon; Mi) 7 6 36 0.0 64.0
Cr Chromite (Mi) Chromite (Mi) Chromite (Mi) None 6 6 11 0.0 41.0
Si Quartz (Ma) Quartz (Ac) Quartz (Mi) Hydrated silica (Mars; Ma) 7 6 14 1.0 34.0
P Apatite (Mi) Apatite (Mi) Apatite (Mi) None 6 6 19 2.0 28.0
Ca NR Dolomite (Mi) Calcite (Ac) Gypsum (Mars; Ma) 5 3 23 2.0 37.0
Zr Zircon (Ac) Zircon (Ac) Zircon (Ac) None 3 3 13 1.0 37.0
Ni Pentlandite (Ac) Pentlandite (Ac) Pentlandite (Ac) Native iron-nickel (Moon; Mi), Native iron-nickel 

(Asteroids; Ma), Native iron-nickel (Mars; Mi)
7 3 15 1.0 36.0

C Graphite (Ac) Graphite (Mi) NR Atmosphere (Mars; Ab), Sequestered Ices (Moon; 
Mi)

8 3 13 0.0 35.0
Cu Chalcopyrite (Ac) Chalcopyrite (Ac) Chalcopyrite (Ac) Native copper (Asteroids; Mi) 4 3 22 2.0 29.0
Zn Sphalerite (Ac) Sphalerite (Ac) Sphalerite (Ac) None 3 3 15 1.0 27.0
REEs Monazite (Ac) Monazite (Ac) Monazite (Ac) None 3 3 10 3.0 13.0
Hg Cinnabar (Ac) Cinnabar (Ac) NR Polar ices (Moon; Mi) 3 2 6 2.0 13.0
Na NR Halite (Ac) NR Sodium carbonate (Asteroids; Ma) 3 1 8 2.0 10.0
Cl NR Halite (Ac) NR Apatite (all; Mi) 6 1 8 2.0 10.0
Mo NR NR NR None 0 0 15 2.0 22.0
Ba NR NR NR None 0 0 18 2.0 20.0
Pb NR NR NR None 0 0 20 3.0 15.0
Mn NR NR NR** None 0 0 14 2.0 14.0
As NR NR NR None 0 0 13 3.0 12.0
K NR NR NR None 0 0 12 2.0 10.0
Be NR NR NR None 0 0 6 4.0 10.0
Sr NR NR NR None 0 0 9 3.5 9.0
F NR NR NR Apatite (all; Mi) 6 0 12 4.0 9.0
Co NR NR NR Native iron-nickel (Moon; Mi), Native iron-nickel 

(Asteroids; Ma), Native iron-nickel (Mars; Mi)
7 0 9 4.0 8.0

Sc NR NR NR None 0 0 5 1.0 8.0
Sn NR NR NR None 0 0 6 4.0 7.0
Cd NR NR NR None 0 0 6 3.0 6.0
Au NR NR NR Native iron-nickel (Moon; Mi), Native iron-nickel 

(Asteroids; Ma), Native iron-nickel (Mars; Mi)
7 0 6 3.5 5.0

Bi NR NR NR None 0 0 7 3.0 5.0
Sb NR NR NR None 0 0 5 4.0 5.0
B NR NR NR None 0 0 2 4.0 4.0
W NR NR NR None 0 0 5 4.0 4.0
U NR NR NR None 0 0 8 4.0 4.0
I NR NR NR None 0 0 1 4.0 3.0
Ta NR NR NR None 0 0 3 4.0 3.0
Al NR NR NR Anorthite (Moon; Ab), Spinel (Asteroids; Mi), 

Halloysite (Mars; Ma)
9 0 2 4.0 2.0

S NR NR NR Polar ices (Moon; Mi), Sulfates (Mars; Ma) 6 0 6 4.0 2.0
Th NR NR NR Monazite (All; Ac) 3 0 3 4.0 2.0
Cs NR NR NR None 0 0 2 4.0 2.0
Nb NR NR NR None 0 0 3 4.0 2.0
Ag NR NR NR None 0 0 5 4.0 1.0
V NR NR NR None 0 0 7 4.0 1.0
Li NR NR NR None 0 0 3 4.5 0.0





Fe Si Al



🌎 Hall-Herout Process 

🌖 Molten Regolith Electrolysis 

⚛ Mass Spec/Calutron

13–15 kWh for 1 kg Al (bauxite ore)

~80 kWh for 1 kg Al

Up to 250,000 kWh for 1 kg Al (crude estimate based on calutrons)

Al
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