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Abstract–NASA plans to resume human exploration of the Moon in the next decade. One of the
pressing concerns is the effect that lunar dust (the fraction of the lunar regolith <20 µm in diameter)
will have on systems, both human and mechanical, due to the fact that various problems were caused
by dust during the Apollo missions. The loss of vacuum integrity in the lunar sample containers
during the Apollo era ensured that the present lunar samples are not in the same condition as they were
on the Moon; they have been passivated by oxygen and water vapor. To mitigate the harmful effects
of lunar dust on humans, methods of “reactivating” the dust must be developed for experimentation,
and, ideally, it should be possible to monitor the level of activity to determine methods of deactivating
the dust in future lunar habitats. Here we present results demonstrating that simple grinding, as a
simple analog to micrometeorite crushing, is capable of substantially activating lunar dust and lunar
simulant, and it is possible to determine the level of chemical activity by monitoring the ability of the
dust to produce hydroxyl radicals in aqueous solution. Comparisons between ground samples of lunar
dust, lunar simulant, and quartz reveal that ground lunar dust is capable of producing over three times
the amount of hydroxyl radicals as lunar simulant and an order of magnitude more than ground quartz.
INTRODUCTION
With plans in place to return humans to the Moon by
2020, it is imperative to fully understand the hazards that may
be faced and to determine ways to minimize these effects.
Understanding the effects of lunar dust on both human
physiology and mechanical equipment is one of the most
pressing concerns, as problems related to lunar dust during
the Apollo missions have been well documented (Gaier
2005). While the many mechanical issues that could be
caused by lunar dust are obviously quite important, perhaps
the most immediate concern is for the effects on the human
body coming into contact with the dust. The result of the
interaction of dust with the respiratory system is unclear. It is
likely that soil on the lunar surface is in an “activated” form,
i.e., capable of producing oxygen-based radicals in a
humidified air environment, due to constant exposure to

micro-meteorite impacts, UV radiation, and elements of the
solar wind. These reactive surface species of the lunar dust
(<20 µm portion of the lunar regolith) could interact with
human cellular walls, leading to a loss in membrane integrity
and cell death, as seen for quartz (Castranova 1994; Fubini
1997; Dreher 2000). Another possible effect is the production
of reactive oxygen species (ROS) upon contact with moisture
in the lungs. These species could include hydroxyl radicals,
superoxide ions, and peroxyl radicals. The oxidation
properties of these species could cause various problems in
the body, if they are present.
The use of lunar dust samples must be preceded by
studies with lunar dust simulant. One of the more commonly
used lunar regolith simulants is JSC-1A (McKay et al. 1993;
Carter et al. 2004). This simulant was produced from a
welded volcanic tuff occurring near Flagstaff, Arizona. It is
∼50% volcanic glass and was produced for its geotechnical
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properties; however, its composition is neither mare- nor
highland-like, but instead resembles certain soils at the
Apollo 14 site. Table 1 shows the chemical abundances of
some different lunar samples in comparison to JSC-1A and
JSC-1, the predecessor to JSC-1A. Lunar soil has a fairly
regular particle size distribution, with a mode near 60 µm.
Simulant JSC-1A was produced by grinding and mixing the
volcanic tuff so that it resembles the grain size distribution of
typical lunar soil (Carter et al. 2004). Specialty samples of
JSC-1A were prepared for the present study so that they had
specific size constraints.
One of the standards used by National Institutes of
Health (NIH) researchers to determine toxic effects on human
respiratory systems is quartz (crystalline silica). Exposure to
crystalline silica over an extended period of time has been
shown to lead to silicosis. However, the actual damage done
to the lung may be directly due to the toxicity of silica (Fubini
1997) or may be caused by the production of ROS
(Castranova 1994). Castranova and coworkers used electron
spin resonance (ESR) spectroscopy to study freshly ground
quartz and the effects of its presence in water (Vallyathan et al.
1988; Dalal et al. 1990; Castranova 1994). After grinding
quartz using a mortar and pestle, the ESR spectra showed the
presence of silicon-based radicals, arising from the breaking
of silicon-oxygen bonds. Due to the transient nature of the
hydroxyl radical in solution, an ESR spin-trap was used in
order to determine whether hydroxyl radicals were produced
upon the addition of the ground quartz to aqueous solution.
The spectra obtained showed that hydroxyl radicals are
produced in significant amounts by ground quartz. By testing
ground material that had remained in air, the authors also
showed that the half-life of the passivation of the activated
quartz to produce hydroxyl radicals was approximately
20 h. However, they also noted that after 4 weeks of storage in
air, placement of the ground quartz in solution still led to an
ESR signal of 20% of that obtained immediately after
grinding—indicating no return to its original state.
Recent work aimed at understanding the oxidizing nature
of the Martian soil provided additional motivation for
studying the production of hydroxyl radicals by lunar
materials. Hurowitz et al. (2007) ground various pure
minerals in order to study their ability to produce hydrogen
peroxide and compared the results to that of ground quartz.
They found that not only is hydrogen peroxide produced by
the basaltic silicates, but it is produced in much higher
quantities than that produced by quartz under the same
conditions. Further experiments were aimed at understanding
the effects of dehydroxylation on the oxidative ability of
labradorite feldspar. These studies showed that heating of
the material in vacuum to temperatures >400 °C led to an
increase in hydrogen peroxide production of twenty times.
These results have important consequences for the airless
lunar surface. On the Moon, the impact-induced fracturing and
heating of the dust surface by micro-meteorites is combined
with high daytime temperatures and vacuum (+125 °C and

10−12 torr at the lunar equator). Combined with the severe UV
radiation, these conditions indicate three different methods of
producing hydrogen peroxide when interacting with water
vapor.
With regard to hydroxyl radical production, Hurowitz
et al. (2007) raised the possibility of secondary radical species
being produced by martian and lunar soils. Those materials,
which contain ferrous and ferric iron, could react with the
hydrogen peroxide to undergo a Fenton reaction, shown in
reactions (1) and (2).
Fe2+ + H2O2 → Fe3+ + OH− + OH⋅

(1)

Fe3+ + H2O2 → Fe2+ + HOO⋅ + H+

(2)

As can be seen, this reaction would result in the production
of hydroxyl radicals and peroxyl radicals, both of which are
known to cause oxidative damage. Therefore, it is also
important to understand the amounts of other components
of lunar soil that may be leached out under conditions of
high humidity, such as in the human nasal passages and
lungs.
While ESR experiments are elegant and are capable of
providing quantitative information regarding the production
of ROS, the cost and availability of the instrumentation
diminishes its usefulness. A technique that has found wide
use for studying the production of ROS is the use of a
chemical dosimeter (McLean and Mortimer 1988; Mason
et al. 1994; Fang et al. 1996; Saran and Summer 1999; Qu
et al. 2000; Gomes et al. 2005; Louit et al. 2005; Newton and
Milligan 2006). This technique is based on a change in the
fluorescence of a probe compound upon reaction with ROS.
With regard to the study of hydroxyl radicals, three probe
compounds have found wide use: terephthalate, coumarin,
and fluorescein. Of the three, however, terephthalate has the
fewest limitations. Due to the symmetric nature of the nonfluorescent starting compound, only one fluorescent
hydroxylated product is obtained (2-hydroxyterephthalate),
which provides ease in analyzing the fluorescence spectra. It
should be noted that while each of the above references
discuss the use of the terephthalate dosimeter, Qu et al. (2000)
studied the production of hydroxyl radicals by photoirradiated hair melanin using both ESR and terephthalate
fluorescence. These authors found that ESR and fluorescence
complemented each other well, with fluorescence being able
to provide a more quantitative comparison of hydroxyl radical
yields.
In this report, we present the results of experiments
aimed at understanding the activation of quartz, lunar dust
simulant, and finally, Apollo lunar dust/soil. Using
terephthalate as a chemical dosimeter, we have determined
that simple mechanical grinding of lunar simulant and Apollo
lunar dust leads to the production of hydroxyl radicals in
solution. While the conditions on the Moon certainly consist
of more than simple grinding, this technique serves as a first
approximation with which to compare lunar dust with
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Table 1B. Bulk chemistry (major-element compositions) of lunar soils arranged by Apollo missions (10084 = Apollo 11; 12030 = Apollo 12; etc.) and Soil
maturity within a mission (IS/FeO). Note the differences in FeO content between the mare samples (A-11, 12, 15, 17) and the highland samples (A-16), with
Apollo 14 being a mix of mare and highlands.

*The

number under each soil designation represents the IS/FeO maturity value of the <250 µm soil fraction, as determined by Morris (1978). Values of 0–30 = immature; 30–60 = sub-mature; and >60 = mature
soils.
#Fe O included in FeO total.
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Table 1A. Bulk chemistry (major-element compositions) of lunar soils arranged by Apollo missions (10084 = Apollo 11; 12030 = Apollo 12; etc.) and soil
maturity within a mission (IS/FeO). Note the differences in FeO content between the mare samples (A-11, 12, 15, 17) and the highland samples (A-16), with
Apollo 14 being a mix of mare and highlands.
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terrestrial materials. Additionally, the ground materials have
been exposed to various levels of humidity in order to
understand the process of deactivation. These results provide
evidence of methods that can be used to study pristine lunar
dust in its active form with the goal of mitigating the health
and mechanical concerns about dust for a return to the Moon.
EXPERIMENTAL
Terephthalate
solutions
were
prepared
using
commercially available materials. Disodium terephthalate
(99%, Alfa Aesar) was dissolved in phosphate-buffered saline
(PBS, Sigma Aldrich) in order to produce a final terephthalate
concentration of 10 mM.
The lunar simulant material studied was a very fine
fraction of JSC-1A, designated JSC-1A-vf (JSC-1A with
<20 µm grain size), provided to the NASA Lunar Airborne
Dust Toxicity Assessment Group (LADTAG) (Tranfield et al.
2008) by Professor James Carter (Department of
Geosciences, University of Texas at Dallas). Quartz samples
were provided courtesy of U.S. Silica (Mill Creek,
Oklahoma) and carried the designations of Min-U-Sil 5, 15,
or 30. The Apollo 16 lunar soil sample, 62241, is a mature
lunar soil (Is/FeO = 100) and was prepared to have a particle
size distribution of >3 <125 m. The chemical composition of
this Apollo lunar sample (62241) is shown in Table 1, along
with other lunar soils and simulants (JSC-1 and JSC-1A). All
size fractions discussed are prior to grinding.
For the activation studies presented here, grinding of
samples was carried out using a mortar and pestle. A known
amount of sample was placed in the mortar and ground by
hand for 10 min. At intervals of 2.5–3 min. during grinding,
the sides of the mortar were scraped to ensure constant
grinding of all the material. In addition to activating the
surfaces, the grinding caused a change in the particle size
distribution, and caused agglomeration of some particles.
Thus, in addition to creating more fine particles, the
volumetric percent of larger aggregate particles also
increased. However, the reactive surface area of this
aggregate is many times larger than that of a sphere with the
same radius. Volumetric particle size distributions for JSC1A-vf and Min-U-Sil 15 are shown in Fig. 1A. Figure 1B
presents the size distribution of ground Apollo 16 dust 62241
obtained using SEM analyses. SEM was used for analysis of
the lunar samples due to the small amount of sample
remaining after fluorescence testing and the fact that samples
are lost when using the Microtrac particle size analyzer. This
instrument uses precise angular measurement of scattered
light through a full 180° angular range with three lasers and
two detector arrays. Analysis of the scattered light to
determine particle size employs a Mie based unified angular
scattering theory.
Specific surface area measurements were also performed
on the ground and unground samples using the Brunauer,
Emmett, and Teller (BET) method. These results are

presented in Table 2. These values are likely more relevant to
chemical activity than the particle size distributions.
This ground material and fresh, unground material each
were added immediately to 15 mL centrifuge tubes containing
2.5 mL of 10 mM terephthalate dissolved in PBS. The mixtures
were allowed to interact for 30 min. before being filtered using
0.22 µm syringe filters, and a fluorescence spectrum was
obtained using a Perkin-Elmer LS-50B spectrometer. For all
studies, a background spectrum of 10 mM terephthalate was
subtracted to remove any minor contribution to the product
signal arising from the reference solution.
For deactivation studies, material from the same grind was
separated into five equal fractions. One was immediately
placed into solution to act as a point designated T0. The other
four fractions were placed into small weighing boats. The boats
were shaken lightly to disperse the material and were then
placed into an environmental chamber for various annealing
times and at well-defined temperature and humidity.
In order to produce a standard calibration curve, solid
2-hydroxyterephthalate was produced from 2-bromoterephthalate
using a standard method (Field and Engelhardt 1970; Mason
et al. 1994; Qu et al. 2000). The 2-hydroxyterephthalate was
then purified using recrystallization until the fluorescence
spectra were maximized. Mass spectrometry also confirmed
that the only species present following recrystallization was
2-hydroxyterephthalate. A 1 mM solution was prepared by
dissolving the product in PBS. Further dilutions were made
from this stock solution. For concentrations above 10 nM, the
fluorescence saturated the detector. Dilutions below this
threshold varied linearly with concentration, as shown in
Fig. 2. For the fluorescence results presented here, all
solutions were excited using 324 nm light.
RESULTS
Lunar Soil Simulant, JSC-1A-vf
Experiments were conducted to determine if lunar dust
simulant was capable of producing hydroxyl radicals.
While there are several possible methods for activation that
would have applicability on the lunar surface, such as
exposure to ultraviolet radiation and high-energy protons.
However, grinding was chosen as the initial activation
method for quantification, as it simulates, to some extent,
the crushing performed by micrometeorite impacts, the
major weathering process on the Moon. The effects of
grinding JSC-1A-vf with the mortar and pestle can be seen
in Fig. 3. It is readily apparent that simple mechanical
grinding and interaction with aqueous terephthalate leads to
considerable production of hydroxyl radicals and the
subsequent formation of 2-hydroxyterephthalate. It is our
belief that this activation during grinding is due to the
exposure of fresh surfaces, with their newly formed
dangling bonds, as discussed below.
With the knowledge that grinding of lunar simulant leads
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Fig. 1. A) Volumetric particle size distribution of ground Min-U-Sil 15 (top) and ground JSC-1A-vf (bottom) obtained by light scattering
(described in the text). Grinding has flattened the particle size distribution of the lunar dust simulant (kurtosis was decreased). B) Particle size
analysis of Apollo 16 dust 62241 after grinding obtained by SEM analysis. % Channel refers to the volumetric percent of material that is
within the category in question. It corresponds to the percent retained in a sieve of a particular size, after coarser particles have been removed
by the next larger sieve above it. % Passing is the volume of particles in a category plus the volume of particles in all previous (smaller particle
diameter) categories. The cumulative percent passing is found by subtracting the cumulative percent channels from 100%.
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Table 2. Specific surface area of ground and unground
materials.
Material
Min-U-Sil 15
JSC-1A-vf
Apollo 16 soil 62241

Unground
m2/g

3.7
3.5 m2/g
1.6 m2/g

Ground
8.436 m2/g
5.369 m2/g
8.404 m2/g

Fig. 3. Emission spectrum obtained after exposing a 10 mM
terephthalate solution to 10 mg/mL of both ground and unground
JSC-1A-vf. The ground sample was ground for 10 min. with a mortar
and pestle. The mixtures were filtered using a 0.2 µm syringe filter
prior to obtaining spectra.

Fig. 2. Fluorescence of synthetic 2-hydroxyterephthalate. Excitation
wavelength 324 nm.

to activation and that this activation could be monitored using
terephthalate, it was decided that further study of the
deactivation kinetics of JSC-1A-vf would be informative. To
test the deactivation of the grinding effects under different
conditions, an environmental chamber with controlled
temperature and humidity was employed. Freshly ground
simulant was placed in the weighing boats and spread out in
order to expose as much surface area as possible to the
chamber atmosphere. After various time intervals, the
simulant was removed, and the activity was monitored, as
described above. The results are plotted in Fig. 4, where it can
be seen that the half-life of the ground lunar simulant material
is on the order of 3 h. The activity of this ground simulant
decays to the level of the unground simulant after
approximately 24 h. Of course, on the lunar surface, with no
oxygen or water vapor present, the reactivity of the dust is
likely to remain at its initial level. Understanding the
deactivation kinetics will aid in the conditions of passivation
necessary before astronauts can be exposed to any dust that
enters the habitat.
Quartz, Min-u-Sil 15
In order to have a basis for comparison in determining
the relative activity of ground lunar soil simulant and Apollo
lunar soil, identical experiments were conducted using quartz.
As quartz is generally regarded as a toxic substance that has
been shown to produce hydroxyl radicals (Vallyathan et al.
1988; Dalal et al. 1990; Castranova 1994; Clouter et al. 2001;

Fig. 4. Deactivation of freshly ground lunar simulant (JSC-1A-vf ).
Fractions of ground simulant were placed in an environmental
chamber at 25 °C and 50% relative humidity for defined periods of
time before exposure to the terephthalate solution. The activities of
the deactivated samples were normalized to that of the freshly ground
material.

Cakmak et al. 2004), it was used as a positive control. A
comparison of the quartz and lunar dust simulant (JSC-1A-vf)
prepared under the same conditions is shown in Fig. 5. As
with JSC-1A-vf simulant, grinding of quartz leads to the
production of 2-hydroxyterephthalate, while unground quartz
does not produce a significant emission spectrum (not
shown). At the same concentrations, ground lunar simulant
shows a significant increase in hydroxyl radical production in
comparison to quartz.
The deactivation of ground quartz was tested in the same
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Fig. 5. Comparison of freshly ground quartz (Min-u-Sil 15) and lunar
simulant (JSC-1A-vf). Emission spectra comparing the result of
adding 3.8 mg/mL freshly ground lunar simulant and quartz to a 10 mM
terephthalate solution. The grinding time was 10 min. Under the
same conditions, the ground simulant is over twice as active as
ground quartz for hydroxyl radical production.

manner as the lunar dust simulant. A faster deactivation
process takes place with the silica, as can be seen in Fig. 6.
Here, the deactivation half-life is approximately 2 h, with an
approach to the activity of unground quartz at about 10 h.
Lunar Dust, Apollo 16 sample 62241
Following the completion of experiments that
demonstrated the usefulness of the terephthalate assay for
determination of the activity of ground lunar dust simulant
and ground quartz, a small amount of Apollo lunar soil was
obtained for testing. A comparison of the activity obtained by
grinding Apollo 16 soil 62241 to that of ground JSC-1A-vf
and ground Min-u-Sil 15 is shown in Fig. 7. Grinding of the
Apollo lunar soil results in a considerable amount of hydroxyl
radical production. This activity is over three times that of the
lunar dust simulant and ten times that of ground quartz
prepared under the same conditions.
Deactivation experiments were also conducted on the
ground Apollo soil. In contrast to the relatively simple
deactivation plots of the lunar dust simulant and quartz, the
exposure of the lunar soil to a humid environment leads to a
more complicated set of results, as can be seen in Fig. 8.
Instead of consistently decreasing with exposure time, the
activity of the ground Apollo soil actually increases with
different passivation times. The possible reasons for this
change will be addressed below.
DISCUSSION
The results of our grinding experiments on the activation
of the various starting materials were not expected. The
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Fig. 6. Deactivation of freshly ground quartz (Min-u-Sil 15).
Fractions of ground quartz were placed in an environmental chamber
at 25 °C and 50% relative humidity for defined periods of time before
exposure to the terephthalate solution. The activities of the
deactivated samples were normalized to that of the freshly ground
material. The dotted line at the bottom of the graph represents the
activity of unground quartz.

quartz, lunar dust simulant, and Apollo soil each can be
greatly altered to increase their hydroxyl radical-producing
activity by grinding. For the lunar soil, grinding can act as a
first approximation for micro-meteorite impacts that
originally produced the lunar regolith. Actual micrometeorite
impact leads to vapor deposition on other particles as well as
simply crushing and melting of the lunar regolith. These
impacts lead to the comminution of the regolith and a
decrease in mean grain size. It is the smaller size fraction, the
dust with <20 µm, that could be a concern for future human
exploration and habitation on the Moon. This makes up
∼20 wt% of the lunar soil. But, it is the <3 µm portion, the
“respirable” size, that are able to penetrate deeply into the
lungs and possibly cause fibrosis or affect the status of
macrophages. Measurements of several Apollo soils have
shown that the fine grain sizes (e.g., <1 µm) account for
∼1–2 wt% of the total soil mass, and the size that possesses
the largest number of particles is 100–200 nm (Park et al.
2008). And most importantly, the total lack of any moisture
and presence of an extreme vacuum on the lunar surface will
preserve this great surface reactivity of the lunar soil.
A recent study by Latch et al. (2008) determined that,
while the acute toxicity of lunar simulant (JSC-1) on human
alveolar macrophages is relatively low, exposure of the
macrophages to a fine fraction of the simulant causes a shift
towards an immune active phenotype (Latch et al. 2008). If
this were to occur in the body, it could lead to chronic lung
inflammation. Previous studies by Lam et al. (2002) on the
effect of lunar dust simulant intratracheally instilled in mice
showed that the simulant caused more severe lung injury than
TiO2, with an increased duration of dust presence in the lungs
leading to chronic inflammatory lesions.
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Fig. 7. Emission spectra comparing ground and unground Apollo 16
soil (62241) with ground JSC-1A-vf and ground Min-u-Sil 15. The
concentration of dust and terephthalate solution was 3.8 mg/mL and
10 mM, respectively.

Fig. 8. Deactivation of freshly ground Apollo 16 soil (62241).
Fractions of ground lunar soil were placed in an environmental
chamber at 25 °C and 50% relative humidity for defined periods of
time before exposure to the terephthalate solution. The activities of
the deactivated samples were normalized to that of the freshly ground
material. The dotted line at the bottom of the graph represents the
activity of unground lunar soil.

The standard curve shown in Fig. 2 allows for the
determination of the hydroxyl concentration produced by a
given concentration of the different ground dusts, with values of
1.45 × 1011 radicals (quartz), 4.89 × 1011 radicals (JSC-1A-vf),
and 1.64 × 1012 radicals (Apollo lunar dust, 62241)
corresponding to the plots in Fig. 7. However, any
quantification must be considered carefully due to the lack of
control of some parameters. It must be noted that the values
presented here are lower limits; they are the amounts
measured. It is possible that a greater number of hydroxyl

radicals are formed, but are deactivated by another species
prior to reacting with the terephthalate molecule.
The major source of concern is in the particle size
distributions of the charges used for the grinding
experiments—of the quartz (<15 µm), versus JSC-1Avf
(<20 µm) versus Apollo lunar soil (>3 < 125 µm). However,
this is mitigated to a large extent by measurement of the
hydroxyl radical production of the materials before the
grinding procedure. Another source of concern lies with
the human factor. For instance, the amount of pressure
exerted on the samples could change during grinding due to
fatigue. Ideally, consistent grinding using a machine grinder
would help mitigate this factor, and an automated mill
would provide more consistent and reliable results.
When grinding the various materials, it should be noted
that the starting amount of sample can lead to different
activities. For instance, at the same concentration, the activity
obtained after grinding 300 mg of sample will actually be
greater than that obtained after grinding 600 mg of sample for
the same period of time. This fact would seem to indicate that
a strong interaction between the mortar and pestle is critical in
order to achieve the highest level of activity. This factor may
not be as important, however, if other grinding methods are
used. Future studies of particle size and surface area will
provide more information pertinent to the activation.
Finally, it should be noted that lunar regolith (soil/dust)
is exposed to much more than micro-meteorite impacts on
the lunar surface. The dust also experiences ultraviolet
radiation and bombardment with charged solar-wind and
galactic/comic ray particles (Heiken et al. 1991). Other
LADTAG (Lunar Airborne Dust Toxicity Assessment
Group) studies are centered on understanding how the
hydroxyl production of these same materials can be affected
by exposure to high-power UV radiation and high-energy
protons. Using these high-energy and high-flux methods
will permit determination of the effects of months or years
of exposure on lunar materials, in a shorter, experimental
amount of time.
It might be argued that the increased hydroxyl radical
production seen in the Apollo sample is simply due to the
increased amount of reactive surface area available for the
smaller particles. We note that Hurowitz et al. (2007) found
that the variation in H2O2 production by their pure minerals
did not appear to be correlated to differences in the
specific-surface area, determined using the Brunauer,
Emmett, and Teller (BET) method. As our samples, which,
with the exception of quartz, also contain olivine,
pyroxenes, and plagioclase, it was assumed that the same
logic would apply. BET measurements on ground samples
of lunar dust (8.404 m2/g), lunar simulant (5.369 m2/g), and
quartz (8.436 m2/g) showed that, indeed, this was the case.
Nevertheless, the specific surface area of the ground
materials cannot account for the wide range of activities.
Whereas no previous studies have been carried out in
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Fig. 9. Changes in activation of lunar dust simulant, JSC-1A-vf, and
quartz, Min-U-Sil 15, with increased grinding time. The activation
level of lunar dust, 62241, at 10 min. is plotted for comparison.

order to test the ability of lunar soil simulant or Apollo lunar
dust to produce hydroxyl radicals, such studies have been
conducted on ground quartz (Vallyathan et al. 1988; Dalal et al.
1990; Castranova 1994; Clouter et al. 2001; Cakmak et al.
2004). The results presented here for quartz activation differ
somewhat from those of Castranova and coworkers, namely
in the level of activation (1018 surface radicals for Vallyathan
et al.) and the deactivation rate (Vallyathan et al. 1988;
Castranova 1994). An initial inconsistency in the level of
activation can be traced to the grinding time. In the studies of
Vallyathan et al., the quartz was ground for 30 min., while the
quartz used for the present studies was ground for only
10 min. (Vallyathan et al. 1988). Our studies have indicated
that longer grinding does lead to greater activation (Fig. 9).
Therefore, differences in activation levels are probably
attributable to degrees and durations of grinding. However,
there are some questions that could be raised with regards to
the previous work; for example, Vallyathan et al. do not
mention how much starting material was ground (Vallyathan
et al. 1988; Dalal et al. 1990). As mentioned above, we have
found that a significant difference in activation can occur
depending on the amount of starting material. Another
consideration is the level of consistency during such an
extended grinding period. It is not possible to consistently
apply the same amount of pressure on the sample, which
could also lead to differences in the level of activation. Given
these limitations, the differences seen between our work and
that of Vallyathan et al. with regards to activation are
remarkably correlated.
Of major concern are the differences in deactivation time
between our data presented here and that of Castranova
(1994) and coworkers. In their work, Castranova and
coworkers described the half-life of the ability of ground
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quartz, stored in air, to produce hydroxyl radicals to be
approximately 20 h. This is significantly different than our
result of approximately 2 h. In fact, our result is more in line
with the time cited for ground quartz stored in PBS, which
they cite as a few minutes. The relative humidity during our
experiments was 50%, while no humidity was cited by
Vallyathan et al. (1988). However, it does not seem possible
that the humidity could be the cause of such a large difference
between the present data and that of Vallyathan et al. (1998).
This discrepancy remains unexplained and provides impetus
for further study, including repeating ESR measurements on
the ground quartz.
Grinding of crystalline quartz is expected to lead to the
presence of silicon- or oxygen-based radicals (“dangling
bonds”), which can react with water to produce hydroxyl
radicals, which passivates the material (Narayanasamy and
Kubicki 2005). One could reasonably assume that the same
process might also take place with the glassy agglutinates
present in lunar soil or the amorphous glassy rims of the
lunar dust grains themselves. However, a major difference
between the true lunar dust and the lunar simulant and quartz
is the presence of literally billions of metallic iron (Fe0)
nano-sized particles in the agglutinic glass and dispersed in
the thin-glass coatings on the grains of virtually all the lunar
soil particles in a mature soil (Taylor and Meek 2005; Taylor
et al. 2005; Liu et al. 2007). It is possible that grinding of
lunar dust exposes this reduced iron, which can react with
oxygen and water to produce ROS, including hydrogen
peroxide or superoxide. In this case, the Fenton reaction
would take place, resulting in the creation of a hydroxylradical producing cycle. As the nanophase iron particles are
not homogeneously distributed within the grains, various
size fractions could possess more or less opportunities for
the Fenton reaction cycle to occur. This explanation could
account for the results in Fig. 8. To further test this
hypothesis, it will be helpful to study the effects of grinding
and deactivation on synthetic materials containing lunar
simulated glass with nanophase metallic iron (Liu et al.
2007). A method for producing these particles in an
amorphous silica matrix has recently been reported, and we
have synthesized such starting materials for additional
experiments (Liu et al. 2007).
SUMMARY
The present work represents the first report of a method
to activate Apollo lunar soil/dust and lunar dust simulant and
monitor the activity and passivation of the samples. Grinding
of the samples has been used as a surrogate for
micrometeorite bombardment on the lunar surface and its
resulting crushing and grinding of soil particles. The creation
of fresh silicon-based radicals on the materials by a grinding
method leads to the production of hydroxyl radicals in
solution. These hydroxyl radicals react with non-fluorescent
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terephthalate to produce 2-hydroxyterephthalate, which is
fluorescent. This method has made it possible to determine
the time required for deactivation of lunar soil/dust, lunar
simulant, and quartz, in an atmosphere of known temperature
and humidity. This assay of activity also lends itself to other
activation methods that may be encountered on the lunar
surface, such as exposure to ultraviolet radiation and highenergy solar wind protons. Using the measurement technique
detailed above, it should be possible to make more realistic
determinations of the activity and possible toxic effects of
lunar dust. Such knowledge can aid the mitigation of
problems that may be encountered with lunar dust, as humans
return to the Moon.
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