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Introduction: Impacts on lunar regolith generate volatiles within the regolith.  It has been postulated [1] that such impacts create a discrete zone of enriched volatile content surrounding the impact site.  If sufficient gas concentrations are created by this mech-anism, then such zones could become a source of volatiles for human operations on the Moon.  This paper discusses a method of mining lunar regolith for the extraction of impact-generated volatiles (IGV) that incorporates effective mining practice and the constraints imposed by the lunar environment.

The zone of volatile enrichment is approximated here by a bowl of thickness r and average radius R centered on the impact crater (Fig 1).  The thickness r is assumed to be constant and independent of the size of the impactor or the energy of the impact event, both of which control the average radius, R, as do the characteristics of the regolith itself (mineralogy, porosity, density, cohesion, etc.).  This creates a characteristic geometry for the orebody.  The precise size of the orebody would be determined by the cutoff grade (the minimum IGV concentration that is economic to mine at the time).  Many details of the potential IGV orebodies are not known yet, such as whether the enriched zone is within or without the raised rim of the impact crater, and what typical zone thicknesses might be.

There may be an element of time to consider as well.  If the volatile content degrades with time, the highest-grade ores will be associated with the youngest impacts.  If the volatile content degrades in a way related to surface proximity, then grade becomes a function of depth, as well.  Both relationships could become important parts of IGV exploration and mine planning.

Mine Design Principles:  The fundamental goal is to recover the maximum amount of valued material, while moving as little of the associated waste material, as possible.  This qualitative requirement is quantified by the stripping ratio (the mass ratio of waste removed to ore mined).  When the accessible ore is no longer of sufficient value to pay for its extraction, including the removal of waste necessary to reach it, then the surface mine goes no deeper.  Mining continues only until the maximum economic stripping ratio is reached.

Mine planning is an iterative process whereby the estimated volume of a potential orebody determines the size of the mine, which determines the production rate, which allows calculation of the cutoff grade, which constrains the orebody volume.  Thus, both technical and economic factors control the design of a mine.  The mining method is selected on the basis of mine size, production rate, and environmental factors.

In this paper, terrestrial surface mining methods are applied to hypothetical IGV orebodies produced by three sizes of impacts.  Some modifications will be needed; these are discussed below.

Small Impacts:  In this case, radius R and thickness r are of similar magnitude.  The entire crater is excavated, including the ore and the waste beneath the crater.  The waste is either mixed with the ore during excavation (resulting in high dilution) or removed separately and stockpiled elsewhere.  The smaller the impact, the less the waste and the lower the stripping ratio, thus the cheaper it is to mine (all else held equal).

This is basic open-pit mining, which produces a large part of the aggregate used in construction on Earth.  The major mine design factors are pit size vs. equipment size, with respect to working room, and steepness of the excavation walls.  The upper size limit of this class of orebody will constrain the equipment types, but slushers and other small-scale mining machines derived from dozers and front-end loaders are expected to be most economic.  Safe slope angles are controlled by material cohesion and internal friction angle, and may be somewhat steeper than in terrestrial practice.

Large Impacts:  Here, not only is R significantly larger than r, but the IGV-enriched zone extends too deep to be fully mined (i.e., the stripping ratio is too high).  The most efficient approach is to adapt area mining techniques, developed for large-scale surface mining of near-horizontal coal seams, for partial extraction of steeply dipping orebodies.

Area, or furrow, mining consists of removing the overburden to expose the mineral beneath, and redepositing the overburden in an immediately adjacent area where the mineral has just been removed.  A major planning objective is to minimize rehandling of material (on Earth, it costs on average 25¢ every time a cubic meter of material is picked up and put down).  A time-lapse movie of an area mine would show a trench – the locus of material extraction – moving slowly across the landscape, leaving the mined land behind it looking little different than the pristine land ahead of it.  The trench can be several hundred meters long.  It moves in a direction perpendicular to its long axis.  The waste, also called spoil, is bulldozed to approximate the prior landform.

Area mining could be applied to IGV orebodies even though some of their basic characteristics are much different from those of a horizontal coal seam.   The trench would be short relative to terrestrial practice, and it would progress in a circle around the impact point, filling behind it as it goes (Fig 2).  For economic reasons, the starting point (the key cut) should contain the highest exposed IGV concentration.

Larger equipment would be used than in the small-impact mines, leading to economies of scale.  Possible examples include draglines for stripping overburden and power shovels, hydraulic excavators, front-end loader analogs, or bucketwheel excavators loading trucks or conveyors with ore.  

One possible drawback of this method is that the at-depth portions of the IGV orebody are re-buried; if technology or economics improve, it would be more difficult to return and mine the deeper portions.

Medium Impacts:  Medium orebodies are those that are intermediate in size between the two other classes.  This may be the most difficult and least economic configuration to mine.  Area mining as modified for large impacts would leave an untouched hill of low-grade regolith in the center of the mine lower than the surrounding regolith plain.  The wedge shape of a pit advancing in a small-radius circle would become a factor in equipment selection.  The logistics of waste backfilling and the attendant reclamation also would be more complex.

Conclusions:  Although the existence of these IGV zones has only been postulated, it is likely that some material of interest does form bowl-shaped geometries when regolith is struck by impacting objects.  The Moon is the premium near-space location for impact-generated materials, due to its absence of atmosphere.  The unusual shape of these potential orebodies provides an opportunity to evaluate some well-known terrestrial surface mining methods for producing materials to support the exploration and development of space.  
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Fig 2.  Details of area mining applied to a large-crater IGV orebody.  The key cut was started in the northeast quadrant.





Fig 1.  Possible surface mine configurations for IGV.  The width of the ore zone, r, is constant, but radius, R, varies.  d is maximum economic pit depth.



























