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The to xicological effe cts of lunar dusts have not been studied in sufficient depth t o dev elop an ex posure
standard for operations on the lunar surface. Lunar dusts have a high content in the respirable size range, they
have a high surface area thati s chemically reactive, and elemental iron "nano-partic les" are imbedded in the
dust grains. T hese unusual properties may cause the respirable dusts to be at least moderately toxic to the
respiratory system, and larger grains to be abrasive to the skin & eye. NASA needs to set an airborne exposure
standard based on scientific evidence s o that v ehicle desi gns can effectiv ely control e xposure. — Human
Research Program Requirements Document, HRP-47052, Rev. C, dated Jan 2009.

During an Apollo 17 EVA, lunar dust is obviously
seen to cling to astronaut Harrison Schmitt while
he uses an adjustable sampling scoop to retrieve
lunar samples. Efforts to understand the proper-
ties of lunar dust and to prevent its introduction
into vehicles and habitats will minimize the risk
of inhalation, dermal, and ocular injuries on

= future lunar missions.
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. Executive Summary

The respirable fraction of lunar dusts may be toxic to humans. NASA has therefore determined that an ex-
posure standard is necessary to limit the amount of respirable airborne lunar dusts to which astronauts will be
exposed. The nominal toxicity that is expected from ordinary mineral dust may be increased for lunar dust due
to the large and chemically reactive surfaces of the dust grains. Human exposures to mineral dusts during indus-
trial operations and from volcanic eruptions give researchers some sense of the relative toxicity of lunar dust,
although the Earth-based analogs have serious limitations. Animal and cellular studies provide further evidence
that mineral dusts can be somewhat toxic. Earth-based research of mineral dust has shown that freshly fractured
surfaces are chemically reactive and can elicit an increased toxic response. Since lunar dust is formed in space
vacuum from highly energetic processes, we expect the grain surfaces to be reactive indefinitely on the lunar sur-
face. We predict that this chemical reactivity will change once the dust is brought into a habitable environment.

Dust from lunar soil that was carried into spacecraft during the Apollo missions proved to be a nuisance. The
lack of gravity, or the existence of gravity at a small fraction of the gravitational force of the Earth, increases the
time during which dust remains airborne, thereby increasing the probability that these dust particles will be inhaled.
Lunar dust particles that are generated by impaction in a deep vacuum have complex shapes and highly reactive
surfaces that are coated with a thin layer of vapor-deposited mineral phase. Airborne mineral dust in a variety of
forms has been shown to present a serious health hazard to ground-based workers. The health hazards that are as-
sociated with volcanic ash, which is a commonly used analog of lunar dust, have not been reported to be especially
serious; however, this type of ash quickly loses its reactive surfaces and is often aggregated into particles that are
not readily respirable into the deep lung. Crew members who will be at a lunar outpost can be directly exposed
to lunar dust in several ways. After crew members perform spacewalks or EVAs, they will introduce into the hab-
itat a large quantity of dust that will have collected on spacesuits and boots. Cleaning of the suits between EVAs
and changing of the Environmental Control Life Support System filters are other operations that could result in
direct exposure to lunar dusts. In addition, if the final spacesuit design is based on the current spacesuit design,
EVAs may cause dermal injuries, and the introduction of lunar dusts into the suits’ interior, which may enhance
skin abrasions. When the crew leaves the lunar surface and returns to microgravity, the dust that is introduced
into the crew return vehicle will “float,” thus increasing the opportunity for ocular and respiratory injury.

. Introduction

In 2004, President George W. Bush unveiled a plan directing NASA to return humans to the moon by the

year 2015, and to use the lunar outpost as a stepping-stone for future human trips to Mars and beyond. To
meet this objective, NASA will build an outpost on the Iunar surface near the south pole for long-duration human
habitation and research. Because of the various activities that will require the astronauts to go in and out of this
habitat on numerous spacewalks (EV As), the living quarters at the lunar outpost are expected to be contami-
nated by lunar dust.

The president’s Vision for Space Exploration and charge to return to the moon have resulted in questions about
health hazards from exposure to lunar dust. Lunar dust resides in near-vacuum conditions, so the grain surfaces
are covered in “unsatisfied” chemical bonds, thus making them very reactive (Taylor and James, 2006). When
the reactive dust is inhaled, it can be expected to react with lung surfactant and pulmonary cells. The fine, respira-
ble lunar dust could thus be toxic if the astronauts are exposed to it during mission operations at a lunar base.
Although a few early attempts were made to understand the toxicity of the lunar dust that was obtained by the
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Apollo astronauts or the Luna probes, no scientifically defensible toxicological studies have been performed on
authentic lunar dust.

Awareness of the toxicity of terrestrial dusts has increased greatly since the original Apollo flights, which oc-
curred circa 1970, in which the crew members were exposed to lunar dust for a relatively brief time. The first
National Ambient Air Quality Standard (NAAQS) was issued by the Environmental Protection Agency (EPA)
in 1971 and was indexed to total suspended particles (TSP) on a mass per unit volume basis. In 1987, this NAAQS
was refined to include only particles that were of less than 10 um in aerodynamic diameter (PM,,) because this
was the size that was most likely to reach the bronchial tree and deeper into the lung. Finally, in 1997, the EPA
Administrator issued standards for particles that were less than 2.5 pm in aerodynamic diameter (PM, 5) based
primarily on epidemiological associations of increased mortality, exacerbation of asthma, and increased hospital
admissions for cardiopulmonary symptoms. None of these standards specified the composition of the particles.
In fact, the last standard was a bit contentious because mechanisms of toxic action were not understood (NRC,
1998).

In a review article, Schlesinger et al. (2006) list the properties of particulate matter that might elicit adverse
effects. The properties that seem pertinent to lunar dust include: size distribution, mass concentration, particle
surface area, number concentration, acidity, particle surface chemistry, particle reactivity, metal content, water
solubility, and geometric form. In attempting to consider each of these properties, one property emerges as the
most difficult to study; particle surface chemistry may be difficult to understand because the environment on the
lunar surface is unlike any on Earth, and is likely to alter the surface of dust grains in a way that will render them
highly reactive. Recreating the processes that could affect grain surface reactivity on the moon is not easy to do
in an Earth-bound laboratory. Although this problem will be discussed in detail later, we note here that freshly
fractured quartz is distinctly more toxic to the rat respiratory system than aged quartz (Vallyathan et al., 1995).
Our point is not that quartz and lunar dust may have similar toxic properties, but that breaking of surface bonds

on mineral substrates has been shown to increase the toxicity of the well-studied mineral quartz.

The site at which various sizes of particles are deposited is critical to an understanding of any aspect of their

toxic action. The fractional regional deposition of particles shows that between 10 and 1 pm, the portion of
particles that is deposited in the upper airways falls off from 80% to 20%, whereas the pulmonary deposition
increases from near zero to about 20%. Pulmonary deposition, after falling off near 1 um, peaks again near 40%
for particles of 0.03 pm, whereas upper airway deposition remains low until a new peak deposition is found at
less than 0.01 pm. The portion and pattern of deposition can be modified under conditions of reduced gravity;
however, human data during flights of the gravity research aircraft show that particles in the 0.5 to 1 pm range
are deposited less in the respiratory system at lunar gravity than at Earth gravity. This finding is consistent with
the reduced sedimentation of the particles when the gravity is less. However, a larger portion of the particles is
deposited peripherally in reduced gravity (Darquenne and Prisk, 2008).

The first encounter in which a particle deposits in the distal airways occurs with the bronchoalveolar lining
fluid (BALF). The thickness of this fluid in the lung varies as the alveolar sacs expand and contract, but lies in
the range of 0.1 to 0.9 um (Bastacky et al., 1995). In the case of biological particles such as bacteria, this fluid
opsonizes the particles to facilitate ingestion by macrophages. A similar process has been demonstrated for non-
biological carbonaceous particles (Kendall et al., 2004). This process removes some components of the BALF
that participate in opsonization, and it is postulated that this might enhance the toxicity of particles with a surface
chemistry that is capable of selectively removing opsonizing components. The agglomeration of the grains is
also affected by the interactions between the BALF and the grains. Preliminary data on authentic lunar dust
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has shown that in aqueous suspension, lunar particles agglomerate rapidly. Artificial surfactant has been
found to greatly reduce this particulate agglomeration.

Particles that are deposited in the pulmonary region are eliminated according to their surface area and chem-
ical composition. If a particle is relatively soluble, its dissolution products end up in the bloodstream. Relatively
insoluble particles are ingested by macrophages and removed by mucociliary clearance or the lymphatic system,
or they persist in the interstitial areas of the lung. Ultrafine particles (<0.1 pm) that deposit in the upper airways
have been shown, under some conditions, to translocate to the brain (Oberdorster et al., 2004), whereas similar
particles reaching the pulmonary regions can translocate to adjacent organs such as the liver (Oberdorster et al.,
2002).

The effects of particles on the respiratory system include de novo causation of clinical disease as well as
exacerbation of existing disease. If particulate inhalation is to directly cause disease, the exposure levels
typically must be at levels that are encountered in industrial settings. For example, silicosis is a well-known
disease of persons working for years in conditions in which dust containing quartz is inhaled. Epidemiological
studies show that ambient dust levels such as those that are encountered in some cities can exacerbate respiratory
conditions such as asthma and chronic obstructive pulmonary disease. At certain times, sand dust that originates
in Asia or Arizona, for example, has been associated with exacerbation of allergenic respiratory inflammation
(Ichinose et al., 2008).

Of particular concern in addition to the respiratory system is the ability of small particles to affect the cardi-
ovascular system. Epidemiological studies suggest that exposure to ambient particulate matter increases the
incidence of angina, arrhythmia, and myocardial infarctions. The increased acute mortality that is associated
with particle “events” is attributed to cardiovascular disease (NRC, 2004). Clinical studies involving concen-
trated ambient air particulate have shown increased blood fibrinogen and reduced heart-rate variability (Devlin
et al., 2003); exposure to ultrafine particles causes “blunted” repolarization response following exercise (Frampton
et al., 2002). The role of C-reactive protein in mediating the effect of ambient particle exposures on the causation
of CAD has been reviewed (Sandu et al., 2005). Batalha (2002) has drawn attention to the ability of particles to
elicit vasoconstriction of small pulmonary arteries. Although the mechanistic details have not been fully elucidated,
the evidence favors a strong link between exposure to particulates and to both acute and chronic heart disease
(NRC, 2004). There is some evidence from the Apollo missions that, in susceptible individuals, lunar dust ex-
posure may lead to cardiovascular effects that are similar to those produced through exposure to air pollution
(Rowe, 2000).

The fact that no accepted health standards or policies exist concerning exposure limits to lunar dust is a

critical challenge to the design of vehicle systems in the CxP. The multi-center Lunar Airborne Dust Toxicology
Assessment Group (LADTAG) was formed and responded to a request from the Office of the Chief Health and
Medical Officer to ... develop recommendations for defining risk criteria for human lunar dust exposure and a
plan for the subsequent development of a lunar dust permissible exposure limit.” The LADTAG is comprised of
technical experts in lunar geology, inhalation toxicology, biomedicine, cellular chemistry, and biology from within
the agency as well as of leading U.S. experts in these fields. Based on the opinions that were expressed by the
LADTAG experts, NASA scientists will develop and execute a plan to build a database on which a defensible
exposure standard can be set (Khan-Mayberry, 2008).

LADTAG experts recommend that the toxicity of lunar dust on the lungs (pulmonary toxicity), eyes (ocular

toxicity), and skin (dermal toxicity) be investigated, and that this investigation is to be conducted by the Lunar
Dust Toxicity Research Project (LDTRP) using various assays including in vivo and in vitro methods. In an initial
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LADTAG workshop that was held in 2005, experts noted that they were unable to reconcile individual expert
opinions to set an inhalation standard. The array of opinions from these experts spanned a 300-fold range (i.e.,
0.01 to 3 mg/m”*). The members of the LADTAG concluded that research is necessary to narrow this wide un-
certainty range, the lower end of which cannot be met by known methods of environmental control, and that
there is an urgency to determine the standard so that environmental systems for the lunar vehicle can be appro-
priately designed. Therefore, in keeping with the LADTAG experts’ recommendations, members of the LDTRP
have reviewed first-hand accounts of Apollo astronauts who were exposed to lunar dust during their missions as
well as of terrestrial-based human exposures to dust generated in the mining industry and to volcanic ash. In
accordance with the LADTAG recommendations to increase our evidence base, the LDTRP is conducting
studies of Apollo spacesuits, filters, vacuum bags, and rock-collection boxes. These studies will enable us to
focus our understanding of the grain-size distribution that is present in the lunar surface samples and in the
habitat, but the dust surfaces are expected to be fully passivated.

. Evidence

M Ground-based evidence

Ground-based evidence includes data that are derived from people who are exposed occupationally to mineral
dusts in industrial settings, from people who live in close proximity to active volcanoes and have been exposed
to volcanic ash, and from animals and cells that are in controlled experimental studies. Mechanistic insights also
guide our thinking concerning the potential toxicity of lunar dusts.

m Evidence from Human Exposures During Industrial Operations

Workers in the mining industry are often exposed to dust from freshly fractured mineral deposits. When
these workers use inadequate, or lack, respiratory protection completely, the consequences are devastating.
A prime example of this is the Hawks Nest mining activity in West Virginia beginning in 1927. During the
boring of a tunnel, deposits of silica were identified and mined; however, the workers did not use respiratory
protection during the operations. Estimates of the proportion of workers who died, often within a few years,
are typically about 30% of the 2,000 exposed workers (Cherniack, 1986). This rapidly lethal form of silicosis
has been called “acute silicosis,” which is characterized by alveolar proteinosis and interstitial inflammation
(Driscol and Guthrie, 1997). The respiratory effects are not exactly like those one would expect from simple
silicosis, a disease that usually requires decades to develop after prolonged exposure to lower concentrations
of silica dust. The latter disease is characterized by silicotic nodules that are clearly distinct from surrounding
tissue and often surrounded by an inflammatory response (Driscol and Guthrie, 1997).

m Evidence from Humans and Laboratory Animals Exposed to Volcanic Ash

Volcanic ash originates from processes resulting in explosive eruptions into the atmosphere or pyroclastic
flows oozing from the surface and discharging ash as they cool, or some combination thereof. Under any
plausible condition, the ash will have had hours to days to react with the oxygen and water vapor of the atmo-
sphere to passivate all surfaces before being inhaled by humans. The mineral composition of ash is determined
by the composition of the magma. The particle size, mineral composition, and form of the minerals vary con-
siderably from volcano to volcano as well as from one eruption to another eruption of the same volcano.

Shortly after Mount St. Helens erupted in 1980, a number of experts began to investigate the effects of vol-
canic ash on those who had been exposed to the dust (Bernstein et al., 1986). The crystalline silica content of
this dust ranged from 3% to 7%. The primary acute effects were reflected in increased emergency room visits
for asthma, bronchitis, and eye discomfort (Baxter et al., 1981). The ash was noted to exacerbate chronic
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respiratory conditions. The increase in hospital admissions lasted approximately 3 weeks (Nania and Bruya,
1982), and immune parameters were affected even 1 year later (Olenchock et al., 1983). The British West In-
dian Montserrat volcano began erupting in 1995, causing an ash fall from pyroclastic flows that contained
10% to 24% crystalline silica (Baxter et al., 1999). Recorded incidences of childhood wheezing increased as
a result of relatively intense exposures to the ash (Forbes et al., 2003). To our knowledge, sustained long-term
health effects have not been reported in association with exposures to volcanic ash, although there is spec-
ulation that the high cristobalite content of the Montserrat ash could lead to silicosis many years later.

Animal studies that focused on the biological effects of chronic inhalation exposure to Mount St. Helens
volcanic ash or quartz, under controlled laboratory conditions, indicate significant dose-response to both
materials (Wehner et al., 1986). The quartz that came from the volcano was found to be markedly toxic and
fibrogenic; by contrast, the volcanic ash was much less toxic (Martin et al., 1984; 1986). Similar results were
noted in other animal studies (Wiester et al., 1985; Raub et al., 1985; Beck et al., 1981), suggesting that quartz
is a much more potent pulmonary toxicant than volcanic ash (Martin et al., 1986; Raub et al., 1985; Beck et
al., 1981). However, the presence of volcanic ash in the inhaled air did increase the “histamine sensitivity” of
the epithelial irritant receptors (Wiester et al., 1985) as well as inhibit the ability of alveolar macrophages to
protect against infection (Vallyathan et al., 1995).

The toxicity of volcanic ashes has been evaluated in rats that were dosed once by intratracheal instillation

(Lam et al., 2002). Ashes that were obtained from the San Francisco volcano field in Arizona (lunar dust
simulant) and from a Hawaiian volcano (martian dust simulant) were compared to the toxicity of titanium
dioxide and quartz. Lungs of mice that have been harvested 90 days after receiving a dose of 1 mg of lunar
simulant showed chronic inflammation, septal thickening, and some fibrosis. No changes were seen at the
low dose of 0.1 mg/mouse (Lam et al., 2002). The martian dust simulant elicited a response that was similar
to that of the lunar simulant, except that there was an inflammatory and fibrotic response even at a dose of
0.1 mg/mouse. The response of the mouse lungs to 0.1-mg quartz was comparable to the response to the mar-
tian dust simulant. In another study, the effect of these same simulants was assessed on human alveolar macro-
phages (Latch et al., 2008). The lunar dust simulant was comparable in cell viability reduction and apoptosis
induction to the TiO, (titanium dioxide) negative control. Both were less toxic than the quartz positive con-
trol. Both simulants showed a dose-dependent increase in cytotoxicity.

m Evidence that Surface Activation and Trace Impurities Increase Toxicity

Inhalation of freshly ground quartz, when compared to inhalation of aged quartz, results in a significant in-
crease in animal lung injury (Lam et al., 2002; Shoemaker et al., 1995). Freshly ground quartz has increased
reactive silicon-based oxygen radicals, and animals that are exposed to freshly ground quartz have been found
to have decreased concentrations of antioxidant enzymes (Vallyathan et al., 1995; Dalal et al., 1990). Activated
quartz particles decay with age in ambient air (Dalal et al., 1990). Quartz dusts containing surface iron as an
impurity have been shown to deplete cellular glutathione, contributing to the oxidative damage that is caused
by particle and cell-derived ROS (Fenoglio et al., 2003). Castranova et al. (1997) suggest that freshly ground
quartz dust that is contaminated with trace levels of iron may be more pathogenic than quartz dust alone.

Crystalline silica exposure studies indicate that the generation of oxidants and nitric oxide, which play an
important role in the initiation of silicosis (Castranova et al., 2002), has been shown to cause pulmonary
inflammation in rats (Porter et al., 2002). Other studies indicate that the mode of action of crystalline silica
cytotoxicity and pathogenicity lies in the ability of the mineral to induce lipid peroxidation (Vallyathan,
1994). Respiratory exposure to freshly ground silica causes greater generation of ROS from macrophages
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than exposure to aged silica, which is one piece of evidence that proves that freshly fractured silica is more
toxic than aged silica (Porter et al., 2002; Vallyathan et al., 1988).

Further evidence linking increased toxicity to surface activation must await data that show that lunar dust

that is activated by methods other than grinding adversely affects cells. We have been able to demonstrate
that dust that is activated by processes that are analogous to those that are understood to be present at the lunar
surface (i.e., ultraviolet [UV] irradiation in a vacuum) are able to produce more ROS in aqueous solution than
dust that is not activated by these processes (Wallace, unpublished data). In addition, mineral coupons that are
activated by proton and alpha-particle bombardment that is analogous to the solar wind show increased ROS
(Kuhlman, unpublished data). We expect to assess the impact of these activation techniques on cellular sys-
tems in early 2009.

m Evidence from Mechanistic Understandings

As we know from lunar geologists (Category I** evidence) that iron is present in lunar dust, especially in the
fraction of its smallest particles (nano-Fe), we can postulate that a reaction involving iron could be important
for activated lunar dust when it comes in contact with the mucous lining of the respiratory system. A good mod-
el of the issues and problems that are associated with testing surface-activated dust can be found in the studies
of freshly fractured silica, which is highly toxic to the respiratory system via oxidative damage, and perhaps
also in the testing of volcanic ash. The problem of the enhancement of toxicity in quartz by freshly fractured
surfaces has been extensively investigated in animal and cellular systems (Castranova, 2004; Porter et al., 2002;
Ding et al., 1999; Vallyathan et al., 1991). Fracturing silica cleaves the Si-O bonds, leaving Si and SiO radicals,
which, in turn, produce OH radicals in an aqueous environment. Aged crystalline silica still produces radicals,
but at a much lower level, perhaps by the Fenton reaction that occurs between iron and H,O, that is generated
by macrophage phagocytosis of the particles (Castranova, 2004).

B Passivation of Reactive Surfaces as Dust Surfaces Age

Since surface activation, which is produced primarily by grinding, is known to increase the toxicity of
various mineral dusts, it is critical to ask how quickly surface activation disappears once the dust encounters

an oxygen- and water-vapor-rich environment. Vallyathan et al. (1988) demonstrated a bimodal decay by
measuring the rate of disappearance of hydroxyl radical formation in an aqueous medium from silicon-based
radicals on the surface of ground silica, when that ground silica was kept in air until the time of assay. The
half-life of the fast decay was approximately 30 hours, whereas even after 4 weeks approximately 20% of the
original activity that was induced by grinding was present on the surface of the quartz. This is similar to the
ability of the 24-hour half-life in air of freshly fractured quartz to produce OH radicals (Castranova, 2004).
Although quartz is not lunar dust and grinding is merely a surrogate for activation of dust at the lunar surface,
the longevity of the surface reactivity requires careful attention to better understand how surface-activated
lunar dust becomes passivated in a habitable environment.

2To help characterize the kind of evidence that is provided in each of the risk reports in this book, the authors were encouraged to
label the evidence that they provided according to the “NASA Categories of Evidence.”

® (Category I data are based on at least one randomized controlled trial.

® (Category II data are based on at least one controlled study without randomization, including cohort, case-controlled or subject
operating as own control.

® (Category III data are non-experimental observations or comparative, correlation and case, or case-series studies.

® Category IV data are expert committee reports or opinions of respected authorities that are based on clinical experiences, bench
research, or “first principles.”
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M Space flight evidence

Samples of lunar dust that have been returned to Earth have enabled NASA to learn the mineralogical prop-
erties of the dust at several lunar landing sites. First and foremost, one must keep in mind that the properties of
the lunar dust may vary considerably depending on location; hence, lunar dusts may show a range of toxicity.
Initially, NASA assessed the expected nature of dust at the proposed South Pole landing site on the rim of
Shackleton crater.

All space flight evidence pertaining to the effect of lunar dust on astronauts is anecdotal (Category III). The
post-flight debriefing reports of the Apollo astronauts serve as a base of evidence (Portree and Trevino, 1997).
Although the astronauts attempted to remove the lunar dust before they reentered the command module (CM) by
brushing the spacesuits or vacuuming, a significant amount of dust was returned to the spacecraft, which caused
various problems. For instance, astronaut Harrison Schmitt complained of “hay fever” effects caused by the dust
(Portree and Trevino, 1997), and the abrasive nature of the material was found to cause problems with various
joints and seals of the spacecraft and spacesuits (Wagner, 2006). In these reports, the Apollo crews provided
several accounts of problems with lunar dust exposure as follows:

e  During Apollo 11, crew members reported: “Particles covered everything and a stain remained even
after our best attempts to brush it off”; a “[d]istinct pungent odor like gunpowder [was] noted when
helmet [was] removed”; and “[t]exture like graphite” (Portree and Trevino, 1997).

e During Apollo 12, regarding dust in the lunar module (LM), the crew members noted several issues:
“Both LM and CM contaminated with lunar dust”; “[LM] was filthy dirty and had so much dust that
when I took my helmet off, I was almost blinded. Junk immediately got into my eyes”; and “[t]he whole
thing was just a cloud of fine dust floating around in there.” After the LM docked to the CM, dust infil-
trated the CM. Crew members gave the following account of this period of contamination: “On the way
back in the CM the system could not handle the dust, so it was continuously spread inside the spacecraft
by the system”; “[w]e chose to remain in the suit loop as much as possible because of the dust and debris
floating around”; and “[t]o keep our eyes from burning and our noses from inhaling these small particles,

we left our helmet sitting on top of our heads” (Portree and Trevino, 1997).

e By contrast, the Apollo 14 crew members stated: “Dust was not a problem for us in the cabin”; and “[t]he
dust control procedures were effective” (Portree and Trevino, 1997).

e The Apollo 15 crew members stated: “Cabin smelled like gunpowder when we first came into LM
from EVA”; “[p]article matter floated around in spacecraft”; “[1Junar dust is ‘soluble’ in water”; and
“[t]he vacuum cleaner did a good job of clearing the dust from the LM” (Portree and Trevino, 1997).

e Apollo 16 crew members provided the following accounts: “The LM was extremely clean until the first
EVA and then it was extremely dirty”’; “I question whether the vacuum cleaner ever worked properly”;
and “I thought it was quite a hazard over there floating through the LM with all the dust and debris. A
number of times I got my eyes full of dust and particles. I felt like my right eye was scratched slightly

once” (Portree and Trevino, 1997).

e The Apollo 17 crew members recalled: “You knew [that] you were in a very heavily infiltrated at-

mosphere in the LM because of the lunar dust”; “[t]he dust clearing was remarkable considering the
amount of dust we had”; “[a]lthough there was a lot of irritation to my sinuses and nostrils soon after

99, ¢

taking the helmet off, by 2 hours that had decreased considerably”; “I did all the transfer with my helmet
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off and I am sorry I did because the dust really bothered my eyes and throat. I was tasting it and eating
it”; and “[w]hen I climbed in the tunnel I could tell there was a lot of dust in the LM and you could smell
it” (Portree and Trevino, 1997).

We also have the observations of a crew surgeon (Category IV), Dr. Bill Carpentier (Scheuring et al., 2007),
detailing his own, as well as crew members’, post-flight allergic-type responses. Dr. Carpentier recalls an in-
crease in eosinophil and basophil blood cell counts after the crew members were exposed to lunar dust, which
may have indicated an allergic response.

Although no substantive evidence exists that astronaut performance was impaired by lunar dust (Wagner, 2006),
one can imagine that if a crew member were “almost blinded” and had to “remain in the suit loop as much as pos-
sible because of the dust and debris floating around,” the dust did have some impact on performance.

Dust from the lunar soil that was carried into the spacecraft during the Apollo missions proved to be a
significant, intermittent problem. With the return to the moon and planned long-duration stays on the lunar
surface, the dust toxicity and contamination problems are potentially much more serious than those that were
experienced during the Apollo missions. Physical evidence also suggests that lunar dust could be a health haz-
ard at a lunar outpost. Gravity at one-sixth that of the gravitational force of the Earth increases the time in which
dust remains airborne, thereby increasing the probability that these dust particles will be inhaled.

Some examples of lunar dust grains are provided in figure 13-1.

Figure 13-1. Examples of lunar dust grains. — LEFT: Scanning electron microscope (SEM)
image of a typical lunar agglutinate. Note the sharp edges, reentrant surfaces, and micro-
craters. Smaller grains, which are less than 1 um in diameter, are attached to this particle,
and are also seen as loose grains in the upper portion of the image. RIGHT: SEM image of
a lunar agglutinate fragment that was removed from the outer surface of Harrison
Schmitt's EVA suit.
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. Computer-based Simulation Information

This section is not applicable to this risk.

. Risk in Context of Exploration Mission Operational Scenarios

Multiple, probable scenarios exist in which crew members could be exposed to lunar dust during both lunar
sortie and lunar outpost missions. Further, there are opportunities for crew members to be directly exposed to
lunar dust after they perform EVAs. Post EVA, lunar crew members will introduce into the habitat and lunar
lander the dust that has collected on their spacesuits and boots. Cleaning of the suits between EVAs may also
directly expose crew members to lunar dust. For crew members, changing of Environmental Control and Life
Support System filters is yet another potential route of direct exposure to lunar dusts. These episodic periods of
increased lunar dust exposure must be taken into account when long-term exposure limits are calculated. As mis-
sions become longer, the greater dose and/or duration of lunar dust exposure will increase the potential human
health risk. When a crew returns to microgravity, if lunar dust is introduced into the crew return vehicle, there
will be an increased opportunity for ocular exposure if particles of dust are floating throughout the cabin. EVAs
cause dermal injuries when suits that are based on the current design are used, and the introduction of lunar
dusts may enhance injuries that will be sustained from contact with the EVA suit. In addition, NASA is consid-
ering the use of a rover design that will allow shirtsleeve operation of the vehicle. Thus, the rover, which
must be kept in an interior space to be entered without a spacesuit, may also bring dust into the habitat.

. Conclusion

Our evidence base shows that prolonged exposure to respirable lunar dust could be detrimental to human health.
Lunar dust is known to have a large surface area (i.e., it is porous), and a substantial portion is in the respirable
range. The surface of the lunar dust particles is known to be chemically activated by processes ongoing at the
surface of the moon. We predict that this reactivity will disappear on entry into the habitable volume; however,
we do not know how quickly the passivation of chemical reactivity will occur, nor do we know how toxic the
deactivated dust may prove to be. Although many Apollo astronauts seemed to tolerate lunar dust, their expo-
sure times were brief and time (duration) exposure factors need to be determined. Other Apollo crew members
and ground support personnel noted that the lunar dust was a sensory irritant. Finally, the size characteristics of
the dust that actually was present in the atmosphere of the Iunar lander have never been determined. Obtaining
these data will help us understand the size distribution of the particles that are expected to be found in future
lunar habitats. It is important to design experiments that will close or, at a minimum, narrow our knowledge
gaps so that a scientifically defensible exposure standard can be set by NASA for protection of crew health.
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