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Many recent efforts to land robotic missions on the surface of the Moon are paving the way to return humans to the lunar surface and setting the stage for an ongoing human presence. Artemis is a NASA-led international effort to return humans to the Moon. One of the goals of Artemis is to use innovative technologies to address priority science objectives. At the same time, the European Space Agency (ESA) is exploring designs for a Moon base to enable ongoing human activity on the surface of the Moon. Furthermore, China plans to land humans on the Moon by 2030. In Situ Resource Utilization (ISRU) – the extraction of useful materials from the Moon itself – will be beneficial for efforts to sustain such human presence. ISRU could provide water that can be utilized by astronauts or split into hydrogen and oxygen rocket fuel for returning to Earth or moving forward to Mars, along with other vital resources. While this is exciting, it is critical that we recognize how human and robotic activity will impact the lunar environment and not having a global strategy to characterize lunar volatile materials before their scientific value is lost will significantly degrade the scientific potential of the Moon. 

Through centuries of observations, the presence of water on the Moon was questioned. Now with samples and remote observations we have learned that water is found on the surface and in the very thin atmosphere, or exosphere. However, we have limited knowledge about how much water is present, how it originated, or how it moves across and possibly under the surface. Additionally, other volatiles such as noble gases, and nitrogen-, carbon-, and sulfur-bearing chemicals are present with water. These species are of great interest scientifically because they can help us determine the original source of the water. Many of these volatiles are also valuable for ISRU applications, but we know even less about them than we do about water.  

Studies of the Moon’s exosphere show volatiles that are both endogenic, or released from the interior of the Moon, and exogenic, or delivered by the solar wind and impacts of micrometeoroids and comets. Endogenic volatiles are scientifically important because they provide information about ongoing geologic activity, or  lunar outgassing. Evidence for lunar outgassing includes observations of endogenic helium and argon in the exosphere. Additionally, a review of centuries of reported Transient Lunar Phenomena (TLP) suggests a connection between TLPs and lunar outgassing. Unfortunately, robotic and human activity on the surface of the Moon has already begun to impact the lunar environment by adding exhaust gas to the exosphere, changing its composition. Over time it will become impossible to separate outgassed materials from anthropogenic contributions. Although several mass spectrometers included on upcoming robotic missions may help to address this problem by measuring the composition of the exosphere at various locations, a strategic effort that specifically prioritizes characterizing the composition of outgassed materials is needed now so that we can learn about the Moon’s geologic and volcanic history.

Of equal interest is water ice and other volatiles found in the polar regions. The very small tilt of the Moon’s rotation axis allows several deep craters at the poles to form Permanently Shadowed Regions (PSRs) that are cold enough to trap and retain water and other volatile ices. The source of these volatiles is not fully known, nor is the process of transporting volatiles to PSRs understood. Recent work demonstrated that they provide a record of material delivered to the Moon in the form of comet and asteroid impacts. Because the craters on the surface of the Moon help us to understand the impact history of the Earth, knowing the source of water for the Moon helps us to understand how water was delivered to the Earth. However, the result noted above is limited to the top 1-3 meters of the only PSR where composition measurements have been made; dozens of PSRs remain to be characterized in a similar way. Another hypothesis is that the water in PSRs could come from solar wind protons that combined with oxygen in the lunar soil to form water as well as materials that originated from volcanic activity on the Moon. 

Water at greater depths is particularly interesting because water buried at depth is likely to be older than surface and near-surface water. Mapping the distribution of remote observations of water at meter-scale depths compared to water observed remotely on or near the surface has shown that the poles have wandered over time. Although we do not know exactly at what depth the water from these ancient polar regions may be buried, it and the other volatiles present below the surface in these observed areas could be a valuable record not only of impacts to the Earth-Moon system, but also of volcanic activity. It is essential to record the composition of ices as a function of space and depth in the polar regions to understand their origin and history. However, anthropogenic activity on the surface will contaminate top layers of the PSRs and science associated with ices used for ISRU purposes will be lost forever. There is a tension between science and exploration that could create competition for resources resulting in permanent scientific loss. NASA is establishing a Specific Action Team (SAT) to solicit input from the community on curating and studying cryogenic samples from PSRs, including determining what in situ measurements are needed to characterize the samples. However, cryogenic samples and the conditions of their local environments will not provide sufficient coverage of the existing PSRs to avoid permanent loss of the scientific value of lunar volatiles. We urgently need a broader strategy for supplementing cryogenic samples and their local environments with a broader range of in situ observations in coordination with large scale ISRU activities. 

One desired outcome of a lunar volatile strategy would be the creation of a comprehensive public database that records the composition of lunar volatiles in each location explored by crewed and uncrewed missions, as well as records of what is brought to the Moon and left behind. Specifically, the science community needs to know the abundance of lunar noble gases, and nitrogen-, carbon-, and sulfur-bearing chemicals relative to water to determine the origin of the Moon’s water and to evaluate the processes that led to the volatiles being stored in PSRs. The lunar volatile strategy should clearly outline the minimum number of locations, both spatially and with depth, where measurements are needed to achieve these science goals. The strategy should also outline to what accuracy the measurements should be made. This approach would provide a broad set of measurements both spatially and as a function of depth below the surface. 

Private companies that rely on protecting intellectual property as a natural part of the competition inherent to private industry might be expected to resist a call for open sharing of information. However, there is a long history of mutually beneficial partnerships between science and industry that can potentially provide a framework for obtaining such data. These are formal Science-Industry Collaborations (SICs). Historically, SICs have benefited scientists by providing access to tools and resources while also benefiting industry through advancing technology with a goal of earning a profit. Companies planning ISRU efforts could work with scientists who have expertise in measuring the composition of volatiles to develop plans and techniques for incorporating such measurements into their activities. Industrial partners would have an advantage in their ISRU efforts because measuring and sharing composition information of raw volatiles will promote product quality and safety. For example, we know that there is mercury in the water on the Moon which will need to be removed in order to convert it to water that could be considered for use by humans.

Finally, an open science framework could be ideal for managing SICs and the measurements they make. Developing an international strategy and establishing SICs through open science frameworks would ensure that we make the most of this great opportunity to expand human existence beyond the surface of the Earth.
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