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MAP DESCRIPTION
This map is based on data from the Lunar Orbiter Laser Altimeter (LOLA; Smith and 

others, 2010), an instrument on the National Aeronautics and Space Administration (NASA) 
Lunar Reconnaissance Orbiter (LRO) spacecraft (Tooley and others, 2010). The image used for 
the base of this map represents more than 6.5 billion measurements gathered between July 2009 
and July 2013, adjusted for consistency in the coordinate system described below, and then 
converted to lunar radii (Mazarico and others, 2012). Elevations were computed by subtracting 
the lunar reference radius of 1737.4 kilometers (Lunar Reconnaissance Orbiter Project Lunar 
Geodesy and Cartography Working Group, 2008; Archinal and others, 2011) from the surface 
radius measurements. Thus elevation values are the distance above or below the reference 
sphere. The average accuracy of each point after crossover correction is better than 20 meters (m) 
in horizontal position and ~1 m in radius (Mazarico and others, 2012). For the Mercator portion, 
these measurements were converted into a digital elevation model (DEM; Neumann and others, 
2011) using Generic Mapping Tools software (Wessel and Smith, 1998), with a resolution of 
0.015625 degrees per pixel, or 64 pixels per degree. In projection, the pixels are 473.8 m in size 
at the equator. Gaps between tracks of 1–2 km are common, and some gaps of as much as 4 km 
occur near the equator. DEM points located in these gaps were filled by interpolation (Smith and 
others, 2011). For the polar portion, the LOLA elevation points were used to create a DEM at 
240 meters per pixel. The high and low elevations noted on the map and listed on the scale bar 
are approximate.

PROJECTION
The Mercator projection is used between latitudes ±57°, with a central meridian at 0° 

longitude and latitude equal to the nominal scale at 0°. The Polar Stereographic projection is used 
for the regions north of the +55° parallel and south of the –55° parallel with a central meridian 
set for both at 0° and a latitude of true scale at +90° and -90° respectively. The adopted spherical 
radius used to define the map scale is 1737.4 km (Lunar Reconnaissance Orbiter Project Lunar 
Geodesy and Cartography Working Group, 2008; Archinal and others, 2011).

COORDINATE SYSTEM
The LOLA data were initially referenced to an internally consistent inertial coordinate 

system, derived from tracking of the LRO spacecraft. By adopting appropriate values for the 
orientation of the Moon as defined by the International Astronomical Union (IAU; Archinal and 
others, 2011), these inertial coordinates were converted into the planet-fixed coordinates 
(longitude and latitude) used on this map. The coordinate system defined for this product is the 
mean Earth/polar axis (ME) system, sometimes called the mean Earth/rotation axis system. The 
ME system is the method most often used for cartographic products of the past (Davies and 
Colvin, 2000). Values for the orientation of the Moon were derived from the Jet Propulsion 
Laboratory Developmental Ephemeris (DE) 421 planetary ephemeris (Williams and others, 2008; 
Folkner and others, 2008; 2009) and rotated into the ME system.

Longitude increases to the east and latitude is planetocentric as allowed in accordance with 
current international and NASA standards (Lunar Reconnaissance Orbiter Project Lunar Geodesy 
and Cartography Working Group, 2008; Archinal and others, 2011). The intersection of the lunar 
equator and prime meridian occurs at what can be called the Moon’s “mean sub-Earth point.” 
The concept of a lunar “sub-Earth point” derives from the fact that the Moon’s rotation is tidally 
locked to the Earth. The actual sub-Earth point on the Moon varies slightly due to orbital 
eccentricity, inclination, and other factors, so a “mean sub-Earth point” is used to define the point 
on the lunar surface where longitude equals 0°. This point does not coincide with any prominent 
crater or other lunar surface feature (Lunar Reconnaissance Orbiter Project Lunar Geodesy and 
Cartography Working Group, 2008; Archinal and others, 2011).

MAPPING TECHNIQUES 
To create the topographic base image, the original DEM that was produced by the LOLA 

team in the Simple Cylindrical projection with a resolution of 64 pixels per degree, was projected 
into the Mercator and Polar Stereographic pieces. A shaded relief map was generated from each 
DEM with a sun angle of 45° from horizontal and a sun azimuth of 270°, as measured clockwise 
from north with no vertical exaggeration. The DEM values were then mapped to a global color 
look-up table, with each color representing a range of 1 km of elevation. These two files were 
then merged and scaled to 1:10,000,000 for the Mercator part, and 1:6,078,683 for the two Polar 
Stereographic parts with a resolution of 300 pixels per inch. The two projections have a common 
scale at ±56° latitude.

NOMENCLATURE 
Names on this sheet are approved by the IAU. Only larger features shown. For a complete list 

of the IAU-approved nomenclature for the Moon, see the Gazetteer of Planetary Nomenclature at 
http://planetarynames.wr.usgs.gov.
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MAP DESCRIPTION
This map is based on data from the Lunar Orbiter Laser Altimeter (LOLA; Smith and 

others, 2010), an instrument on the National Aeronautics and Space Administration (NASA) 
Lunar Reconnaissance Orbiter (LRO) spacecraft (Tooley and others, 2010). The image used for 
the base of this map represents more than 6.5 billion measurements gathered between July 2009 
and July 2013, adjusted for consistency in the coordinate system described below, and then 
converted to lunar radii (Mazarico and others, 2012). Elevations were computed by subtracting 
the lunar reference radius of 1737.4 kilometers (Lunar Reconnaissance Orbiter Project Lunar 
Geodesy and Cartography Working Group, 2008; Archinal and others, 2011) from the surface 
radius measurements. Thus elevation values are the distance above or below the reference 
sphere. The average accuracy of each point after crossover correction is better than 20 meters (m) 
in horizontal position and ~1 m in radius (Mazarico and others, 2012). For the Mercator portion, 
these measurements were converted into a digital elevation model (DEM; Neumann and others, 
2011) using Generic Mapping Tools software (Wessel and Smith, 1998), with a resolution of 
0.015625 degrees per pixel, or 64 pixels per degree. In projection, the pixels are 473.8 m in size 
at the equator. Gaps between tracks of 1–2 km are common, and some gaps of as much as 4 km 
occur near the equator. DEM points located in these gaps were filled by interpolation (Smith and 
others, 2011). For the polar portion, the LOLA elevation points were used to create a DEM at 
240 meters per pixel. The high and low elevations noted on the map and listed on the scale bar 
are approximate.

PROJECTION
The Mercator projection is used between latitudes ±57°, with a central meridian at 0° 

longitude and latitude equal to the nominal scale at 0°. The Polar Stereographic projection is used 
for the regions north of the +55° parallel and south of the –55° parallel with a central meridian 
set for both at 0° and a latitude of true scale at +90° and -90° respectively. The adopted spherical 
radius used to define the map scale is 1737.4 km (Lunar Reconnaissance Orbiter Project Lunar 
Geodesy and Cartography Working Group, 2008; Archinal and others, 2011).

COORDINATE SYSTEM
The LOLA data were initially referenced to an internally consistent inertial coordinate 

system, derived from tracking of the LRO spacecraft. By adopting appropriate values for the 
orientation of the Moon as defined by the International Astronomical Union (IAU; Archinal and 
others, 2011), these inertial coordinates were converted into the planet-fixed coordinates 
(longitude and latitude) used on this map. The coordinate system defined for this product is the 
mean Earth/polar axis (ME) system, sometimes called the mean Earth/rotation axis system. The 
ME system is the method most often used for cartographic products of the past (Davies and 
Colvin, 2000). Values for the orientation of the Moon were derived from the Jet Propulsion 
Laboratory Developmental Ephemeris (DE) 421 planetary ephemeris (Williams and others, 2008; 
Folkner and others, 2008; 2009) and rotated into the ME system.

Longitude increases to the east and latitude is planetocentric as allowed in accordance with 
current international and NASA standards (Lunar Reconnaissance Orbiter Project Lunar Geodesy 
and Cartography Working Group, 2008; Archinal and others, 2011). The intersection of the lunar 
equator and prime meridian occurs at what can be called the Moon’s “mean sub-Earth point.” 
The concept of a lunar “sub-Earth point” derives from the fact that the Moon’s rotation is tidally 
locked to the Earth. The actual sub-Earth point on the Moon varies slightly due to orbital 
eccentricity, inclination, and other factors, so a “mean sub-Earth point” is used to define the point 
on the lunar surface where longitude equals 0°. This point does not coincide with any prominent 
crater or other lunar surface feature (Lunar Reconnaissance Orbiter Project Lunar Geodesy and 
Cartography Working Group, 2008; Archinal and others, 2011).

MAPPING TECHNIQUES 
To create the topographic base image, the original DEM that was produced by the LOLA 

team in the Simple Cylindrical projection with a resolution of 64 pixels per degree, was projected 
into the Mercator and Polar Stereographic pieces. A shaded relief map was generated from each 
DEM with a sun angle of 45° from horizontal and a sun azimuth of 270°, as measured clockwise 
from north with no vertical exaggeration. The DEM values were then mapped to a global color 
look-up table, with each color representing a range of 1 km of elevation. These two files were 
then merged and scaled to 1:10,000,000 for the Mercator part, and 1:6,078,683 for the two Polar 
Stereographic parts with a resolution of 300 pixels per inch. The two projections have a common 
scale at ±56° latitude.

NOMENCLATURE 
Names on this sheet are approved by the IAU. Only larger features shown. For a complete list 

of the IAU-approved nomenclature for the Moon, see the Gazetteer of Planetary Nomenclature at 
http://planetarynames.wr.usgs.gov.
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Abstract
The idea of mining the Moon, once purely science-fiction, 

is now on the verge of becoming reality. Taking advantage of 
the resources on the Moon is part of the plans of many nations 
and some enterprising commercial entities; demonstrating in-situ 
(in place) resource utilization near the lunar south pole is an 
explicit goal of the United States’ Artemis program. Economic 
extraction and sustainable management of these resources 
require understanding the nature, quantity, and quality of each 
resource. This publication aims to provide a relatively simple, but 
technically rigorous, assessment of the status of lunar resource 
exploration in 2022.

Building on the experience of the U.S. Geological Survey in 
conducting resource assessments for Earth, we propose a general 
methodology for quantitative lunar resources assessments. Lunar 
resources can be categorized as energy, mineral, and water and 
classified with respect to their certainty and their recoverability. 
The portion of the technically recoverable resource that can be 
converted to a commodity within budgetary and other mission 
constraints can be classified as a “reserve.”

For energy resources, solar energy is known to be especially 
abundant along some high ridges near the lunar poles and the 
technology to exploit it is mature. Mineral resources, largely in the 
form of loose rock powder that covers the surface of the Moon, 
are also widely accessible in large quantities. Many different 
technologies to convert this material into useful commodities 
(such as landing pads and oxygen) are currently being developed 
and are likely to be available for industrial-scale application within 
30 years. Water ice almost certainly exists in the polar regions of 
the Moon but there are fundamental unanswered questions about 
when and how the ice formed—leaving us without knowledge 
of the form, quantity, quality, and distribution of lunar ice. Until 
rover missions bring new ground truth data, lunar ice will remain 
a highly speculative resource that may be both limited and 
non-renewable.

Introduction
This report provides a brief overview of the state of lunar 

resource exploration in 2022 within the framework of the U.S. 
Geological Survey’s (USGS’s) more than 100 years of experience 
in conducting resource assessments on Earth. It focuses on how 

close we are to conducting quantitative assessments of lunar 
resources that would meet the USGS’s high standards for rigor 
and transparency. This report is intended to fill a gap between 
the popular and technical information currently available on this 
topic. We also note that, while the exploration of the Moon is an 
international endeavor, we focus on efforts by the United States, in 
general, and the National Aeronautics and Space Administration 
(NASA) Artemis program, in particular.

Lunar Resources

Even before the first Apollo astronauts blasted into space 
in 1968, it was clear that taking advantage of lunar resources 
would be essential for a sustained human presence on the Moon 
(Lowman, 1966). The United States’ current plans to return 
humans to the Moon, the NASA Artemis program, distinguishes 
itself from Apollo by aiming to establish sustainable lunar 
exploration (NASA, 2019). For this reason, Artemis is focused 
on establishing a base near the lunar south pole and one of its 
major goals is to demonstrate in-situ resource utilization—that 
is, the ability to generate useful products using local resources 
(NASA, 2020). In-situ resource utilization is also a rapidly 
expanding component of other government space programs as 
well as prospective commercial endeavors (International Space 
Exploration Coordination Group [ISECG], 2021).

Following the framework used by the USGS for resources 
on Earth, it is helpful to consider lunar resources in three major 
categories: energy, minerals, and water (fig. 1). Though each of 
these are discussed in this report, some background is needed 
first. When the USGS uses the term “resource,” it is referring to a 
concentration of a naturally occurring material in such form and 
amount that economic extraction of a commodity is feasible (U.S. 
Bureau of Mines and U.S. Geological Survey, 1980). For decades, 
a major stumbling block for developing in-situ resource utilization 
technology was that it was widely held that the 1967 Outer Space 
Treaty prohibited extraction of commodities from the Moon. 
However, national laws providing explicit legal permission for 
using space resources have been recently passed by some nations 
(for example, the Unites States in 2015, Luxembourg in 2017, and 
Japan in 2021). To end hypothetical discussions and establish a 
clear legal precedent, on August 23, 2021, NASA made a $0.10 
payment to a commercial provider for a lunar commodity (Turner, 
2021). The lack of legal challenges to this materially trivial case is 
expected to mitigate future legal action when larger quantities of 
lunar material are put to use.
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2    Assessment of Lunar Resource Exploration in 2022

Figure 1.  Three categories of lunar resources. These are the same three categories the U.S. Geological Survey uses for resources 
on Earth: energy, minerals, and water. A, Photograph from the Apollo 12 mission showing the unfiltered sunlight that bathes the 
Moon. National Aeronautics and Space Administration (NASA) photograph AS12-46-6806 by Charles “Pete” Conrad on November 19, 
1969. B, Photograph of anorthosite breccia sample 60215, similar to rocks expected near the south pole of the Moon, collected by the 
Apollo 16 mission. NASA photograph s72-44478. C, Map of water-equivalent hydrogen around the south pole of the Moon (from the 
Lunar Reconnaissance Orbiter’s Lunar Exploration Neutron Detector; data available in the Lunar QuickMap and method to calculate 
water-equivalent hydrogen from Sanin and others, 2017).
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As legal issues are being addressed, technical barriers to 
in-situ resource utilization are also being tackled. Currently, the 
maturity of the technology to extract and utilize lunar resources is 
varied. For example, the use of solar power for operations on the 
lunar surface was first accomplished by Luna 9 in 1966, and the 
related technologies have steadily improved on Earth and in space. 
The technologies for extracting minerals and water from the Moon 
are not as mature, but development efforts are underway across 
many entities including several new commercial endeavors and 
several national space programs (the European Space Agency, the 
China National Space Administration, the Israel Space Agency, 
the Indian Space Research Organization, and Roscosmos to 
name a few). NASA’s Space Technology Mission Directorate has 
multiple programs that fund a broad array of research into in-situ 
resource utilization technologies (Sanders, 2021). NASA has been 
investigating an architecture to process at least 15 metric tons of 
ice from near the lunar south pole to produce at least 10 metric 
tons of oxygen and 2 metric tons of hydrogen by the year 2030 
(Kleinhenz and Paz, 2020). Technology for constructing landing 
pads out of the lunar regolith (the layer of pulverized rock that 
covers the Moon’s surface) is another high priority for NASA 
(NASA, 2020). A variety of active technology development efforts 
are working toward using a mix of lunar resources that would 
sustain a human presence on the Moon (fig. 2).

As legal and technological challenges are being actively 
addressed, the remaining open issue is what lunar resources exist, 
where they can be found, and if they are in sufficient quantity and 
quality to make use of. There are two fundamentally different 
approaches to discovering resources: prospecting and exploration 
(fig. 3). Prospecting relies on a modicum of scientific knowledge 
and a great deal of luck to find economically viable deposits. 
Though risky, this approach may be the only viable option if very 
little information is available. In contrast, resource exploration 
is a multidisciplinary campaign that systematically identifies 
and reduces uncertainties and risk leading up to the decisions of 
if, where, how, and when to extract a resource. For the Moon, 

Figure 2.  Diagram showing 
different lunar resources 
and their uses. Energy is 
needed to convert water 
and mineral resources into 
useful commodities such as 
propellant and construction 
materials. All these resources 
can be found in the pulverized 
rock (regolith) that covers the 
lunar surface.
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a coordinated international resource evaluation campaign may 
be the most practical way to obtain the large amounts of data 
required for this approach (Neal and others, 2022). The output 
of the resource exploration process is typically presented as a 
report, called an assessment. If the assessment provides estimated 
amounts of the resource, and the uncertainties in those amounts, 
it is classified as a “quantitative resource assessment.” For major 
commercial endeavors in recent decades, this type of assessment 
is typically considered a prerequisite for making key decisions 
related to resource extraction. For industrial-scale lunar in-situ 
resource utilization to become a reality, obtaining quantitative 
assessments of lunar resources is arguably of similar importance as 
solving the legal and technological challenges.

USGS Resource Assessments

The USGS was established by Congress under the Organic 
Act of 1879 and charged with the “classification of public 
lands and the examination of the geological structure, mineral 
resources, and products of the national domain” (43 U.S.C. 31 
et seq.). Over its history, the USGS has become internationally 
recognized as a leader in providing reliable assessments of energy, 
minerals, and water resources (U.S. Geological Survey World 
Energy Assessment Team, 2000; Schulz and Briskey, 2003; 
Miller and others, 2021). This has been achieved by developing, 
and continually improving, methods to provide rigorous and 
transparent quantitative assessments in a format that can be 
understood by decisionmakers with varied technical expertise. In 
1962, the mandate to assess resources was expanded to “...outside 
the national domain...” (Public Law 87-626), which opened the 
door to assessing international as well as extraterrestrial resources. 
In 2017, the USGS published a study showing the feasibility 
of assessing resources in near-Earth asteroids with only modest 
modification of the methodologies used for assessing mineral 
resources on Earth (Keszthelyi and others, 2017). The USGS has 
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men22-7579_fig 03
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also investigated how its resource assessment methodologies 
could be applied to the Moon (Keszthelyi and others, 2018, 
2021, 2022).

 Although there are differences in the details of the 
USGS assessments conducted for energy, minerals, and 
water, there are also important fundamental principles that 
are consistent across all quantitative resource assessments.

•	 Rigorous—the most appropriate scientific and 
statistical methods are applied.

•	 Transparent—each assumption and step in the 
analysis is fully described.

•	 Quantitative—numerical values of key quantities 
(and uncertainties) are provided.

•	 Understandable—the key points are explained in 
terms all stakeholders understand.

The combination of these properties allows users of the 
assessment to verify that it is unbiased and trustworthy.

Figure 3.  Resource prospecting versus exploration. A, Prospector on Pike’s Peak, Colorado, around 1900. While the role of the 
individual prospector has been romanticized, few prospectors were supported beyond a minimum subsistence level (U.S. Forest 
Service, 1995). Photograph by William Henry Jackson, from the Detroit Publishing Company collection of the U.S. Library of Congress. 
B, Resource exploration is conducted by interdisciplinary teams of professional specialists, paving the way for large resource 
extraction operations that produce most commodities on Earth (U.S. Forest Service, 1995). Photographs by Jonathan Glen, U.S. 
Geological Survey (USGS) (top left); USGS (top middle); Andrew Cyr, USGS (top right); USGS (bottom).
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to mean the properties of the deposits have been directly 
measured within the area being assessed.

The recoverability, that is the maturity of technologies to 
convert lunar resources into useful commodities, is the other key 
consideration (fig. 4). We adopt the concept of a “technically 
recoverable” resource that is used in assessments of petroleum 
resources on Earth. Petroleum assessments found that it was 
important to limit consideration of new technologies to those 
that are likely to be available for commercial-scale production 
in a 30-year timeframe (Schmoker and Klett, 2005), and we 
suggest that this translates well to discussions of lunar resources 
as well. In terms of the widely used Technical Readiness 
Levels defined by NASA (fig. 5), this 30-year timeframe can be 
translated as technologies that are currently at level 3 or higher 
(that is, the concept has been proven to be viable at least in 
the laboratory). We use the term “unrecoverable” to mean the 
technology to convert the resource into a commodity does not 
currently exist and is not likely to exist within the next 30 years.

On Earth, the term “reserve” is limited to the portion 
of the resources that can be economically extracted (U.S. 
Bureau of Mines and U.S. Geological Survey, 1980). For the 
Moon, we currently cannot rely on market forces to define 
what is economical. Instead, we propose that for a deposit 
to be considered a reserve, the conversion to a commodity 
must be not just technically possible but also achievable 
within mission constraints. Space missions are constrained by 

Developing Quantitative Lunar Resource 
Assessments

We have recently used the framework of the established 
USGS resource assessment methodologies to consider lunar 
resources (Keszthelyi and others, 2018, 2021, 2022). In general, 
we find much of the USGS terminology from mineral resource 
assessments to be directly applicable to the Moon but do 
recommend some simplification and borrowing of terminology 
from energy assessments.

Resource Classification

Before discussing how to quantify lunar resources it 
is helpful to establish a classification system that provides 
the language to describe how usable a resource is (fig. 4). 
There are two key considerations: (1) do we know where the 
resource is, and (2) do we know how to convert the resource 
into a useful commodity (U.S. Bureau of Mines and U.S. 
Geological Survey, 1980). To describe the confidence in our 
knowledge of a resource, we use the terms “speculative” 
to mean there are theoretical and indirect reasons to expect 
deposits of the resource in the area, “inferred” to mean 
the properties of the deposits in the area are estimated by 
extrapolating from other well-studied regions, and “measured” 

Figure 4.  Diagram of proposed 
classification of lunar resources. 
Terminology combines and 
simplifies terms used by the U.S. 
Geological Survey for mineral 
and energy resources.
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multiple factors, including power, mass, volume, schedule, 
cost, and risk. Typical space missions do not have sufficient 
risk budgets to consider speculative or inferred deposits as 
reserves. However, there are exceptions. For example, it may 
be considered acceptable for a technology demonstration 
mission to go to a site that has only inferred deposits.

Quantitative Lunar Resource Assessment 
Methodology

A general methodology for conducting a quantitative 
lunar resource assessment can be derived from the three-part 
USGS quantitative mineral resource assessment methodology 
(Singer, 2007). This proposed methodology (fig. 6) provides 
a systematic process that breaks the problem into discrete 
segments, or models, that lead to a final report intended for a 
wide variety of decisionmakers and stakeholders.

As on Earth, a robust quantitative assessment of any 
lunar resource must start with an understanding of the 
processes that created each type of deposit of that resource. 
Note that we use the term “deposit” in a very generic sense 
meaning any occurrence of a resource; sunlight striking 
the surface of the Moon or a pocket of buried ice would be 
“deposits” of solar energy and water, respectively, in this 
terminology. The understanding of processes identifies the 
geologic and geographic settings in which the resource can 
be found, and which combination of measurements are most 
reliable in finding those settings. This thorough, qualitative 
understanding of the nature and context of the resource is 
necessary because, without it, an assessment could mix 
different types of deposits of a resource, a proverbial mixing 

Figure 5.  Diagram of Technical Readiness Levels as defined by the National Aeronautics and Space Administration (NASA). In 
practice, this system has become an international standard. Modified from NASA.

of apples and oranges that leads to statistical errors and 
incorrect conclusions. This understanding can be captured in 
a qualitative descriptive model in a standard format derived 
from descriptive models for mineral deposits on Earth (Heran, 
2000). Once the fundamental characteristics of a specific 
type of deposit of the resource are understood, it is possible 
to delineate the locations, or tracts, where such deposits are 
plausible. This spatial model is what ties the subsequent 
statistical analyses to specific locations on the Moon.

A quantitative resource assessment builds upon detailed 
analysis of one or more representative areas that contains 
the type of deposit being assessed. If the resource is found 
in discrete deposits, it is essential to determine the number 
of deposits in the area, leading to a deposit density model. 
However, the concept of a deposit density model is not 
readily applicable to many lunar resources, especially those 
that are derived from the regolith. Lunar regolith forms a 
nearly global layer that has consistent properties across large 
regions of the Moon except where punctured by recent impact 
craters. This is analogous to some petroleum resources on 
Earth, like shale gas, which are distributed relatively evenly 
across very wide areas (Schmoker, 2005). In such cases, 
the term “continuous deposit” is used. The experience from 
energy resource assessments indicates that, in these cases, it 
is not useful to provide an estimate of the total amount of the 
resource in a regional (or global) layer. Instead, there is more 
value in providing estimates of the amount of the resource 
per unit area of the surface. This is also in line with how solar 
energy, another widely distributed lunar resource, is typically 
quantified.

Whether the deposits are discrete or continuous, it 
is necessary to evaluate the variability in the quantity and 
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Figure 6.  Schematic diagram of the quantitative lunar resource assessment methodology. This is a modest modification of the U.S. Geological 
Survey (USGS) quantitative mineral resource assessment methodology (Singer, 2007), including relevant concepts from USGS energy resource 
assessments and terms more common in lunar science. The steps shown in green are essential, but the ones in blue may be skipped in some cases.
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quality of the resource within them. For minerals on Earth, 
the terms “grade” and “tonnage” are used, but we suggest 
the more generic terms of “quality” and “quantity” may 
be more appropriate for a generic lunar resource. It is 
important to emphasize that the focus is not on determining 
a single value for quantity but instead on understanding the 
variability in both quantity and quality. Without a robust 
understanding of how variable the deposits are, there can be 
no valid means to estimate the uncertainties in an assessment. 
The variabilities are best expressed in terms of probability 
distribution functions which can be readily incorporated into 
existing statistical tools and tests. As discussed previously, a 
consideration of what resources can be considered technically 
recoverable within a 30-year timeframe is also useful to 
incorporate.

The USGS has several different software tools for 
combining the information from spatial models, deposit 
density models, deposit quantity and quality models, and 
recoverability models to compute quantitative assessments for 
energy, minerals, and water. The tools vary in the specifics, 
especially related to data input and output formats, but they 
all rely on the Monte Carlo method to consider very large 
numbers of scenarios from which robust statistics can be 
calculated. Quantitative lunar resource assessments would 
follow a similar methodology, but as on Earth, software tools 
will need to be tailored to each type of resource. Depending 
on the nature of the deposits, it may be most appropriate and 
useful to report the results globally, on a tract-by-tract basis (as 
is typical for minerals on Earth), or on a gridded map product 
(as is sometimes done for continuous petroleum resources).

The final step is to report the assessment to the community of 
stakeholders, which for a lunar assessment, includes scientists who 

will review the assessment, decisionmakers within and outside 
of government, and those paying for the lunar exploration—
investors and taxpayers. The USGS has honed its communication 
techniques about resources on Earth over decades, which has 
provided lessons that are relevant for lunar resources. One 
example is how the probability distribution for the quantity of 
resource is reported. When there is ample information and the 
audience is comfortable with statistics, the information can be 
provided as a chart or table with values for multiple levels of 
confidence which is the best way to illustrate skew in probabilistic 
models. However, if the geologic information is less complete, 
experience has shown that providing just the minimum, median, 
and maximum expected values is the most appropriate (Singer, 
2007). In the case of the Moon, the 95 percent confidence level, 
which closely corresponds to two standard deviations in a 
normal distribution, seems an appropriate cut-off for the reported 
minimum and maximum values. We expect that lunar resource 
assessments will need to start at this basic level before there are 
sufficient data and understanding to merit reporting assessments in 
a more complex manner.

There are situations where a full quantitative assessment 
is either not warranted or not feasible. In these cases, more 
qualitative assessments can be completed. One example 
of such a product is termed a “prospectivity map,” which 
indicates which locations are more (or less) favorable for the 
presence of a specific resource. Several such maps have been 
recently produced and could feed into the spatial model of a 
quantitative assessment (for example, Kleinhenz and others, 
2020; Cannon and Britt, 2020; Orgel and others, 2022; Brown 
and others, 2022). In the following sections, we consider how 
amenable different lunar resources are to being quantitatively 
assessed and how they can be currently classified (table 1).

Developing Quantitative Lunar Resource Assessments    7
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Energy Resources on the Moon

Solar Energy

Energy is required for any activity. For space missions, 
energy has usually been provided by solar arrays or radioisotope 
thermal generators. Batteries and fuel cells have been used as 
a primary power source only for shorter duration missions but 
often serve as temporary storage (Patel, 2004). There are several 
considerations, including cost, that make solar power generally 
preferrable to radioisotope thermal generators. For most locations 
on the Moon, solar power is available during the 2-week-long day 
and then unavailable for the 2-week-long night. However, near 
the poles, there are crater interiors that are in permanent shadow 
and peaks that are illuminated nearly continuously (Mazarico and 
others, 2011). This provides the tantalizing possibility that future 
exploration to the coldest, permanently shadowed, polar regions 
could take advantage of power generated from nearby persistently 
illuminated ridges (Speyerer and others, 2016).

If we consider following the quantitative resource assessment 
workflow (fig. 6), there is sufficient information to construct a 
descriptive model, and the whole Moon can be considered a single 
deposit that is quite uniform except near the poles. The quantity 
and quality of solar power available on the lunar surface can 
be assessed to a high degree of certainty because (1) the energy 
output of the Sun is well known, (2) the relative position and 
orientation of the Moon with respect to the Sun are known with 
great precision, (3) the topography of the Moon is known globally 
to a scale of tens of meters and about  5 meters in some localities 
of special interest, and (4) there are no clouds or other weather-
related variability that could obstruct sunlight on the Moon. 
Maps that show the percent of the time each part of the Moon is 
illuminated already exist (fig. 7), allowing the quantity of available 
solar energy to be easily computed (Speyerer and Robinson, 
2013). The length of time without sunlight is a key metric of the 
quality of the available solar power that is readily calculated from 
the available data. In summary, existing studies have already 
identified the specific areas on the Moon that are particularly 
valuable for solar energy recovery. This does not negate the need 

for detailed analysis of any specific solar energy collection facility; 
for example, positioning solar arrays even 2 meters (7 feet) above 
the surface significantly increases the duration of illumination 
(Gläser and others, 2018).

Following the terminology in figure 4, solar energy can be 
classified as a measured technically recoverable lunar resource 
(table 1). Many missions, including the upcoming NASA Volatiles 
Investigating Polar Exploration Rover (VIPER) mission, would go 
a step further and consider solar energy a reserve. The technology 
to convert solar energy to electricity in space is mature (Technical 
Readiness Level 9 of fig. 5) and its efficiency continues to 
improve. Current (as of 2022) space-qualified arrays can exceed 
30 percent efficiency (Chamberlain and others, 2021), and can 
produce more than 400 watts per square meter if optimally pointed 
toward the Sun. Methods to deploy mirrors that concentrate solar 
energy are also being developed to melt or sinter (fuse a powder 
by heating short of complete melting) lunar materials without 
having to convert the energy to electricity first (Farries and others, 
2021). The most challenging part of utilizing solar energy on 
the surface of the Moon may well be landing on the surface and 
deploying collectors or arrays in the desired location. Though 
the existing topographic maps are adequate for showing how 
much illumination to expect across the Moon, they are not quite 
at the scale of typical landers and rovers. For multiple successful 
landings on Mars, the topographic requirement for landing site 
certification is to resolve 0.6-meter-tall (about 2 feet) boulders and 
slopes at 2- to 5-meter (7- to 20-foot) scales (Grant and others, 
2018). These requirements are met with the Mars Reconnaissance 
Orbiter High-Resolution Imaging Science Experiment (HiRISE) 
camera, which obtains images with a pixel scale of 25–30 
centimeters (9.8–12 inches) per pixel (McEwen and others, 
2007). The Lunar Reconnaissance Orbiter Camera (LROC) can 
obtain images at a comparable, 50 centimeters (20 inches) per 
pixel scale (Robinson and others, 2010). However, near the poles 
where illumination is often poor, images are typically acquired at 
100–200 centimeters (40–80 inches) per pixel to improve image 
quality. Thus, for landings in the polar regions, the current best 
topographic information is approximately three to four times 
worse than for recent successful Mars landings. This constitutes a 
considerable, but not insurmountable, technical challenge.

Potential lunar resource Current classification
Amenable to 
quantitative 
assessment

Recoverable with 
current technology

Plausible reserve in  
30 years

Solar energy Measured reserve Yes Yes Yes
3He Inferred unrecoverable resource Yes No Unknown
Bulk regolith Measured unrecoverable resource Yes No Yes
Regolith oxygen Measured unrecoverable resource Yes No Yes
Bound water and hydrogen Inferred unrecoverable resource Likely No Probably
Water ice Speculative unrecoverable resource Probably No Unknown

Table 1.  Summary of the state of several potential lunar resources for the Artemis program.

[Terms as defined in this report (fig. 4). 3He, heavy isotope of helium]
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Figure 7.  Illumination map of the 
south polar region of the Moon. 
Areas in black receive no sunlight, 
and areas in warmer colors are 
illuminated a greater fraction of 
the time. Many polar craters have 
permanently shadowed floors, 
making them cold enough to retain 
water ice, and the rims of some 
of these craters are illuminated at 
least 70 percent of the time (from 
the Lunar Reconnaissance Orbiter 
Camera; data available in the Lunar 
QuickMap and method to calculate 
illumination conditions from 
Speyerer and Robinson, 2013).

men22-7579_fig 07

0 70Percent illumination

Shoemaker

Shackleton

Sverdrup

Slater

de Gerlache

90° E

88° S

89° S

270° E

18
0°

 E
0°

Base image mosaic from National Aeronautics and Space Administration, 
Arizona State University, and Applied Coherent Technology Corp. Lunar 
QuickMap, 0.5 and 100 meter resolution

0 70Percent illumination

Helium-3

Another lunar energy resource that has been discussed 
in the past is the heavy isotope of helium (3He), which could 
fuel clean fusion reactors in the future (Schmitt, 2020). Found 
in small quantities in the solar wind, 3He is implanted into 
the lunar regolith in concentrations of 2.4–26 parts per billion 
by mass, as measured in samples from the Apollo 11 mission 
(Schmitt, 2006). This indicates that a kilogram of 3He would 
require processing approximately 100,000–1,000,000 metric 
tons of regolith (Schmitt, 2020). The solar wind bathes the 
entire Moon whenever it is outside of the Earth’s protective 
magnetosphere but the concentration of implanted 3He may 
not be homogenous. There is evidence that helium (He) is 
preferentially retained in regolith rich in the mineral ilmenite, 
which is scarce in the polar regions of the Moon (Fa and Jin, 
2007). At the same time, it is plausible that solar wind volatiles, 
including 3He, are preferentially retained in the colder parts 
of the Moon. This makes extrapolating our knowledge of 3He 
from the Apollo samples to where the Artemis program plans 

to build a base at the south pole very uncertain. However, since 
fusion reactors are in the research stage, and it is unclear if ones 
that use 3He will be producing power on an industrial scale in 
the next 30 years (Waldrop, 2020), there is little urgency in 
completing a formal assessment of 3He as a lunar resource. 
For now, 3He can be classified as an inferred unrecoverable 
resource (table 1).

Mineral Resources on the Moon
The Moon is almost entirely covered in a layer of pulverized 

rock called regolith. The only exceptions are bedrock exposures 
on steeper slopes such as crater rims. The regolith has many 
potential uses, but the ones that have garnered the most attention 
are (1) aggregate for construction and (2) feedstock for oxygen 
production. There are stated needs for both commodities to 
support the development of a lunar base in the second phase of the 
Artemis program (NASA, 2019).

Mineral Resources on the Moon    9
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Regolith for Construction

With the lunar surface covered with crushed rock, it is 
extremely inefficient to bring such material from Earth to 
construct a lunar base and the associated infrastructure such as 
landing pads and roads. In considering regolith for construction, 
we work through the steps required for a quantitative resource 
assessment (fig. 6). A thorough descriptive model for lunar 
regolith can be compiled thanks to the combination of returned 
samples, including multiple drive tubes and drill cores from 
the Apollo missions (fig. 8), and comprehensive remote 
sensing observations (Heiken and others, 1991). The constant 
bombardment of the Moon’s surface by particles ranging from 

Figure 8.  Images showing lunar regolith sampling during the Apollo missions. A, Photograph showing Apollo 15 Commander David Scott 
setting up a deep drill. National Aeronautics and Space Administration (NASA) photograph AS15-87-11847 taken by James Irwin. B, Photograph 
of a regolith core from the Apollo 16 mission opened at the Johnson Space Center in Houston, Texas. NASA photograph S74-21082. C, 
Microscope image of regolith sample 68501 from the Apollo 16 mission. Photograph from the NASA Apollo Virtual Microscope Collection.

large meteorites to cosmic rays has pulverized the rocks at 
the lunar surface, with 90 percent of the particles less than 1 
millimeter (0.04 inch) in size (Carrier, 2003). Owing to the 
absence of transport by wind or water, lunar particles are sharp, 
angular fragments (Heiken and others, 1991). Impacts are 
capable of melting and vaporizing some of the surface materials, 
resulting in frozen droplets of rock and coatings that cement 
particles together into clumps called agglutinates (Basu, 1977).

Over billions of years, the regolith layer is laterally 
and vertically mixed by impacts and the repeated shaking of 
distant impacts has fully compacted the regolith below about 
30 centimeters (about 12 inches) in depth (Heiken and others, 
1991). However, where the regolith has had less time to mature, 
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it is thinner and contains more large rocks. Younger regolith 
has also been subjected to less irradiation by the solar wind and 
cosmic rays. The extent of the radiation damage to the minerals 
can be detected by spectrometers on Earth-based telescopes 
and lunar orbiters, which provides a method to determine the 
relative age of the regolith termed “optical maturity” (Lucey 
and others, 2000; Lemelin and others, 2016). A map of optical 
maturity shows that the Moon is almost completely covered in 
mature regolith with only small spots and streaks of younger 
regolith (fig. 9). Visible and thermal images show that these 
areas are associated with recent impact craters that exhume 
fresh boulders from the bedrock under the regolith, creating 
local areas with younger and coarser regolith.

The idea that lunar regolith is effectively one global 
deposit with only modest variations is supported by global 
mapping with radar, infrared-ultraviolet spectroscopy, high-
resolution imaging, and gamma-ray spectrometry. This means 
a deposit density model is not needed for a lunar regolith 
assessment. However, it is important to quantify the variability 
in regolith particle sizes and the thickness since these would 
affect the quality and quantity of the regolith for construction. 
Based on the Apollo seismic experiments and the size of 
craters that contain exhumed bedrock, the regolith is on 
average about 5–20 meters (20–70 feet) deep (Nakamura and 
others, 1975; Elder and others, 2019). It is significantly thinner 
only on steep slopes (about 30 degrees) where loose material 
slides downhill under the influence of gravity. The variations 
in regolith depth, particle size, and surface slope have not 
been fully mapped and quantified, but there are sufficient data 

Figure 9.  Map of the relative 
age of the regolith (from 
the Multispectral Imager of 
the Japanese Kaguya lunar 
orbiter; data available in the 
Lunar QuickMap and method 
to calculate optical maturity 
parameter from Lemelin and 
others, 2016). Red and orange 
colors represent ejecta from 
recent craters where the 
regolith is young and unusually 
thin and rocky.
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to produce the quality and quantity models necessary for a 
quantitative assessment of regolith as a lunar resource (fig. 6).

For the technical and economic models (fig. 6), it is 
important to consider the likely uses for the regolith. Here, we 
focus on construction of basic infrastructure like landing pads 
and roads. Landing at unprepared sites on the Moon blasts 
regolith at high speed out from under the landing rockets, which 
would potentially damage not only nearby structures but also 
infrastructure in lunar orbit (Metzger and Mantovani, 2021; 
Metzger and Autry, 2022). Apollo 12’s lunar lander, Intrepid, 
sandblasted the Surveyor 3 robotic lander when it landed within 
200 meters (700 feet) of it. Damaging existing infrastructure 
was not an issue for the Apollo missions since each landing was 
at a completely new site. However, the Artemis program aims 
to develop a sustained base camp, which would be the site of 
repeated landings (and departures). Landing pads are explicitly 
noted as critical pieces of early infrastructure, and therefore, the 
development of the ability to build durable pads out of lunar 
regolith is a high priority for NASA (NASA, 2019). The pads 
may need to be augmented with circumferential protective 
berms to deflect the rocket exhaust. Regolith can also be used 
in the construction of paved roads to mitigate the hazards posed 
by mobilized lunar dust as well as protecting habitats from 
micrometeorite bombardment and radiation, all essential for 
establishment of a long-duration lunar base (Farries and others, 
2021).

A wide range of technologies are under active development 
to construct this essential infrastructure. These range from 
cages filled with coarse regolith for landing pad berms to 
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three-dimensional printing using a regolith-based cement to 
build habitat exteriors (for example, Metzger and Autry, 2022). 
There are efforts in many countries to develop the technology 
to cement regolith by partially melting it (a process called 
sintering) using microwaves, lasers, or even focused sunlight 
(Meurisse and others, 2018; Xu and others, 2019; Farries and 
others, 2021; Kim and others, 2021). All of these use fine, 
powdered rock. This makes the particle size distribution a key 
metric for the quality of the regolith for this use case.

The amount of regolith that can be considered technically 
recoverable in a 30-year timeframe may not be limited by geology 
but by extraction technology. The most mature excavating rover 
designed for the Moon has demonstrated an ability to extract 
regolith from a depth of about 2 meters (7 feet) on reasonably flat 
terrain in a laboratory setting (fig. 10). Assuming this capability, 
roughly 2 cubic meters (70 cubic feet), or more than 3 metric 
tons, of usable regolith can be extracted from every square meter 
of the lunar surface that excavators can access (that is, away 
from rare steep slopes and rocky terrain). Because the area of the 
Moon is close to 40 million square kilometers (about 15 million 
square miles), more than 100 million megatons of regolith can be 
considered a technically recoverable resource using technology 
expected to be developed in the next 30 years. For comparison, 
the United States produced close to 90 megatons of cement in 
2019 (U.S. Geological Survey, 2020). There are other technologies 
for producing landing pads that do not require excavation but 
rather require grading (smoothing) an area and then cementing or 
sintering the flat surface. Therefore, it can be important to specify 
the use case when assessing regolith as a resource. However, 
the existing data show that bulk lunar regolith is an abundant 
and readily accessible resource for many potential uses. While 
currently regolith should be classified as a measured unrecoverable 
resource, it can be expected to be a technically recoverable within 
30 years (table 1).

Figure 10.  Image of the 
Regolith Advanced Surface 
Systems Operations Robot 
(RASSOR) undergoing testing 
at National Aeronautics and 
Space Administration (NASA) 
Kennedy Space Center in Florida. 
In this photograph, RASSOR is 
demonstrating the capability to 
excavate to a depth approaching 
2 meters (7 feet) and transport 
materials to a processing 
facility. The vehicle is capable 
of driving over steep slopes (35 
degrees) and large boulders but 
significant excavations in such 
terrain are not achievable. NASA 
photograph by Drew Smith, used 
with permission.
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Regolith for Oxygen

Oxygen is primarily needed as a component of rocket 
propellant but can also be used to replenish life- support systems. 
NASA’s analysis assumes that the Artemis program will need 
about 10 metric tons of oxygen per year (Kleinhenz and Paz, 
2020). Most rocks contain large amounts of oxygen. This oxygen 
is tightly bound to other elements so, on Earth, rock is not used 
as a source of oxygen. However, with the application of sufficient 
energy, these molecular bonds can be broken and oxygen extracted 
from rock.

The information needed for the essential parts of a 
quantitative resource assessment for regolith as a source of 
oxygen exists. The descriptive model is the same as for regolith 
as a resource for construction. The ample data from samples and 
remote sensing exist for the quality and quantity models. The 
oxygen content of the lunar regolith varies by only a few percent 
from location to location, meaning we have samples of the same 
type of regolith we expect at the Artemis site. More specifically, 
at the Apollo 16 landing site in the Descartes region of the lunar 
highlands, where the regolith composition is most like that 
expected around the lunar poles, the material is slightly more than 
40 percent oxygen by mass. This means that, for a 5- to 20-meter-
thick (20- to 70-foot-thick) layer of regolith with a density close 
to 2,000 kilograms per cubic meter, there are 4 to 16 metric tons 
of oxygen per square meter of surface area. Currently, oxygen in 
regolith can be considered a measured unrecoverable resource 
(table 1).

However, the amount of oxygen that is technically 
recoverable in the 30-year timeframe is somewhat uncertain. 
Oxygen production requires not just excavating the regolith but 
also a process to extract the oxygen. At this time, three basic 
approaches are being extensively studied: hydrogen reduction, 
carbothermal reduction, and electrolysis (Schwandt and others, 
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2012; ISECG, 2021). All three work best with powdered rock, 
which means that coarse regolith particles need to be removed 
from the process. Hydrogen reduction flows hydrogen gas over 
regolith heated to about 1,000 degrees Celsius (°C) (1,800 degrees 
Fahrenheit [°F]), which causes a reaction that forms water vapor 
that is then condensed and split by electrolysis into oxygen and 
hydrogen. The hydrogen is recovered and sent back into the gas 
flow over the regolith to extract more oxygen. This process is 
only efficient in the presence of the mineral ilmenite, a titanium-
iron oxide that is found in small quantities in lunar lava flows. It 
can operate at lower efficiency if the regolith contains glass-rich 
agglutinates. Laboratory demonstrations of hydrogen reduction 
have been successfully completed using lunar simulants (Sargeant 
and others, 2021).

The second process, carbothermal reduction, is similar 
to hydrogen reduction but uses a carbon-bearing gas, such as 
methane (CH4). The reactions are more complex but are not 
dependent on the presence of ilmenite. The carbothermal reduction 
process starts with breaking down methane into hydrogen (H) and 
carbon (C). Then the carbon reacts with oxygen (O) in molten 
regolith to produce carbon monoxide (CO), which is then split 
into oxygen and carbon. The carbon can be recombined with the 
hydrogen to create methane that can be recycled to extract more 
oxygen. Initial laboratory testing with lunar highlands simulants 
indicate that the process can produce oxygen, but substantial 
technical challenges remain, such as efficiently mixing the gas and 
molten regolith and the high temperature (greater than 1,200 °C 
[2,200 °F]) required to melt the regolith (Balasubramaniam and 
others, 2010; Linne and others, 2021).

The third process, electrolysis, is the conceptually simplest 
process, where molten rock is subjected to a voltage difference 
across two electrodes. Negatively charged ions, mostly oxygen, 
will accumulate at one electrode and positively charged ions, 
mostly metals, will accumulate at the other electrode (Schreiner 
and others, 2016). Electrolysis can operate at around 900 °C 
(1,600 °F) with powdered rock mixed into a molten salt such as 
calcium chloride. This process has successfully been demonstrated 
in the laboratory and the residue is a metal alloy that may have 
other uses (Lomax and others, 2020).

At this point, no process to generate oxygen from regolith is 
sufficiently mature to make confident estimates of the efficiency 
that can be expected from a production plant. The electrolysis 
process has removed 96 percent of the oxygen in a lunar simulant 
under laboratory conditions (Lomax and others, 2020), whereas 
hydrogen reduction has extracted only 1–4 percent from ilmenite-
bearing regolith and less than 0.1 percent from ilmenite-poor 
regolith (Sargeant and others, 2021). If we assume, for illustrative 
purposes, that in 30 years about 10 percent of the oxygen can 
be converted to a useful commodity, and that the regolith can be 
excavated to a depth of about 2 meters (7 feet), the technically 
recoverable oxygen would be about 120 kilograms per square 
meter of the surface. Across the entire Moon, this translates into a 
technically recoverable resource of nearly 5 million megatons of 
oxygen, or approximately one-twentieth of the amount contained 
in the Earth’s atmosphere. In more practical terms, it means 
that NASA’s estimated need for 10 metric tons of oxygen per 

year could be supplied by processing just over 160 cubic meters 
(5,600 cubic feet) of regolith per year, which can be provided 
by digging to a depth of 2 meters (7 feet) across an area of 8×10 
meters (25×32 feet). For comparison, this is about the size of a 
large backyard swimming pool. However, if the efficiency is only 
around 0.1 percent, an area slightly larger than a football field 
would need to be processed each year.

Water and Hydrogen Resources on the 
Moon

We note that hydrogen and water are often conflated when 
discussing lunar resources. This is because water can be produced 
on the Moon if hydrogen is obtained, but hydrogen is rare on 
the Moon whereas oxygen is abundant. Water is an especially 
desirable resource because it has many different uses, the most 
prominent of which are for life-support systems and propellant for 
rocket engines However, the system selected by NASA in 2021 to 
land humans on the Moon burns oxygen and methane, not oxygen 
and hydrogen. Hydrogen is also particularly good at absorbing 
neutrons, and thus water is useful for radiation shielding. A 
sustained base on the Moon is also likely to use plants as part of 
the life-support cycle, necessitating additional water.

Water and Hydrogen from Regolith

Small quantities of hydrogen bound to oxygen in different 
ways can be found in the lunar regolith (Jolliff and others, 
2018). As already discussed, there is adequate information on 
the regolith itself to conduct an assessment—the key questions 
revolve around the amount and form of water or hydrogen in 
the regolith. This means building the descriptive, spatial, quality, 
and quantity models for a quantitative assessment (fig. 6) is not 
simple. Volcanic eruptions are one source of hydrogen, bringing 
hydrogen from the deep interior of the Moon to the surface. Our 
current understanding of lunar volcanism is imperfect but should 
suffice to create a descriptive model that has an emphasis on 
deposits from gas-rich lava fountains. These types of volcanic 
deposits can be reliably identified and mapped globally from 
orbit (for example, Gaddis and others, 1985; Gustafson and 
others 2012), which can provide a good spatial model for this 
resource. Laboratory analyses of the small volcanic glass beads 
found in the deposits from lunar lava fountains have discovered 
microscopic sections that contain as much as 270–1,200 parts per 
million water (Hauri and others, 2011). On average, the beads 
contain 15–30 parts per million of trapped water (Saal and others, 
2008). Additionally, orbital spectral data have indicated that some 
volcanic deposits may locally have 150–400 parts per million of 
water (Milliken and Li, 2017). Taken together, these types of data 
provide the basis for constructing models of the deposit density, 
quantity, and quality. Because this water is tightly bound to the 
lava rocks, little has been lost even after billions of years but this 
water could also require heating to near the 1,200 °C (2,200 °F) 
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melting temperature for efficient extraction. There are multiple 
technologies under development (such as regolith sintering 
and oxygen extraction) that would heat regolith close to these 
temperatures (Meurisse and others, 2018; Xu and others, 2019; 
Farries and others, 2021; Kim and others, 2021), so it is plausible 
that a meaningful fraction of this water may be technically 
recoverable. However, there are no volcanic deposits near the 
south pole of the Moon, so this resource is not immediately 
relevant to current plans for the Artemis program.

Another source of hydrogen in the regolith is solar wind, 
which contains a stream of protons, which become hydrogen 
atoms with the addition of an electron. These solar wind 
protons impact the surface and can penetrate a few nanometers 
where some will interact with oxygen to form hydroxyl and 
water molecules (Housley and others, 1974). These hydrogen-
bearing molecules have been detected by various spectrometers 
(for example, Pieters and others, 2009; Sunshine and others, 
2009; Clark, 2009), a finding that is confirmed by laboratory 
measurements of the Apollo samples. The analyses of the 
samples indicate most of this hydrogen is trapped (as hydroxyl) 
in agglutinate particles containing between 30 and 500 parts per 
million of water. Agglutinates accumulate as regolith matures, 
so the water concentration in mature regolith may be around 
70 parts per million water (Liu and others, 2012). However, 
how these molecules are bound to the regolith is still not well-
understood and is a subject of active research. Some studies 
indicate that the hydrogen-bearing molecules are migrating to 
the poles (for example, Crider and Vondrak, 2002; Sunshine and 
others, 2009), potentially reaching a concentration of 500–
750  ppm in the upper few micrometers of the surface (Li and 
Milliken, 2017). Others indicate hydrogen-bearing molecules 
are relatively uniformly distributed across the Moon (Bandfield 
and others, 2018). It is also possible that the bound water is 
mobilized by meteorite showers (Benna and others, 2019). 
Taking the value of 70 parts per million that appears typical near 
the equator of the Moon, the 5- to 20-meter-thick (20- to 70-foot-
thick) global regolith layer could contain 30–100 billion tons of 
water-equivalent solar-wind hydrogen.

Extraction of the implanted hydrogen, hydroxyl, and (or) 
water from the lunar regolith may be possible by heating the 
material to 100–300 °C. How much hydrogen and water can be 
obtained by heating to different temperatures is under investigation 
(Hibbitts and others, 2011; Reiss, 2018; Reiss and others, 2019), 
and therefore, it is difficult to predict how effective this process 
will be. However, the studies to date indicate that obtaining 
10  parts per million of useful water-equivalent hydrogen seems 
plausible in most locations on the Moon and, optimistically, 
extracting 100 parts per million might be possible in the most 
favorable locations near the poles. This indicates that solar-wind-
implanted hydrogen could form a global technically recoverable 
resource greater than 1.5 billion metric tons of water-equivalent 
hydrogen. As a more practical measure, at a concentration of 
10  parts per million of water, 100 metric tons of regolith would 
need to be processed to generate 1 liter of water. If 100 parts per 
million can be extracted near the Artemis site, perhaps 10 metric 
tons of regolith will be needed to obtain 1 liter of water. This is 
equivalent to processing between 10 and 100 pickup truckloads of 
regolith for a liter of water (fig. 11).

In summary, more studies are required to understand the 
temporal and spatial variability of hydrogen implanted into the 
regolith in polar areas before a quantitative assessment can be 
completed. However, even in the absence of a formal quantitative 
assessment, it is clear that hydrogen is a widely distributed, 
highly accessible, but low-concentration resource. Recovering 
useful amounts of hydrogen from regolith appears technically 
feasible but will require processing large quantities of regolith. 
For now, hydrogen from regolith can be classified as an inferred 
unrecoverable resource (table 1).

Water and Hydrogen from Polar Ice

The idea that ice could be trapped in permanently 
shadowed craters near the lunar poles was first published in 
1961 by Watson and others. Radar experiments using antennas 
on Earth and the Clementine spacecraft flown by the U.S. 
Department of Defense were inconclusive but indicative of ice 
(Nozette and others, 1996). Hydrogen was definitively detected 
in 1998 by the neutron spectrometer onboard the NASA Lunar 
Prospector orbiter, with the data allowing as much as 6 billion 
tons of ice in the upper two meters of the Moon, (Feldman and 
others, 1998). New instruments, such as the Lunar Exploration 
Neutron Detector on the Lunar Reconnaissance Orbiter (LRO), 
and advances in data processing continue to strongly indicate 
the presence of water ice, but this method cannot pinpoint the 
location of the ice from orbit (Mitrofanov and others, 2010; 
Teodoro and others, 2010; Sanin and others, 2017). The LRO 
Diviner Lunar Radiometer Experiment thermal mapper showed 
that the temperatures in many of the permanently shadowed 
regions were consistently below 110 Kelvin (−260 °F), which 
has allowed ice to be stable for billions of years (Paige and 
others, 2010). Mapping by the Miniature Radio Frequency 
(mini-RF) radars onboard both Lunar Reconnaissance Orbiter 
and the Indian Chaandrayaan-1 orbiter found signals consistent 
with ice in many of the polar craters and in some surrounding 
areas (Spudis and others, 2013). Although the permanently 
shadowed craters do not receive direct sunlight, their floors 
have been sensed using Lunar Reconnaissance Orbiter’s laser 
altimeter (LOLA) and the Lyman Alpha Mapping Project 
(LAMP) camera which obtains images using reflected starlight. 
These detectors showed that some areas were unusually bright, 
consistent with some frost at the surface (Lucey and others, 
2014; Hayne and others, 2015; Qiao and others, 2019). Spectral 
data from the U.S. Moon Mineral Mapper (M3) instrument on 
the Indian Chaandrayan-1 orbiter support the interpretation 
that this brightening is indeed caused by numerous patches of 
surface water frost (Li and others, 2018). However, the different 
remote sensing instruments do not entirely agree on where the 
ice is located and do not provide consistent constraints on the 
quantity of ice. Some permanently shadowed areas appear to 
have less ice than others and some ice is indicated in regions 
where it can only be stable in the subsurface (Sanin and others, 
2017, Brown and others, 2022).

The most definitive detection of water on the Moon 
came in 2009 from the Lunar Crater Observation and Sensing 
Satellite (LCROSS) mission which observed the plume of 
material that was excavated during an impact into the coldest 
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Figure 11.  Illustration of the amount 
of lunar regolith that would need to be 
processed to produce 1 liter of water. The 
concentration of extractable hydroxyl 
and water molecules bound to the lunar 
regolith is typically about 10 parts per 
million (ppm) but may be as high as 100 
ppm in favorable locations near the poles. 
A typical modern full-sized pickup truck 
can haul about 1 metric ton.

Water and Hydrogen Resources on the Moon    15



16    Assessment of Lunar Resource Exploration in 2022

part of one of the coldest craters on the Moon, Cabeus, near the 
south pole (Colaprete and others, 2010). This was a particularly 
challenging observation, but analysis of the spectrum from the 
plume indicated that there was 5.6 percent water in the impacted 
surface. However, the uncertainties in this measurement were 
large, with a reported standard deviation of 2.9 percent. This 
means that at the 95 percent confidence level (that is, two 
standard deviations), the amount of ice in this location could 
be between 0 and 11 percent by mass. Along with water, the 
analysis indicated the presence of smaller amounts of other 
volatiles, such as hydrogen sulfide, ammonia, sulfur dioxide, 
carbon dioxide, and various organic compounds (Colaprete and 
others, 2010).

Although there are multiple lines of compelling evidence 
that substantial amounts of water ice exist in the lunar polar 
regions, determining exactly where the ice resides and how 
much of it exists is difficult. One of the key problems is that the 
hypotheses for when and how the ice deposits formed cannot be 
rigorously tested with the data in hand. One source of ice could 
be meteorites (that is, asteroids and comets), which primarily 
impacted the Moon prior to 3.7 billion years ago (Fassett and 
Minton, 2013). A second possible source is the volcanic gasses 
that accompanied the voluminous volcanic eruptions between 
3.9 and 2.5 billion years ago (Schultz and Spudis, 1983). A third 
source could be the slow accumulation of solar wind protons, a 
process that continues to this day (Crider and Vondrak, 2002). It 
is entirely possible that all three processes have contributed, but 
because each was active during different chapters of the Moon’s 
history, they could lead to different types and sizes of deposits. 
What this means for a quantitative lunar resource assessment 
for ice is that, not only do we not have a reliable descriptive 
model, but we do not even know how many different descriptive 
models will be needed.

Confounding the attempts to locate the ice and create a 
spatial model is the fact that the different measurements do not 
clearly agree on where ice exists. This is most likely because 
the different methods sense to different depths, but the vastly 
different spatial resolutions of the different measurements also 
complicate analyses (Kleinhenz and others, 2020). In terms 
of a quantitative lunar resource assessment rubric, this means 
that not only do we lack the information for any descriptive 
model(s), but also do not have a reliable spatial or deposit 
density model and have only a single measurement for a 
quality-quantity model. Therefore, using the terminology in 
figure 4, lunar ice is a speculative unrecoverable resource that 
we cannot reliably quantify at this time (table 1). This shortage 
of basic understanding means that, no matter what methodology 
is used, an assessment of lunar ice as a resource would be 
highly speculative. Two recent studies show a plausible range 
of the amount of ice on the Moon. Cannon and others (2020) 
considered 10,000 possible scenarios and suggested that as 
much as 1 billion metric tons of ice might be deeply buried 
within some polar craters. However, deeply buried ice is beyond 
our ability to detect so the presence of such deposits is purely 
hypothetical. Brown and others (2022) considered shallower 
detectable ice and suggested that several craters contain several 
million tons of ice. It is interesting that these numbers are 

consistent with the estimate provided by the late lunar science 
expert Paul Spudis. When asked by Air and Space Magazine 
in 2018, he speculated that there could be between 100 million 
and 1 billion metric tons. To put this number in perspective, it 
is the equivalent of between 0.1 and 1.0 cubic kilometers (0.02 
and 0.2 cubic miles) of water—the volume of a modest lake or 
reservoir (fig. 12). If this educated guess proves correct, lunar 
ice would be a limited resource. Coupled with the currently 
favored hypothesis that most of the ice was deposited billions 
of years ago from impacts (Cannon and others, 2020), lunar ice 
would also be non-renewable. These are conditions that provide 
impetus for decisionmakers to carefully manage a natural 
resource.

When it comes to the technology to extract the ice, a wide 
array of innovative ideas has been suggested. These include 
carrying ice-bearing regolith to an auger dryer (Collins and 
Erickson, 2021) or putting a tent over the regolith and heating 
it with microwaves or sunlight bounced off mirrors (Sowers 
and Dreyer, 2019). However, none of these concepts can be 
demonstrated to be end-to-end effective, even in a laboratory 
setting because we do not know how the ice is mixed with the 
regolith on the Moon. Fundamentally different technologies 
would need to be used if the ice is in the form of (1) a thin 
surface frost, (2) a thick layer of ice deeply buried under dry 
regolith, or (3) an intimate mixture of ice and regolith that 
is meters thick. A widely favored model assumes the ice is 
distributed in low concentration spread evenly in locations 
that have been persistently cold for billions of years (Cannon 
and Britt, 2020). Higher concentrations of ancient ice could 
also exist tens or hundreds of meters beneath the floor of 
some polar craters (Cannon and others, 2020). However, these 
hypotheses are untestable with the available orbital remote 
sensing data.

This situation will change once ground-truth observations 
are obtained by landers and rovers. These types of data are 
essential to understand how and when the ice was deposited. 
Observations of where and how the ice is distributed laterally 
and vertically at the scale of an excavator will provide 
the essential information needed to develop the density, 
quality, and quantity models for ice deposits. If this kind of 
knowledge can be obtained for at least one region, it should 
be possible to link it to the existing global remote sensing 
observations—making rigorous assessments of the lunar ice 
possible. The NASA Volatile Investigating Polar Exploration 
Rover (VIPER) mission, currently scheduled to launch in late 
2024, is designed to collect precisely the kind of ground-truth 
information required to start a quantitative lunar resource 
assessment (Colaprete and others, 2021).

When the quantitative assessment of lunar ice becomes 
possible, it is likely that contaminants will be a major concern, 
just as with water resource assessments on Earth. The 
quantitative lunar resource assessment methodology proposed 
here may need to be adjusted to incorporate experience that 
USGS and partner organizations have in considering water 
quality as part of their water resource assessments (for 
example, Yager and others, 2013; Wilson and others, 2014; 
Batt and others, 2017).
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Figure 12.  Maps showing 
examples of reservoirs in the 
United States that have volumes 
similar to the total amount of ice 
estimated to be on the Moon. A, 
Diamond Valley Lake, California, 
near San Diego has a volume of 
approximately 1 cubic kilometer 
(0.2 cubic miles), or 1 billion 
metric tons of water. B, Williams 
Fork Reservoir, Colorado, 
near Denver has a volume 
of approximately 0.1 cubic 
kilometer (0.02 cubic miles), or 
100 million metric tons of water.
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Summary
There are energy, mineral, and water resources on the Moon 

but their readiness to be assessed and used is not uniform (table  1). 
Solar power can be utilized in useful amounts with existing 
technology but there are technical challenges to installing arrays 
in optimal locations. The lunar regolith, the layer of pulverized 
rock found across the Moon, hosts multiple types of resources. 
Additionally, there are adequate data in hand to quantitatively 
assess most of these regolith resources. There are diverse maturing 
technologies to extract or use those resources for construction, 
oxygen, and even water, but not all are well-suited to the south 
polar region where the Artemis program plans to build a base camp. 
In terms of ice, however, there are fundamental gaps in knowledge 
that make it difficult to assess how much exists, let alone how 

much will be technically recoverable in a 30-year timeframe. Our 
understanding of lunar ice deposits is expected to greatly increase 
in the next few years as new landed missions explore the polar 
regions of the Moon. This will eventually permit an informed 
discussion about how to manage this valuable yet potentially scarce 
and non-renewable resource.

Acknowledgments
We are grateful for the helpful review comments from 

Marley Chertok, Kevin Cannon, and James Skinner. This 
publication was the result of a joint effort between the authors and 
the Moffett Field Publishing Service Center, especially Carolyn 
Donlin, Kathryn Pauls, and Cory Hurd.

Acknowledgments    17



18    Assessment of Lunar Resource Exploration in 2022

References Cited

Balasubramaniam, R., Gokoglu, S., and Hegde, U., 2010, 
The reduction of lunar regolith by carbothermal processing 
using methane: International Journal of Mineral Processing, 
v. 96, nos. 1–4, p. 54–61, https://doi.org/10.1016/j.
minpro.2010.06.001.

Bandfield, J.L., Poston, M.J., Klima, R.L., and Edwards, C.S., 
2018, Widespread distribution of OH/H2O on the lunar 
surface inferred from spectral data: Nature Geoscience, v.  11, 
p. 173–177, https://doi.org/10.1038/s41561-018-0065-0.

Basu, A., 1977, Steady state, exposure age, and growth of 
agglutinates in lunar soils, in Planetary and lunar surfaces, 
v. 3 of Proceedings of the Eighth Lunar Science Conference, 
Houston, March 14–18, 1977: New York, Pergamon Press; 
Geochimica et Cosmochimica Acta Supplement 8, v. 3, 
p.  3617–3632.

Batt, A.L., Furlong, E.T., Mash, H.E., Glassmeyer, S.T., and 
Kolpin, D.W., 2017, The importance of quality control in 
validating concentrations of contaminants of emerging 
concern in source and treated drinking water samples: 
Science of The Total Environment, v. 579, p. 1618–1628, 
https://doi.org/10.1016/j.scitotenv.2016.02.127.

Benna, M., Hurley, D.M., Stubbs, T.J., Mahaffy, P.R., and 
Elphic, R.C., 2019, Lunar soil hydration constrained by 
exospheric water liberated by meteoroid impacts: Nature 
Geoscience, v. 12, p. 333–338 , https://doi.org/10.1038/
s41561-019-0345-3.

Brown, H.M., Boyd, A.K., Denevi, B.W., Henriksen, 
M.R., Manheim, M.R., Robinson, M.S., Speyerer, E.J., 
and Wagner, R.V., 2022, Resource potential of lunar 
permanently shadowed regions: Icarus, v. 377, article 
114874, https://doi.org/10.1016/j.icarus.2021.114874.

Cannon, K.M., and Britt, D.T., 2020, A geologic model for 
lunar ice deposits at mining scales: Icarus, v. 347, article 
113778, https://doi.org/10.1016/j.icarus.2020.113778.

Cannon, K.M., Deutsch, A.N., Head, J.W., and Britt, D.T., 
2020, Stratigraphy of ice and ejecta deposits at the lunar 
poles: Geophysical Research Letters, v. 47, no. 21, 
e2020GL08892, https://doi.org/10.1029/2020GL088920.

Carrier, D.W., 2003, Particle size distribution of lunar 
soil: Journal of Geotechnical and Geoenvironmental 
Engineering, v. 129, no. 10, p. 956–959, https://doi.
org/10.1061/(ASCE)1090-0241(2003)129:10(956).

Chamberlain, M.K., Kiefer, S.E., LaPointe, M., and LaCorte, 
P., 2021, On-orbit flight testing of the Roll-Out Solar 
Array: Acta Astronautica, v. 179, p. 407–414, https://doi.
org/10.1016/j.actaastro.2020.10.024.

Clark, R.N., 2009, Detection of adsorbed water and hydroxyl on 
the Moon, Science, v. 326, no. 5952, p. 562–564, https://doi.
org/10.1126/science.1178105.

Colaprete, A., Schultz, P., Heldmann, J., Wooden, D., Shirley, 
M., Ennico, K., Hermalyn, B., Marshall, W., Ricco, A., Elphic, 
R.C., Goldstein, D., Summy, D., Bart, G.D., Asphaug, E., 
Korycansky, D., Landis, D., and Sollitt, L., 2010, Detection of 
water in the LCROSS ejecta plume: Science, v. 330, no. 6003, 
p. 463–468. https://doi.org/10.1126/science.1186986.

Colaprete, A., Elphic, R.C., Shirley, M., Ennico-Smith, K., 
Lim, D.S.S., Zacny, K., and Captain, J., 2021, The Volatiles 
Investigating Polar Exploration Rover (VIPER) mission—
Measurements and constraints [abs.], in 52d Lunar and 
Planetary Science Conference, virtual, March 14–19, 
2021, Program and Abstracts: Lunar and Planetary Science 
Conference, no. 1523, accessed February 20, 2023, at https://
www.hou.usra.edu/meetings/lpsc2021/pdf/1523.pdf.

Collins, J., Erickson, L.R., and Walton, O.R., 2021, Lunar Auger 
Dryer ISRU (LADI) Breadboard Testing and Model Validation 
[abs.], in 11th Joint Planetary and Terrestrial Mining Sciences 
Symposium and Space Resources Roundtable, 20th, virtual, 
June 7–11, 2021, Proceedings: Space Resources Roundtable, 
15-slide presentation, accessed February 20, 2023, at https://
ntrs.nasa.gov/citations/20210016645.

Crider, D.H., and Vondrak, R.R., 2002, Hydrogen migration to the 
lunar poles by solar wind bombardment of the moon: Advances 
in Space Research, v. 30, no. 8, p. 1869–1874, https://doi.
org/10.1016/S0273-1177(02)00493-3.

Elder, C. M., Douglass, B., Ghent, R. R., Hayne, P. O., 
Williams, J.-P., Bandfield, J. L., and Costello, E., 2019, The 
subsurface coherent rock content of the Moon as revealed by 
cold-spot craters: Journal of Geophysical Research, v. 124, 
no. 8, p. 3373–3384, https://doi.org/10.1029/2019JE006128.

Fa, W., and Jin, Y.-Q., 2007, Quantitative estimation of helium-3 
spatial distribution in the lunar regolith layer: Icarus, v. 190, 
no. 1, p. 15–23, https://doi.org/10.1016/j.icarus.2007.03.014.

Farries, K.W., Visintin, P., Smith, S.T., and van Eyk, P., 2021, 
Sintered or melted regolith for lunar construction—State-of-
the-art review and future research directions: Construction and 
Building Materials, v. 296, p. 15–23, https://doi.org/10.1016/j.
conbuildmat.2021.123627.

Fassett, C.I., and Minton, D.A., 2013, Impact bombardment of 
the terrestrial planets and the early history of the Solar System: 
Nature Geoscience, v. 6, p. 520–524, https://doi.org/10.1038/
ngeo1841.

Feldman, W.C., Maurice, S., Binder, A.B., Barraclough, B.L., 
Elphic, R.C., and Lawrence, D.J., 1998, Fluxes of fast and 
epithermal neutrons from Lunar Prospector—Evidence for 
water ice at the lunar poles: Science, v. 281, p. 1496–1500, 
https://doi.org/10.1126/science.281.5382.1496.

18    Assessment of Lunar Resource Exploration in 2022

https://doi.org/10.1016/j.minpro.2010.06.001
https://doi.org/10.1016/j.minpro.2010.06.001
https://doi.org/10.1038/s41561-018-0065-0
https://doi.org/10.1016/j.scitotenv.2016.02.127
https://doi.org/10.1038/s41561-019-0345-3
https://doi.org/10.1038/s41561-019-0345-3
https://doi.org/10.1016/j.icarus.2021.114874
https://doi.org/10.1016/j.icarus.2020.113778
https://doi.org/10.1061/(ASCE)1090-0241(2003)129:10(956)
https://doi.org/10.1061/(ASCE)1090-0241(2003)129:10(956)
https://doi.org/10.1016/j.actaastro.2020.10.024
https://doi.org/10.1016/j.actaastro.2020.10.024
https://doi.org/10.1126/science.1178105
https://doi.org/10.1126/science.1178105
https://doi.org/10.1126/science.1186986
https://doi.org/10.1016/S0273-1177(02)00493-3
https://doi.org/10.1016/S0273-1177(02)00493-3
https://doi.org/10.1029/2019JE006128
https://doi.org/10.1016/j.icarus.2007.03.014
https://doi.org/10.1016/j.conbuildmat.2021.123627
https://doi.org/10.1016/j.conbuildmat.2021.123627
https://doi.org/10.1038/ngeo1841
https://doi.org/10.1038/ngeo1841


References Cited    19

Gaddis, L.R., Pieters, C.M., and Ray Hawke, B., 1985, Remote 
sensing of lunar pyroclastic mantling deposits: Icarus, 
v. 61, no. 3, p. 461–489, https://doi.org/10.1016/0019-
1035(85)90136-8.

Gläser, P., Oberst, J., Neumann, G.A., Mazarico, E., Speyerer, 
E.J., and Robinson, M.S., 2018, Illumination conditions 
at the lunar poles—Implications for future exploration: 
Planetary and Space Science, v. 162, p. 170–178, https://doi.
org/10.1016/j.pss.2017.07.006.

Grant, J.A., Golombek, M.P., Wilson, S.A., Farley, K.A., 
Williford, K.H., and Chen, A., 2018, The science process 
for selecting the landing site for the 2020 Mars rover: 
Planetary and Space Science, v. 164, p. 106–126, https://doi.
org/10.1016/j.pss.2018.07.001.

Gustafson, J.O., Bell, J.F., III, Gaddis, L.R., Hawke, B.R., and 
Giguere, T.A., 2012, Characterization of previously unidentified 
lunar pyroclastic deposits using Lunar Reconnaissance Orbiter 
Camera data: Journal of Geophysical Research, v. 117, no. E12, 
https://doi.org/10.1029/2011JE003893.

Hauri, E.H., Weinreich, T., Saal, A.E., Rutherford, M.C., 
and Van Orman, J.A., 2011, High pre-eruptive water 
contents preserved in lunar melt inclusions: Science, 
v. 333, no.  6039, p. 213–215, https://doi.org/10.1126/
science.1204626.

Hayne, P.O., Hendrix, A., Sefton-Nash, E., Siegler, M.A., 
Lucey, P.G., Retherford, K.D., Williams, J.-P., Greenhagen, 
B.T., and Paige, D.A., 2015, Evidence for exposed 
water ice in the Moon’s south polar regions from Lunar 
Reconnaissance Orbiter ultraviolet albedo and temperature 
measurements: Icarus, v. 255, p. 58–69, https://doi.
org/10.1016/j.icarus.2015.03.032.

Heiken, G., Vaniman, D., and French, B.M., 1991, Lunar 
Sourcebook—A User’s Guide to the Moon: New York, 
Cambridge University Press, 736 p.

Heran, W.D., 2000, USGS mineral deposit models: U.S. 
Geological Survey Data Series 64, 1 CD–ROM, https://doi.
org/10.3133/ds64.

Hibbitts, C.A., Grieves, G.A., Poston, M.J., Dyar, M.D., 
Alexandrov, A.B., Johnson, M.A., and Orlando, T.M., 2011, 
Thermal stability of water and hydroxyl on the surface 
of the Moon from temperature-programmed desorption 
measurements of lunar analog materials: Icarus, v. 213, no.  1, 
p. 64–72, https://doi.org/10.1016/j.icarus.2011.02.015.

Housley, R.M., Cirlin, E.H., Paton, N.E., and Goldberg, I.B., 
1974, Solar wind and micrometeorite alteration of the lunar 
regolith, in Physical properties, v. 3 of Proceedings of the 
Fifth Lunar Conference, Houston, March 18–22, 1974: New 
York, Pergamon Press: Geochimica et Cosmochimica Acta 
Supplement 5, v. 3, p. 2623–2643.

International Space Exploration Coordination Group 
[ISECG], 2021, In-situ resource utilization gap assessment 
report: International Space Exploration Coordination 
Group, 124 p., accessed February 20, 2023, at https://
www.globalspaceexploration.org/wordpress/wp-content/
uploads/2021/04/ISECG-ISRU-Technology-Gap-
Assessment-Report-Apr-2021.pdf.

Jolliff, B.L., Wieczorek, M.A., Shearer, C.K. and Neal, 
C.R., eds., 2018, New Views of the Moon, v. 60, of 
Rosso, J.J., ed., Reviews in mineralogy and geochemistry: 
Berlin, Boston, De Gruyter, 772 p., https://doi.
org/10.1515/9781501509537.

Keszthelyi, L., Hagerty, J., Bowers, A., Ellefsen, K., Ridley, I., 
King, T., Trilling, D., Moskovitz, N., and Grundy, W., 2017, 
Feasibility study for the quantitative assessment of mineral 
resources in asteroids: U.S. Geological Survey Open-File 
Report 2017–1041, 28 p., https://doi.org/10.3133/ofr20171041.

Keszthelyi, L., Hagerty, J., Meinert, L.D., and Ridley, 
W.I., 2018, Applying the USGS resource assessment 
methodology to the Moon—Three very different cases 
[abs.], in Moon resources, technical session 7 of Space 
Resources Roundtable and the Planetary and Terrestrial 
Mining Sciences Symposium, 9th joint meeting, Golden, 
Colo., June 12–14, 2018, Proceedings: Space Resources 
Roundtable, accessed February 20, 2023, at https://isruinfo.
com/public/index.php?page=srr_19_ptmss#SRR_19_1.

Keszthelyi, L., Gabriel, T.S.J., Ostrach, L.R., and Crafford, 
T., 2021, Refining the concept of USGS lunar resource 
assessments [abs.], in Prospecting, sec. 1 of 11th Joint 
Planetary and Terrestrial Mining Science Symposium and 
Space Resources Roundtable Symposium, 20th, virtual, 
June 9, 2021, Proceedings: Space Resources Roundtable, 
accessed February 20, 2023, at https://af371d26-bb40-4de0-
aa20-6d6db63deccc.filesusr.com/ugd/ca23f5_5cc38c79e337
41f48d2d32da23d2792a.pdf.

Keszthelyi, L.P., Ostrach, L.R., Bennett, K.A., Coyan, 
J.A., and Gabriel, T., 2022, A proposed methodology for 
quantitative lunar resource assessments (QLRA) [abs.], 
in Resource Prospecting and Exploration, session 2 of 
Space Resources Roundtable Conference, 22d, Golden, 
Colo., June 7–10, 2022, Proceedings: Space Resources 
Roundtable, accessed February 20, 2023, at https://isruinfo.
com/public/index.php?page=srr_22.

Kim, Y.-J., Ryu, B.-H., Jin, H.W., Lee, J., and Shin H.-S., 
2021, Microwave sintering of lunar regolith simulant for 
manufacturing building elements, in van Susante, P.J., 
and Roberts, A.D., eds., Earth and Space 2021—Space 
exploration, utilization, engineering, and construction 
in extreme environments: Reston, Va., American 
Society of Civil Engineers, p. 985–991, https://doi.
org/10.1061/9780784483374.090.

References Cited    19

https://doi.org/10.1016/0019-1035(85)90136-8
https://doi.org/10.1016/0019-1035(85)90136-8
https://doi.org/10.1016/j.pss.2017.07.006
https://doi.org/10.1016/j.pss.2017.07.006
https://doi.org/10.1016/j.pss.2018.07.001
https://doi.org/10.1016/j.pss.2018.07.001
https://doi.org/10.1126/science.1204626
https://doi.org/10.1126/science.1204626
https://doi.org/10.1016/j.icarus.2015.03.032
https://doi.org/10.1016/j.icarus.2015.03.032
https://doi.org/10.3133/ds64
https://doi.org/10.3133/ds64
https://doi.org/10.1016/j.icarus.2011.02.015
https://www.globalspaceexploration.org/wordpress/wp-content/uploads/2021/04/ISECG-ISRU-Technology-Gap-Assessment-Report-Apr-2021.pdf
https://www.globalspaceexploration.org/wordpress/wp-content/uploads/2021/04/ISECG-ISRU-Technology-Gap-Assessment-Report-Apr-2021.pdf
https://www.globalspaceexploration.org/wordpress/wp-content/uploads/2021/04/ISECG-ISRU-Technology-Gap-Assessment-Report-Apr-2021.pdf
https://www.globalspaceexploration.org/wordpress/wp-content/uploads/2021/04/ISECG-ISRU-Technology-Gap-Assessment-Report-Apr-2021.pdf
https://doi.org/10.1515/9781501509537
https://doi.org/10.1515/9781501509537
https://isruinfo.com/public/index.php?page=srr_19_ptmss#SRR_19_1
https://isruinfo.com/public/index.php?page=srr_19_ptmss#SRR_19_1
https://af371d26-bb40-4de0-aa20-6d6db63deccc.filesusr.com/ugd/ca23f5_5cc38c79e33741f48d2d32da23d2792a.pdf
https://af371d26-bb40-4de0-aa20-6d6db63deccc.filesusr.com/ugd/ca23f5_5cc38c79e33741f48d2d32da23d2792a.pdf
https://af371d26-bb40-4de0-aa20-6d6db63deccc.filesusr.com/ugd/ca23f5_5cc38c79e33741f48d2d32da23d2792a.pdf
https://isruinfo.com/public/index.php?page=srr_22
https://isruinfo.com/public/index.php?page=srr_22
https://doi.org/10.1061/9780784483374.090
https://doi.org/10.1061/9780784483374.090


20    Assessment of Lunar Resource Exploration in 2022

Kleinhenz, J.E., and Paz, A., 2020, Case studies for lunar ISRU 
systems utilizing polar water, in ASCEND 2020 Meeting, 
virtual, November 16–18, 2020: American Institute for 
Aeronautics and Astronautics, paper 2020-4042, p. 1–13, 
https://doi.org/10.2514/6.2020-4042.

Kleinhenz, J., McAdam, A., Colaprete, A., Beaty, D., Cohen, B., 
Clark, P., Gruener, J., Schuler, J., and Young, K., 2020, Lunar 
Water ISRU Measurement Study (LWIMS)—Establishing a 
measurement plan for identification and characterization of a 
water reserve: National Aeronautics and Space Administration 
Technical Memorandum 20205008626, 44 p., accessed February 
20, 2023, at https://ntrs.nasa.gov/citations/20205008626.

Lemelin, M., Lucey, P.G., Gaddis, L.R., Hare, T., and Ohtake, 
M., 2016, Global map products from the Kaguya Multiband 
Imager at 512 ppd—Minerals, FeO, and OMAT [abs.]—Lunar 
and Planetary Science Conference, 47th, The Woodlands, Tex., 
March 21–25, 2016, Meeting Program: Lunar and Science 
Conference, no. 2994, accessed February 20, 2023, at https://
www.hou.usra.edu/meetings/lpsc2016/pdf/2994.pdf.

Li, S., and Milliken, R.E., 2017, Water on the surface of the 
Moon as seen by the Moon Mineralogy Mapper—Distribution, 
abundance, and origins: Science Advances, v. 3, no. 9, https://
doi.org/10.1126/sciadv.1701471.

Li, S., Lucey, P.G., Milliken, R.E., Hayne, P.O., Fisher, E., 
Williams, J.-P., Hurley, D.M., and Elphic, R.C., 2018, Direct 
evidence of surface exposed water ice in the lunar polar regions: 
Proceedings of the National Academy of Sciences, v. 115, 
no.  36, p. 8907–8912, https://doi.org/10.1073/pnas.1802345115.

Linne, D.L., Thomas, F., Gruener, J.E., Rickman, D.L., and 
Compton, B.M., 2021, Current research in soil seals, water 
stability, and simulant behavior [abs.], in Asteroids/Simulants, 
sec. 2 of 11th Joint Planetary and Terrestrial Mining Science 
Symposium and Space Resources Roundtable, 20th, virtual, 
June 7–11, 2021, Proceedings: Space Resources Roundtable, 
accessed February 20, 2023, at https://af371d26-bb40-4de0-
aa20-6d6db63deccc.filesusr.com/ugd/ca23f5_5cc38c79e33741f
48d2d32da23d2792a.pdf.

Liu, Y., Guan, Y., Zhang, Y., Rossman, G.R., Eiler, J.M., and 
Taylor, L.A., 2012, Direct measurement of hydroxyl in the 
lunar regolith and the origin of lunar surface water: Nature 
Geoscience, v. 5, p. 779–782, https://doi.org/10.1038/ngeo1601.

Lomax, B.A., Conti, M., Khan, N., Bennett, N.S., Ganin, A.Y., and 
Symes, M.D., 2020, Proving the viability of an electrochemical 
process for the simultaneous extraction of oxygen and 
production of metal alloys from lunar regolith: Planetary 
and Space Science, v. 180, article 104748, 10 p., https://doi.
org/10.1016/j.pss.2019.104748.

Lowman, P.D. Jr., 1966, Lunar resources—Their value in 
lunar and planetary exploration: National Aeronautics and 
Space Administration Technical Memorandum X-55673, 
36 p., accessed February 20, 2023, at https://ntrs.nasa.gov/
citations/19670009304.

Lucey, P.G., Blewett, D.T., Taylor, G.J., and Hawke, B.R., 2000, 
Imaging of lunar surface maturity: Journal of Geophysical 
Research, v. 106, no. E8, p. 20377–20386, https://doi.
org/10.1029/1999JE001110.

Lucey, P.G., Neumann, G.A., Riner, M.A., Mazarico, E., Smith, 
D.E., Zuber, M.T., Paige, D.A., Bussey, D.B., Cahill, J.T., 
McGovern, A., Isaacson, P., Corley, L.M., Torrence, M.H., 
Melosh, H.J., Head, J.W., and Song, E., 2014, The global 
albedo of the Moon at 1064 nm from LOLA: Journal of 
Geophysical Research, v. 119, no. 7, p. 1665–1679, https://doi.
org/10.1002/2013JE004592.

Mazarico E., Neumann G.A., Smith D.E., Zuber, M.T., and 
Torrence, M.H., 2011, Illumination conditions of the lunar 
polar regions using LOLA topography: Icarus, v. 211, no. 2, 
p. 1066–1081, https://doi.org/10.1016/j.icarus.2010.10.030.

McEwen, A.S., Eliason, E.M., Bergstrom, J.W., Bridges, N.T., 
Hansen, C.J., Delamere, W.A., Grant, J.A., Gulick, V.C., 
Herkenhoff, K.E., Keszthelyi, L., Kirk, R.L., Mellon, M.T., 
Squyres, S.W., Thomas, N., and Weitz, C.M., 2007, Mars 
reconnaissance Orbiter’s high resolution imaging science 
experiment (HiRISE): Journal of Geophysical Research, v. 112, 
no. E5, 40 p., https://doi.org/10.1029/2005JE002605.

Metzger, P.T., and Mantovani, J.G., 2021, The damage to lunar 
orbiting spacecraft caused by the ejecta of lunar landers, in van 
Susante, P.J., and Roberts, A.D., eds., Earth and Space 2021—
Space exploration, utilization, engineering, and construction in 
extreme environments, 17th Biennial International Conference 
on Engineering, Science, Construction, and Operations in 
Challenging Environments, virtual, April 19–23, 2021: Reston, 
Va., American Society of Civil Engineers, p. 136–145, https://
doi.org/10.1061/9780784483374.014.

Metzger, P.T. and Autry, G.W., 2022, The Cost of Lunar 
Landing Pads with a Trade Study of Construction Methods: 
Cornell University Library, 50 p., https://doi.org/10.48550/
arXiv.2205.00378.

Meurisse, A., Makaya, A., Willsch, C., and Sperl, M., 2018, 
Solar 3D printing of lunar regolith: Acta Astronautical, v. 152, 
p.  800–810, https://doi.org/10.1016/j.actaastro.2018.06.063.

Mitrofanov, I.G., Sanin, A.B., Boynton, W.V., Chin, G., Garvin, 
J.B., Golovin, D., Evans, L.G., Harshman, K., Kozyrev, A.S., 
Litvak, M.L., Malakhov, A., Mazarico, E., Mcclanahan, T., 
Milikh, G., Mokrousov, M., Nandikotkur, G., Neumann, 
G.A., Nuzhdin, I., Sagdeev, R., Shevchenko, V., Shvetsov, V., 
Smith, D.E., Starr, R., Tretyakov, V.I., Trombka, J., Usikov, 
D., Varenikov, A., Vostrukhin, A., and Zuber, M.T., 2010, 
Hydrogen mapping of the lunar south pole using the LRO 
Neutron Detector Experiment LEND: Science, v. 330, no. 6003, 
p.  483–486, https://doi.org/10.1126/science.1185696.

Miller, M.P., Eberts, S.M., and Sprague, L.A., 2021, Water 
priorities for the Nation—USGS Integrated Water Science 
basins: U.S. Geological Survey Fact Sheet 2021–3041, 2 p., 
https://doi.org/10.3133/fs20213041.

20    Assessment of Lunar Resource Exploration in 2022

https://doi.org/10.2514/6.2020-4042
https://ntrs.nasa.gov/citations/20205008626
https://www.hou.usra.edu/meetings/lpsc2016/pdf/2994.pdf
https://www.hou.usra.edu/meetings/lpsc2016/pdf/2994.pdf
https://doi.org/10.1126/sciadv.1701471
https://doi.org/10.1126/sciadv.1701471
https://af371d26-bb40-4de0-aa20-6d6db63deccc.filesusr.com/ugd/ca23f5_5cc38c79e33741f48d2d32da23d2792a.pdf
https://af371d26-bb40-4de0-aa20-6d6db63deccc.filesusr.com/ugd/ca23f5_5cc38c79e33741f48d2d32da23d2792a.pdf
https://af371d26-bb40-4de0-aa20-6d6db63deccc.filesusr.com/ugd/ca23f5_5cc38c79e33741f48d2d32da23d2792a.pdf
https://doi.org/10.1016/j.pss.2019.104748
https://doi.org/10.1016/j.pss.2019.104748
https://ntrs.nasa.gov/citations/19670009304
https://ntrs.nasa.gov/citations/19670009304
https://doi.org/10.1029/1999JE001110
https://doi.org/10.1029/1999JE001110
https://doi.org/10.1002/2013JE004592
https://doi.org/10.1002/2013JE004592
https://doi.org/10.1016/j.icarus.2010.10.030
https://doi.org/10.1029/2005JE002605
https://doi.org/10.1061/9780784483374.014
https://doi.org/10.1061/9780784483374.014
https://doi.org/10.48550/arXiv.2205.00378
https://doi.org/10.48550/arXiv.2205.00378
https://doi.org/10.1126/science.1185696
https://doi.org/10.3133/fs20213041


References Cited    21

Milliken, R.E., and Li, S., 2017, Remote detection of widespread 
indigenous water in lunar pyroclastic deposits: Nature 
Geoscience, v. 10, p. 561–565, https://doi.org/10.1038/
ngeo2993.

Nakamura, Y., Dorman, J., Duennebier, F., Lammlein, D., and 
Latham, G., 1975, Shallow lunar structure determined from 
the passive seismic experiment: The Moon, v. 13, p. 57–66, 
https://doi.org/10.1007/BF00567507.

National Aeronautics and Space Administration [NASA], 2019, 
Forward to the Moon—NASA’s strategic plan for human 
exploration: Lunar and Planetary Institute website, 21-slide 
presentation, accessed February 20, 2023, at https://www.
lpi.usra.edu/lunar/strategies/Artemis_America_to_the_
moon_2024_June%206%202019.pdf.

National Aeronautics and Space Administration [NASA], 2020, 
NASA’s plan for sustained lunar exploration and development: 
National Aeronautics and Space Administration website, 
accessed February 20, 2023, at https://www.nasa.gov/sites/
default/files/atoms/files/a_sustained_lunar_presence_nspc_
report4220final.pdf.

Neal, C.R., Hibbitts, C.A., Colaprete, A., Abbud-Madrid, A., 
and Carpenter, J., 2022, Defining a coordinated lunar resource 
evaluation campaign [abs.]: Lunar Surface Science Workshop 
17, no. 5025, accessed February 20, 2023, at https://www.hou.
usra.edu/meetings/lunarsurface17/pdf/lunarsurface17_program.
htm.

Nozette, S., Lichtenberg, C.L., Spudis, P., Bonner, R., Ort, 
W., Malaret, E., Robinson, M., and Shoemaker, E.M., 
1996, The Clementine bistatic radar experiment: Science, 
v. 274, no. 5292, p. 1495–1498, https://doi.org/10.1126/
science.274.5292.1495.

Orgel, C., Sefton-Nash, E., Warren, T., Boazman, S.J., King, 
O., and Bowles, N., 2022, Spatial distribution of stable 
water-ice considering engineering constraints in the lunar 
south polar region [abs.], in 53d Lunar and Planetary Science 
Conference, The Woodlands, Tex., and virtual, March 7–11, 
2022, Program and Abstracts: Lunar and Planetary Science 
Conference, no. 2434, accessed February 20, 2023, at https://
www.hou.usra.edu/meetings/lpsc2022/pdf/2434.pdf.

Paige, D.A, Siegler, M.A., Zhang, J.A., Hayne, P.O., Foote, 
E.J., Bennet, K.A., Vasavada, A.R., Greenhagen, B.T., 
Schofield, J.T., McCleese, D.J., Foote, M.C., Dejong, 
E., Bills, B.G., Hartford, W., Murray, B.C., Allen, C.C., 
Snook, K., Soderblom, L.A., Calcutt, S., Taylor, F.W., 
Bowles, N.E., Bandfield, J.L., Elphic, R., Ghent, R., Glotch, 
T.D., Wyatt, M.B., and Lucey, P.G., 2010, Diviner lunar 
radiometer observations of cold traps in the Moon’s south 
polar region: Science, v. 330, no. 6003, p. 479–482, https://
doi.org/10.1126/science.1187726.

Patel, M.R. 2004, Spacecraft Power Systems: Boca Raton, Fla., 
CRC Press, 736 p., https://doi.org/10.1201/9781420038217.

Pieters, C.M., Goswami, J.N., Clark, R.N., Annadurai, M., 
Boardman, J., Buratti, B., Combe, J.-P., Dyar, M.D., Green, 
R., Head, J.W., Hibbitts, C., Hicks, M., Isaacson, P., Klima, 
R., Kramer, G., Kumar, S., Livo, E., Lundeen, S., Malaret, 
E., McCord, T., Mustard, J., Nettles, J., Petro, N., Runyon, 
C., Staid, M., Sunshine, J., Taylor, L.A., Tompkins, S., and 
Varanasi, P., 2009, Character and spatial distribution of OH/
H2O on the surface of the Moon seen by M3 on Chandrayaan-1: 
Science, v. 326, no. 5952, p. 568–572, https://doi.org/10.1126/
science.1178658.

Qiao, L., Ling, Z., Head, J.W., Ivanov, M.A., and Liu, B., 2019, 
Analyses of Lunar Orbiter Laser Altimeter 1,064-nm albedo 
in permanently shadowed regions of polar crater flat floors—
Implications for surface water ice occurrence and future in situ 
exploration: Earth and Space Science, v. 6, no. 3, p. 467–488, 
https://doi.org/10.1029/2019EA000567.

Reiss, P., 2018, A combined model of heat and mass transfer 
for the in situ extraction of volatile water from lunar 
regolith: Icarus, v. 306, p. 1–15, https://doi.org/10.1016/j.
icarus.2018.01.020.

Reiss, P., Grill, L., and Barber, S.J., 2019, Thermal extraction 
of volatiles from the lunar regolith simulant NU-LHT-2M—
Preparations for in-situ analyses on the Moon: Planetary and 
Space Science, v. 157, p. 41—51, https://doi.org/10.1016/j.
pss.2019.05.001.

Robinson, M.S., Brylow, S.M., Tschimmel, M. , Humm, D., 
Lawrence, S.J., Thomas, P.C., Denevi, B.W., Bowman-Cisneros, 
E., Zerr, J., Ravine, M.A., Caplinger, M.A., Ghaemi, F.T., 
Schaffner, J.A., Malin, M.C., Mahanti, P., Bartels, A., Anderson, 
J., Tran, T.N., Eliason, E.M., McEwen, A.S., Turtle, E., Joliff, 
B.L., and Hiesinger, H., 2010, Lunar Reconnaissance Orbiter 
Camera (LROC) instrument overview: Space Science Reviews, 
v. 150, p. 81–124, https://doi.org/10.1007/s11214-010-9634-2.

Saal, A.E., Hauri, E.H., Cascio, M.L., Van Orman, J.A., Rutherford, 
M.C., and Cooper, R.F., 2008, Volatile content of lunar volcanic 
glasses and the presence of water in the Moon’s interior: Nature, 
v. 454, p.192–195, https://doi.org/10.1038/nature07047.

Sanders, G.B., 2021, Overview of NASA’s in situ resource 
utilization technology and mission plans [abs.], in Global 
Perspectives, sec. 2 of 11th Joint Planetary and Terrestrial 
Mining Science Symposium and Space Resources Roundtable, 
20th, virtual, June 7–11, 2021, Proceedings: Space Resources 
Roundtable, accessed February 20, 2023, at, https://af371d26-
bb40-4de0-aa20-6d6db63deccc.filesusr.com/ugd/ca23f5_
e2d6ede148344b4687fa9cd1f6fa426b.pdf.

Sanin, A.B. Mitrofanov, I.G., Litvak, M.L., Bakhtin, B.N., 
Bodnarik, J.G., Boynton, W.V., Chin, G., Evans, L.G., Harshman, 
K., Fedosov, F., Golovin, D.V., Kozyrev, A.S., Livengood, T.A., 
Malakhov, A.V., McClanahan, T.P., Mokrousov, M.I., Starr, R.D., 
Sagdeev, R.Z., Tret’yakov, V.I., and Vostrukhin, A.A., 2017, 
Hydrogen distribution in the lunar polar regions: Icarus, v. 283, 
p.  20–30, https://doi.org/10.1016/j.icarus.2016.06.002.

References Cited    21

https://doi.org/10.1038/ngeo2993
https://doi.org/10.1038/ngeo2993
https://doi.org/10.1007/BF00567507
https://www.lpi.usra.edu/lunar/strategies/Artemis_America_to_the_moon_2024_June%206%202019.pdf
https://www.lpi.usra.edu/lunar/strategies/Artemis_America_to_the_moon_2024_June%206%202019.pdf
https://www.lpi.usra.edu/lunar/strategies/Artemis_America_to_the_moon_2024_June%206%202019.pdf
https://www.nasa.gov/sites/default/files/atoms/files/a_sustained_lunar_presence_nspc_report4220final.pdf
https://www.nasa.gov/sites/default/files/atoms/files/a_sustained_lunar_presence_nspc_report4220final.pdf
https://www.nasa.gov/sites/default/files/atoms/files/a_sustained_lunar_presence_nspc_report4220final.pdf
https://www.hou.usra.edu/meetings/lunarsurface17/pdf/lunarsurface17_program.htm
https://www.hou.usra.edu/meetings/lunarsurface17/pdf/lunarsurface17_program.htm
https://www.hou.usra.edu/meetings/lunarsurface17/pdf/lunarsurface17_program.htm
https://doi.org/10.1126/science.274.5292.1495
https://doi.org/10.1126/science.274.5292.1495
https://www.hou.usra.edu/meetings/lpsc2022/pdf/2434.pdf
https://www.hou.usra.edu/meetings/lpsc2022/pdf/2434.pdf
https://doi.org/10.1126/science.1187726
https://doi.org/10.1126/science.1187726
https://doi.org/10.1201/9781420038217
https://doi.org/10.1126/science.1178658
https://doi.org/10.1126/science.1178658
https://doi.org/10.1029/2019EA000567
https://doi.org/10.1016/j.icarus.2018.01.020
https://doi.org/10.1016/j.icarus.2018.01.020
https://doi.org/10.1016/j.pss.2019.05.001
https://doi.org/10.1016/j.pss.2019.05.001
https://doi.org/10.1007/s11214-010-9634-2
https://doi.org/10.1038/nature07047
https://af371d26-bb40-4de0-aa20-6d6db63deccc.filesusr.com/ugd/ca23f5_e2d6ede148344b4687fa9cd1f6fa426b.pdf
https://af371d26-bb40-4de0-aa20-6d6db63deccc.filesusr.com/ugd/ca23f5_e2d6ede148344b4687fa9cd1f6fa426b.pdf
https://af371d26-bb40-4de0-aa20-6d6db63deccc.filesusr.com/ugd/ca23f5_e2d6ede148344b4687fa9cd1f6fa426b.pdf
https://doi.org/10.1016/j.icarus.2016.06.002


22    Assessment of Lunar Resource Exploration in 2022

Sargeant, H.M., Barber, S.J., Anand, M., Abernethy, F.A.J., 
Sheridan, S., Wright, I.P., and Morse, A.D., 2021, Hydrogen 
reduction of lunar samples in a static system for a water 
production demonstration on the Moon: Planetary and 
Space Science, v. 205, 12 p., https://doi.org/10.1016/j.
pss.2021.105287.

Schmitt, H.H., 2006, Return to the Moon—Exploration, 
enterprise, and energy in the human settlement of space: New 
York, Springer, 352 pp.

Schmitt, H.H., 2020, Lunar hydrogen and helium resource 
development, in ASCEND 2020 Meeting, virtual, November 
16–18, 2020: American Institute for Aeronautics and 
Astronautics, paper 2020-4001, https://doi.org/10.2514/6.2020-
4001.

Schmoker, J.W., 2005, U.S. Geological Survey assessment 
concepts for continuous petroleum accumulations chap. 13 of 
USGS Southwestern Wyoming Province Assessment Team, 
Petroleum systems and geologic assessment of oil and gas in 
the Southwestern Wyoming Province, Wyoming, Colorado, and 
Utah: U.S. Geological Survey Digital Data Series DDS–69–D, 
10 p., https://doi.org/10.3133/ds69D.

Schmoker, J.W., and Klett, T.R., 2005, U.S. Geological Survey 
assessment concepts for conventional petroleum accumulations, 
chap. 19 of USGS Southwestern Wyoming Province 
Assessment Team, Petroleum systems and geologic assessment 
of oil and gas in the Southwestern Wyoming Province, 
Wyoming, Colorado, and Utah: U.S. Geological Survey Digital 
Data Series DDS–69–D, 9 p., https://doi.org/10.3133/ds69D.

Schreiner, S.S., Sibille, L., Dominguez, J.A., and Hoffman, 
J.A., 2016, A parametric sizing model for Molten Regolith 
Electrolysis reactors to produce oxygen on the Moon: Advances 
in Space Research, v. 57, no. 7, p. 1585–1603, https://doi.
org/10.1016/j.asr.2016.01.006.

Schulz, K.J., and Briskey, J.A., 2003, The global mineral resource 
assessment project: U.S. Geological Survey Fact Sheet 053–03, 
4 p., accessed February 20, 2023, at https://pubs.usgs.gov/fs/
fs053-03/.

Schultz, P., and Spudis, P., 1983, Beginning and end of lunar 
mare volcanism: Nature, v. 302, p. 233–236, https://doi.
org/10.1038/302233a0.

Schwandt, C., Hamilton, J.A., Fray, D.J., and Crawford, I.A., 
2012, The production of oxygen and metal from lunar regolith: 
Planetary and Space Science, v. 74, p. 49–56, https://doi.
org/10.1016/j.pss.2012.06.011.

Singer, D.A., 2007, Short course introduction to quantitative 
mineral resource assessments: U.S. Geological Survey Open-
File Report 2007–1434, https://doi.org/10.3133/ofr20071434.

Sowers, G.F., and Dreyer, C.B., 2019, Ice mining in lunar 
permanently shadowed regions: New Space, v. 7, no. 4, 
p.  235–244, https://doi.org/10.1089/space.2019.0002.

Speyerer, E.J., and Robinson, M.S., 2013, Persistently illuminated 
regions at the lunar poles—Ideal sites for future exploration: 
Icarus, v. 222, no. 1, p. 122–136, https://doi.org/10.1016/j.
icarus.2012.10.010.

Speyerer, E.J., Lawrence, S.J., Stopar, J.D., Gläser, P., Robinson, 
M.S., and Jolliff, B.L., 2016, Optimized traverse planning for 
future polar prospectors based on lunar topography: Icarus, 
v.  273, p. 337–345, https://doi.org/10.1016/j.icarus.2016.03.011.

Sunshine, J.M., Farnham, T.L., Feaga, L.M., Groussin, O., Merlin, 
F., Milliken, R.E., and A’Hearn, M.F., 2009, Temporal and 
spatial variability of the lunar hydration as observed by the 
Deep Impact spacecraft: Science, v. 326, no. 5952, p. 565–568, 
https://doi.org/10.1126/science.1179788.

Spudis, P.D., Bussey, D.B.J., Baloga, S.M., Cahill, J.T.S., Glaze, 
L.S., Patterson, G.W., Raney, R.K., Thompson, T.W., Thomson, 
B.J., and Ustinov, E.A., 2013, Evidence for water ice on the 
Moon—Results for anomalous polar craters from the LRO 
Mini-RF imaging radar: Journal of Geophysical Research, 
v.  118, no. 10, p. 2016–2029, https://doi.org/10.1002/jgre.20156.

Teodoro, L.F.A., Eke, V.R., and Elphic, R.C., 2010, Spatial 
distribution of lunar polar hydrogen deposits after KAGUYA 
(SELENE): Geophysical Research Letters, v. 37, no. 12, p. 1–5, 
https://doi.org/10.1029/2010GL042889.

Turner, V., 2021, NASA administrator makes space resource 
history with 10 cent check: The Well News, August 24, 2021, 
accessed February 20, 2023, at https://www.thewellnews.com/
space/nasa-administrator-makes-space-resource-history-with-
10-cent-check/.

U.S. Bureau of Mines, and U.S. Geological Survey, 1980, 
Principles of a resource/reserve classification for minerals: 
U.S. Geological Survey Circular 831, 5 p.

U.S. Forest Service, 1995, Anatomy of a mine from prospect to 
production: U.S. Forest Service General Technical Report INT-
GTR-35 [revised], 69 p., https://doi.org/10.2737/INT-GTR-35.

U.S. Geological Survey, 2020, Cement: U.S. Geological Survey 
Mineral Commodity Summaries , p. 42–43, accessed February 
20, 2023, at https://pubs.usgs.gov/periodicals/mcs2020/
mcs2020-cement.pdf.

U.S. Geological Survey World Energy Assessment Team, 2000, 
U.S. Geological Survey World Petroleum Assessment 2000—
Description and results (ver. 1.1): U.S. Geological Survey 
Digital Data Series DDS–60, CD-ROMs. [Also available at 
https://doi.org/10.3133/ds60.]

22    Assessment of Lunar Resource Exploration in 2022

https://doi.org/10.1016/j.pss.2021.105287
https://doi.org/10.1016/j.pss.2021.105287
https://doi.org/10.2514/6.2020-4001
https://doi.org/10.2514/6.2020-4001
https://doi.org/10.3133/ds69D
https://doi.org/10.1016/j.asr.2016.01.006
https://doi.org/10.1016/j.asr.2016.01.006
https://pubs.usgs.gov/fs/fs053-03/
https://pubs.usgs.gov/fs/fs053-03/
https://doi.org/10.1038/302233a0
https://doi.org/10.1038/302233a0
https://doi.org/10.1016/j.pss.2012.06.011
https://doi.org/10.1016/j.pss.2012.06.011
https://doi.org/10.3133/ofr20071434
https://doi.org/10.1089/space.2019.0002
https://doi.org/10.1016/j.icarus.2012.10.010
https://doi.org/10.1016/j.icarus.2012.10.010
https://doi.org/10.1016/j.icarus.2016.03.011
https://doi.org/10.1126/science.1179788
https://doi.org/10.1002/jgre.20156
https://doi.org/10.1029/2010GL042889
https://www.thewellnews.com/space/nasa-administrator-makes-space-resource-history-with-10-cent-check/
https://www.thewellnews.com/space/nasa-administrator-makes-space-resource-history-with-10-cent-check/
https://www.thewellnews.com/space/nasa-administrator-makes-space-resource-history-with-10-cent-check/
https://doi.org/10.2737/INT-GTR-35
https://pubs.usgs.gov/periodicals/mcs2020/mcs2020-cement.pdf
https://pubs.usgs.gov/periodicals/mcs2020/mcs2020-cement.pdf
https://doi.org/10.3133/ds60


References Cited    23

Waldrop M. M., 2020, Small-scale fusion tackles energy, 
space applications: Proceedings of the National Academy 
of Sciences News Feature, January 28, 2020, v. 117, no. 4, 
p.  1824–1828, https://doi.org/10.1073/pnas.1921779117.

Watson, K., Murray, B.C., and Brown, H., 1961, The behavior 
of volatiles on the lunar surface: Journal of Geophysical 
Research, v. 66, no. 9, p. 3033–3045, https://doi.org/10.1029/
JZ066i009p03033.

Wilson, M.H., Rowe, B.L., Gitzen, R.A., Wilson, S.K., and 
Paintner-Green, K.J., 2014, Water quality monitoring 
protocol for wadeable streams and rivers in the Northern 
Great Plains Network: National Park Service Natural 
Resource Report NPS/NGPN/NRR–2014/868, narrative 
version 1.0, 122 p., accessed February 20, 2023, at https://
irma.nps.gov/DataStore/Reference/Profile/2216799.

Xu, J., Sun, X., Cao, H., Tang, H., Ma, H., Song, L., Li, X., 
Duan, X., and Liu, J., 2019, 3D printing of hypothetical 
brick by selective laser sintering using lunar regolith 
simulant and ilmenite powders, in Pu, M., Li, X., Ma, 
X., Zhou, R., Duan, X., Luo, X., eds., 9th International 
Symposium on Advanced Optical Manufacturing and 
Testing Technologies, Chengdu, China, June 26–29, 2018, 
Proceedings: Society of Photo-Optical Instrumentation 
Engineers, v. 10842, no. 1084208, 11 p., https://doi.
org/10.1117/12.2505911.

Yager, D.B., Johnson, R.H., Rockwell, B.W., Caine, J.S., and 
Smith, K.S., 2013, A GIS and statistical approach to identify 
variables that control water quality in hydrothermally 
altered and mineralized watersheds, Silverton, Colorado, 
USA: Environmental Earth Sciences, v. 70, p. 1057–1082, 
https://doi.org/10.1007/s12665-013-2229-y.

References Cited    23

U.S. Geological Survey geologist and astronaut Harrison (Jack) Schmitt stands next to the U.S. flag with the Earth in the background 
during the first extravehicular activity of the Apollo 17 mission. National Aeronautics and Space Administration photograph.

https://doi.org/10.1073/pnas.1921779117
https://doi.org/10.1029/JZ066i009p03033
https://doi.org/10.1029/JZ066i009p03033
https://irma.nps.gov/DataStore/Reference/Profile/2216799
https://irma.nps.gov/DataStore/Reference/Profile/2216799
https://doi.org/10.1117/12.2505911
https://doi.org/10.1117/12.2505911
https://doi.org/10.1007/s12665-013-2229-y


24    Assessment of Lunar Resource Exploration in 2022

Any use of trade, product, or firm names in this publication is for descriptive purposes only 
and does not imply endorsement by the U.S. Government

For sale by U.S. Geological Survey, Information Services, Box 25286, Federal Center, 
Denver, CO  80225, 1–888–ASK–USGS

Digital files available at http://pubs.usgs.gov/sim/3316/

Suggested citation: Hare, T.M., Hayward, R.K., Blue, J.S., Archinal, B.A., Robinson, M.S., 
Speyerer, E.J., Wagner, R.V., Smith, D.E., Zuber, M.T., Neumann, G.A., and Mazarico, E., 
2015, Image mosaic and topographic map of the moon: U.S. Geological Survey Scientific 
Investigations Map 3316, 2 sheets, http://dx.doi.org/10.3133/sim3316.

Printed on recycled paper

ISSN 2329-1311 (print)
ISSN 2329-132X (online)
http://dx.doi.org/10.3133/sim3316

Topographic Map of the Moon
By

Trent M. Hare,1 Rosalyn K. Hayward,1 Jennifer S. Blue,1 Brent A. Archinal,1 Mark S. Robinson,2 Emerson J. 
Speyerer,2 Robert V. Wagner,2 David E. Smith,3 Maria T. Zuber,3 Gregory A. Neumann,4 and Erwan Mazarico4

2015

1U.S. Geological Survey;
2Arizona State University;
3Massachusetts Institute of Technology;
4NASA Goddard Space Flight Center

Prepared for the
National Aeronautics and Space Administration

U.S. Department of the Interior
U.S. Geological Survey

Scientific Investigations Map 3316
Sheet 2 of 2

MAP DESCRIPTION
This map is based on data from the Lunar Orbiter Laser Altimeter (LOLA; Smith and 

others, 2010), an instrument on the National Aeronautics and Space Administration (NASA) 
Lunar Reconnaissance Orbiter (LRO) spacecraft (Tooley and others, 2010). The image used for 
the base of this map represents more than 6.5 billion measurements gathered between July 2009 
and July 2013, adjusted for consistency in the coordinate system described below, and then 
converted to lunar radii (Mazarico and others, 2012). Elevations were computed by subtracting 
the lunar reference radius of 1737.4 kilometers (Lunar Reconnaissance Orbiter Project Lunar 
Geodesy and Cartography Working Group, 2008; Archinal and others, 2011) from the surface 
radius measurements. Thus elevation values are the distance above or below the reference 
sphere. The average accuracy of each point after crossover correction is better than 20 meters (m) 
in horizontal position and ~1 m in radius (Mazarico and others, 2012). For the Mercator portion, 
these measurements were converted into a digital elevation model (DEM; Neumann and others, 
2011) using Generic Mapping Tools software (Wessel and Smith, 1998), with a resolution of 
0.015625 degrees per pixel, or 64 pixels per degree. In projection, the pixels are 473.8 m in size 
at the equator. Gaps between tracks of 1–2 km are common, and some gaps of as much as 4 km 
occur near the equator. DEM points located in these gaps were filled by interpolation (Smith and 
others, 2011). For the polar portion, the LOLA elevation points were used to create a DEM at 
240 meters per pixel. The high and low elevations noted on the map and listed on the scale bar 
are approximate.

PROJECTION
The Mercator projection is used between latitudes ±57°, with a central meridian at 0° 

longitude and latitude equal to the nominal scale at 0°. The Polar Stereographic projection is used 
for the regions north of the +55° parallel and south of the –55° parallel with a central meridian 
set for both at 0° and a latitude of true scale at +90° and -90° respectively. The adopted spherical 
radius used to define the map scale is 1737.4 km (Lunar Reconnaissance Orbiter Project Lunar 
Geodesy and Cartography Working Group, 2008; Archinal and others, 2011).

COORDINATE SYSTEM
The LOLA data were initially referenced to an internally consistent inertial coordinate 

system, derived from tracking of the LRO spacecraft. By adopting appropriate values for the 
orientation of the Moon as defined by the International Astronomical Union (IAU; Archinal and 
others, 2011), these inertial coordinates were converted into the planet-fixed coordinates 
(longitude and latitude) used on this map. The coordinate system defined for this product is the 
mean Earth/polar axis (ME) system, sometimes called the mean Earth/rotation axis system. The 
ME system is the method most often used for cartographic products of the past (Davies and 
Colvin, 2000). Values for the orientation of the Moon were derived from the Jet Propulsion 
Laboratory Developmental Ephemeris (DE) 421 planetary ephemeris (Williams and others, 2008; 
Folkner and others, 2008; 2009) and rotated into the ME system.

Longitude increases to the east and latitude is planetocentric as allowed in accordance with 
current international and NASA standards (Lunar Reconnaissance Orbiter Project Lunar Geodesy 
and Cartography Working Group, 2008; Archinal and others, 2011). The intersection of the lunar 
equator and prime meridian occurs at what can be called the Moon’s “mean sub-Earth point.” 
The concept of a lunar “sub-Earth point” derives from the fact that the Moon’s rotation is tidally 
locked to the Earth. The actual sub-Earth point on the Moon varies slightly due to orbital 
eccentricity, inclination, and other factors, so a “mean sub-Earth point” is used to define the point 
on the lunar surface where longitude equals 0°. This point does not coincide with any prominent 
crater or other lunar surface feature (Lunar Reconnaissance Orbiter Project Lunar Geodesy and 
Cartography Working Group, 2008; Archinal and others, 2011).

MAPPING TECHNIQUES 
To create the topographic base image, the original DEM that was produced by the LOLA 

team in the Simple Cylindrical projection with a resolution of 64 pixels per degree, was projected 
into the Mercator and Polar Stereographic pieces. A shaded relief map was generated from each 
DEM with a sun angle of 45° from horizontal and a sun azimuth of 270°, as measured clockwise 
from north with no vertical exaggeration. The DEM values were then mapped to a global color 
look-up table, with each color representing a range of 1 km of elevation. These two files were 
then merged and scaled to 1:10,000,000 for the Mercator part, and 1:6,078,683 for the two Polar 
Stereographic parts with a resolution of 300 pixels per inch. The two projections have a common 
scale at ±56° latitude.

NOMENCLATURE 
Names on this sheet are approved by the IAU. Only larger features shown. For a complete list 

of the IAU-approved nomenclature for the Moon, see the Gazetteer of Planetary Nomenclature at 
http://planetarynames.wr.usgs.gov.
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MAP DESCRIPTION
This map is based on data from the Lunar Orbiter Laser Altimeter (LOLA; Smith and 

others, 2010), an instrument on the National Aeronautics and Space Administration (NASA) 
Lunar Reconnaissance Orbiter (LRO) spacecraft (Tooley and others, 2010). The image used for 
the base of this map represents more than 6.5 billion measurements gathered between July 2009 
and July 2013, adjusted for consistency in the coordinate system described below, and then 
converted to lunar radii (Mazarico and others, 2012). Elevations were computed by subtracting 
the lunar reference radius of 1737.4 kilometers (Lunar Reconnaissance Orbiter Project Lunar 
Geodesy and Cartography Working Group, 2008; Archinal and others, 2011) from the surface 
radius measurements. Thus elevation values are the distance above or below the reference 
sphere. The average accuracy of each point after crossover correction is better than 20 meters (m) 
in horizontal position and ~1 m in radius (Mazarico and others, 2012). For the Mercator portion, 
these measurements were converted into a digital elevation model (DEM; Neumann and others, 
2011) using Generic Mapping Tools software (Wessel and Smith, 1998), with a resolution of 
0.015625 degrees per pixel, or 64 pixels per degree. In projection, the pixels are 473.8 m in size 
at the equator. Gaps between tracks of 1–2 km are common, and some gaps of as much as 4 km 
occur near the equator. DEM points located in these gaps were filled by interpolation (Smith and 
others, 2011). For the polar portion, the LOLA elevation points were used to create a DEM at 
240 meters per pixel. The high and low elevations noted on the map and listed on the scale bar 
are approximate.

PROJECTION
The Mercator projection is used between latitudes ±57°, with a central meridian at 0° 

longitude and latitude equal to the nominal scale at 0°. The Polar Stereographic projection is used 
for the regions north of the +55° parallel and south of the –55° parallel with a central meridian 
set for both at 0° and a latitude of true scale at +90° and -90° respectively. The adopted spherical 
radius used to define the map scale is 1737.4 km (Lunar Reconnaissance Orbiter Project Lunar 
Geodesy and Cartography Working Group, 2008; Archinal and others, 2011).

COORDINATE SYSTEM
The LOLA data were initially referenced to an internally consistent inertial coordinate 

system, derived from tracking of the LRO spacecraft. By adopting appropriate values for the 
orientation of the Moon as defined by the International Astronomical Union (IAU; Archinal and 
others, 2011), these inertial coordinates were converted into the planet-fixed coordinates 
(longitude and latitude) used on this map. The coordinate system defined for this product is the 
mean Earth/polar axis (ME) system, sometimes called the mean Earth/rotation axis system. The 
ME system is the method most often used for cartographic products of the past (Davies and 
Colvin, 2000). Values for the orientation of the Moon were derived from the Jet Propulsion 
Laboratory Developmental Ephemeris (DE) 421 planetary ephemeris (Williams and others, 2008; 
Folkner and others, 2008; 2009) and rotated into the ME system.

Longitude increases to the east and latitude is planetocentric as allowed in accordance with 
current international and NASA standards (Lunar Reconnaissance Orbiter Project Lunar Geodesy 
and Cartography Working Group, 2008; Archinal and others, 2011). The intersection of the lunar 
equator and prime meridian occurs at what can be called the Moon’s “mean sub-Earth point.” 
The concept of a lunar “sub-Earth point” derives from the fact that the Moon’s rotation is tidally 
locked to the Earth. The actual sub-Earth point on the Moon varies slightly due to orbital 
eccentricity, inclination, and other factors, so a “mean sub-Earth point” is used to define the point 
on the lunar surface where longitude equals 0°. This point does not coincide with any prominent 
crater or other lunar surface feature (Lunar Reconnaissance Orbiter Project Lunar Geodesy and 
Cartography Working Group, 2008; Archinal and others, 2011).

MAPPING TECHNIQUES 
To create the topographic base image, the original DEM that was produced by the LOLA 

team in the Simple Cylindrical projection with a resolution of 64 pixels per degree, was projected 
into the Mercator and Polar Stereographic pieces. A shaded relief map was generated from each 
DEM with a sun angle of 45° from horizontal and a sun azimuth of 270°, as measured clockwise 
from north with no vertical exaggeration. The DEM values were then mapped to a global color 
look-up table, with each color representing a range of 1 km of elevation. These two files were 
then merged and scaled to 1:10,000,000 for the Mercator part, and 1:6,078,683 for the two Polar 
Stereographic parts with a resolution of 300 pixels per inch. The two projections have a common 
scale at ±56° latitude.

NOMENCLATURE 
Names on this sheet are approved by the IAU. Only larger features shown. For a complete list 

of the IAU-approved nomenclature for the Moon, see the Gazetteer of Planetary Nomenclature at 
http://planetarynames.wr.usgs.gov.
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