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The surfaces of the Moon and other airless planetary bodies are constantly weathered by meteorite
impacts and sputtering by charged particles. One of the hallmarks of this ‘‘space weathering’’ is the
presence of nanophase metallic Fe (npFe0) at the surface of airless bodies. These npFe0 grains alter the
surface optical spectra of planetary bodies without an atmosphere and their concentration is used to
estimate the degree of maturity of lunar regolith. The origin of npFe0 has been debated between in situ
reduction due to the solar wind, and evaporation generated by charged particle sputtering and/or
micrometeorite impact followed by re-condensation of metallic Fe. These two mechanisms will impart
completely different Fe isotopic fractionation effects on the npFe0. In this study we measure the Fe
isotopic composition of npFe0 using a step-by-step surface etching technique on lunar regolith
plagioclase. Our results show that npFe0 is highly enriched in the heavy isotopes of Fe (d56Fe up to
0.71%) compared to bulk plagioclase and other lunar materials such as regolith and igneous rocks. We
suggest that the formation of npFe0 in lunar regolith is responsible for the higher d56Fe in the lunar
regolith compared to lunar igneous rocks. In addition, a thermal escape model shows that the heavy Fe
isotopic composition of npFe0 is best explained by the preferential escape of light Fe isotopes to space
in the vaporization phase of Fe. The temperature of the vapor can be inferred from our model (2750–
3000 K), which is compatible with those proposed by previous calculations and experiments. Therefore
our results unambiguously support the vapor deposit origin of npFe0, explain the origin of the heavy Fe
isotopic composition of the lunar regolith and provide a temperature estimate for the impact event at
the origin of the npFe0.
& 2012 Elsevier B.V. All rights reserved.
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1. Introduction
The Moon, as well as other small terrestrial bodies like Phobos
and 4-Vesta have little to no atmosphere or magnetic field.
All planetary bodies are under continuous bombardment by
various events such as cosmic ray radiation, solar wind sputtering/implantation, and meteorite/micrometeorite impacts (Clark
et al., 2002; Lucey et al., 2006). While both the atmosphere and
magnetic field protect the Earth from the majority of these effects,
these processes constantly alter the unprotected surface of airless
bodies and/or the bodies absent of significant magnetic fields.
The cumulative alteration effects of these events are loosely
defined as ‘‘space weathering’’ (Hapke, 2001; Pieters et al.,
2000). On these airless planetary bodies, space weathering has
long been recognized as a key factor for the alteration of surface
optical features by, for example, lowering the albedo, reddening
n
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the spectral slope, and subduing the absorption fine structures
(Adams and Jones, 1970; Clark et al., 2002; Hapke, 2001). Space
weathering complicates the interpretation of the composition of
airless bodies’ surface materials (Chapman, 2004; Clark et al.,
2002) and makes it almost impossible to spectrally match groups
of meteorites with types of asteroids (Britt et al., 1992).
Lunar regolith samples provide the best available materials to
study space weathering, and the knowledge learned about space
weathering from these samples could be extended to other airless
bodies (Taylor et al., 2001). Nanophase metallic Fe (npFe0) is
widely observed on the surface of lunar regolith minerals or
inside agglutinates (Keller and McKay, 1993, 1997; Wentworth
et al., 1999), and it has been thought to be the cause of alteration
of optical spectra from the lunar surface (Hapke et al., 1975;
Moroz et al., 1996; Sasaki et al., 2001; Tang et al., 2011). Understanding the origin and characteristics of npFe0 is critical to the
interpretation of remote sensing data from the Moon and
other airless planetary bodies. In addition, the characteristic
ferromagnetic resonance of npFe0 has been used as the main
index to evaluate the maturity of the lunar regolith (Cirlin et al.,
1974; Housley et al., 1975; Morris, 1976; Pearce et al., 1974).
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Therefore understanding the origin and formation mechanism of
npFe0 is also very important for explaining the exposure history
of lunar regolith.
After the discovery of npFe0 on the surface of lunar regolith
grains and inside agglutinates, two competing theories were
proposed to explain its origin. The first and long-accepted one is
that npFe0 is formed as the reduction of silicates/oxide in lunar
regolith saturated with solar-wind-implanted hydrogen during
impact melting (Housley et al., 1973). Concurrently, it was
suggested that npFe0 was actually formed as the deposition of
the solar wind sputtering/micrometeorite impact-generated
vapors (Hapke, 1973; Hapke et al., 1975).
The model of Housley et al. (1973) was widely accepted. It is,
however, problematic because (1) the reduction process would
have formed by-product water (FeOþ2H ¼Fe þH2Om), and the
presence of water in lunar regolith is still not fully accepted
(Taylor et al., 1995). Although many recent studies have described
the detection of OH/H2O at the lunar surface, the source of water
(indigenous, solar wind reduction, or meteoritic component)
remains largely unknown (Clark, 2009; Liu et al., 2012; Pieters
et al., 2009; Sunshine et al., 2009); (2) pulse laser irradiation
experiments, simulating a high-velocity micrometeorite impacting
environment, show that no solar wind hydrogen is needed to form
npFe0 and to change the optical spectra (Sasaki et al., 2001); (3)
transmission electron microscopy (TEM) imaging has clearly shown
that npFe0 is present in the rim of nominally Fe-free minerals such
as plagioclase (Keller and McKay, 1993; 1997; Wentworth et al.,
1999).
One method to differentiate between the two formation
processes is to use an isotopic tracer, as the two proposed
mechanisms should impart different isotopic effects on npFe0 in
lunar regolith. In the solar wind hydrogen reduction scenario, the
only possible source of Fe isotopic fractionation is the reduction of
Fe(II) to Fe(0). As the solar wind hydrogen reduction process
would have happened at high temperatures (i.e. # 1500 K;
Housley et al., 1973), and since equilibrium isotopic fractionation
is proportional to 1/T2 as predicted by the classic equilibrium
isotope fractionation theory (Urey, 1947), no measurable isotopic
fractionation is expected. Recent theoretical calculations have
shown no resolvable fractionation occurs between Fe metal and
silicate/oxide at high temperatures ( 41500 K), except in extremely high pressure environments, such as at the Earth’s coremantle boundary (Polyakov, 2009). Experimental work has also
observed no equilibrium fractionation between Fe metal and
silicate at high temperatures (Poitrasson et al., 2009). Therefore
the Fe isotopic composition of the npFe0 formed by solar wind
hydrogen reduction would be expected to be unfractionated from
the host lunar regolith. In the solar-wind-sputtering/micrometeorite-generated-vapor-deposit scenario (Hapke et al., 1975),
kinetic effects could induce a preferential escape of the light
isotopes of vaporized Fe to space. As a result, the remaining npFe0
should be enriched in heavy isotopes relative to host lunar
regolith. The Fe isotopic compositions of npFe0 could therefore
be used to distinguish which mechanism has dominated their
formation.
Following this logic, Wiesli et al. (2003) and Moynier et al.
(2006) both investigated the Fe isotopic compositions of bulk
lunar regolith and found that it is enriched in the heavy isotopes
of Fe when compared to lunar rocks by an average of 0.10%/a.m.u.
(atomic mass unit) and the most mature and finest lunar regolith
samples have the most enriched heavy isotopes of Fe, up to 0.15%/
a.m.u. (Wiesli et al., 2003). Since the most mature and finest lunar
regolith samples have the largest surface-to-volume ratio and have
had more time to accumulate npFe0, these investigations strongly
suggest that the heavy-Fe-isotope-enrichment of the lunar regolith
(relative to lunar rocks) is caused by the formation of npFe0, which

was predicted to have a highly fractionated Fe isotopic composition
(more enriched in heavy isotopes of Fe than the bulk regolith). If these
suggestions are correct, it would favor the impact-produced-vapordeposit origin of the npFe0. However, no direct isotopic investigation
of the npFe0 in the lunar regolith has been reported so far, due to its
submicroscopic size (from a few to hundreds of nanometers; Hapke,
2001).
Plagioclase is a stoichiometrically Fe-free mineral (up to
0.25 wt% in bulk Apollo 16 regolith plagioclase; Bell and Mao,
1973; Taylor and Carter, 1973), so little intrinsic Fe from the host
mineral could contaminate the npFe0 on the surface. The Apollo
16 regolith is very mature (relatively determined by the amounts
of npFe0; Cirlin et al., 1974; Housley et al., 1975; Morris, 1976;
Pearce et al., 1974), and hence contains large amounts of npFe0
(Heiken et al., 1991). Thus Apollo 16 lunar regolith plagioclase
mineral separates are ideal samples to search for the Fe isotopic
composition of npFe0. In order to access this npFe0 signature,
we used a step-by-step etching technique (Kitts et al., 2003),
preferentially dissolving the surface (from 0.1 to 0.8 mm) of
handpicked pure lunar regolith plagioclase grains with a series
of weak acids. We have successfully managed to measure the Fe
isotope signature of npFe0 using Multi-Collector Inductively
Coupled Plasma Mass Spectrometer (MC-ICP-MS). We will discuss
the origin of the npFe0 in lunar regolith from the perspective of Fe
isotopic fractionation.

2. Material and methods
2.1. Sample treatment
We used the same sample solutions previously treated by Kitts
et al. (2003). Here we briefly repeat the rationale and main steps (a
detailed preparation procedures can be found in Kitts et al. (2003)).
To maximize the proportion of nanophase Fe and limit the contamination from the intrinsic Fe of host minerals as much as possible,
plagioclase from Apollo 16 regolith was chosen because (1) plagioclase
stoichiometrically contains no Fe, and; (2) Apollo 16 regolith has long
exposure ages and large surface-to-volume ratios (Heiken et al.,
1991). Sample 60601 is from Apollo 16, station 10, 65 m southwest
surface. Sample 62281 is from Apollo 16, station 2, south slope of
Buster crater surface. For both samples, about 50 g of bulk regolith
were used. First, the fine and ultra fine particles of the regolith were
removed as suspensions using electronic grade methanol. The
remaining material was initially size-sorted (35–75 mm and 75–
150 mm), then the plagioclase grains were isolated, first using a
Frantz magnetic separator and finally by hand. The handpicked clean
plagioclase grains represent about 1.5–2.0% of the initial total mass of
the regolith (Kitts et al., 2003).
The isolated plagioclase grains were first cleaned in MQ-e water
(18.2 MO cm) in an ultrasonic bath for 60 s. The cleaned grains were
then progressively etched by using 0.1 N HCl at room temperature.
The first four etches (Etch1, 2, 3 and 4) each lasted for 1 h, while the
final one (Etch5) continued for 20 h to consume as much sample as
possible. The acid solution in each etching step was pipetted into
cleaned PTFE beakers and used for the Fe purification. The Ca
concentrations in the same solutions were previously measured by
Kitts et al. (2003) and the etch depths were calculated therein (see
Table 1). Each step was estimated to etch about 0.1 mm of sample (see
Fig. 1; Kitts et al., 2003), which corresponds to the depth of the npFe0
rim of plagioclase reported by Keller and McKay (1997).
2.2. Isotopic measurements
Prior to the mass spectrometry analysis, Fe was purified by ion
exchange chromatography following procedures described previously
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Table 1
Iron isotopic compositions of etched plagioclase in Apollo 16 lunar regolith (See the text for details of the d and e notation).
Sample

Treatment

Etch Deptha

d56Fe 72SE

d57Fe 7 2SE

d58Fe 72SE

e56Feb2SE

e58Feb 7 2SE

e57Fec 72SE

e58Fec 72SE

nd

60601, 50 g, 35–75 um
Etch2
0.1N HCl
Etch3
0.1N HCl
Etch4
0.1N HCl
Etch5
0.1N HCl

(1 h)
(1 h)
(1 h)
(20 h)

0.20
0.26
0.33
0.56

0.71 70.05
0.56 70.10
0.66 70.12
0.36 70.25

1.057 0.05
0.887 0.12
1.007 0.08
0.607 0.28

1.34 7 0.12
1.22 7 0.31
1.23 7 0.03
0.92 7 0.22

0.117 0.21
$ 0.377 0.23
$ 0.137 0.65
$ 0.477 0.67

$ 0.397 1.38
0.567 1.61
$ 0.967 1.12
1.25 7 1.96

$ 0.167 0.31
0.557 0.34
0.197 0.97
0.707 0.99

$ 0.61 71.43
1.29 71.16
$ 0.71 72.28
2.18 73.25

3
3
3
3

62281, 50 g, 35–75 um
Etch1
0.1N HCl
Etch2
0.1N HCl
Etch3
0.1N HCl
Etch4
0.1N HCl
Etch5
0.1N HCl

(1 h)
(1 h)
(1 h)
(1 h)
(20 h)

0.11
0.16
0.22
0.28
0.45

0.59 70.04
0.44 70.11
0.57 70.12
0.49 70.17
0.22 70.09

0.947 0.05
0.717 0.12
0.827 0.11
0.737 0.17
0.337 0.09

1.27 7 0.12
0.87 7 0.11
0.98 7 0.10
0.83 7 0.17
0.207 0.17

$ 0.387 0.17
$ 0.397 0.35
0.127 0.42
$ 0.017 0.53
$ 0.017 0.31

0.247 1.23
$ 0.697 1.03
$ 1.087 0.98
$ 1.35 7 1.27
$ 2.31 7 1.79

0.577 0.26
0.577 0.52
$ 0.187 0.62
0.017 0.80
0.017 0.47

0.99 71.41
0.07 71.57
$ 1.32 71.70
$ 1.34 72.21
$ 2.29 71.81

6
6
6
6
5

62281, 50 g, 75–150 um
Etch1
0.1N HCl (1 h)
Etch2
0.1N HCl (1 h)
Etch3
0.1N HCl (1 h)
Etch4
0.1N HCl (1 h)
Etch5
0.1N HCl (20 h)

0.13
0.20
0.33
0.44
0.73

0.48 70.03
0.56 70.16
0.51 70.12
0.39 70.14
0.29 70.06

0.777 0.03
0.847 0.15
0.787 0.11
0.657 0.16
0.467 0.08

0.83 7 0.09
1.13 7 0.07
1.06 7 0.05
0.92 7 0.00
0.68 7 0.10

$ 0.407 0.44
0.017 0.59
$ 0.197 0.41
$ 0.537 0.38
$ 0.237 0.07

$ 1.86 7 0.57
0.207 1.31
0.337 1.01
0.537 2.02
0.727 0.03

0.607 0.66
$ 0.017 0.88
0.287 0.61
0.787 0.56
0.347 0.10

$ 1.07 71.44
0.19 72.47
0.70 71.82
1.56 72.76
1.17 70.10

2
2
2
2
2

0.07 70.06

0.117 0.06

0.017 0.11

$ 0.057 0.22

$ 1.407 1.61

0.087 0.32

$ 1.30 71.99

4

Geostandard
BCR-2
a

(Bulk)

Etch depth is from Kitts et al. (2003) calculated from Ca concentration.
Fe/54Fe normalized to 57Fe/54Fe ¼0.362566. i¼ 56 and 58 (Taylor et al., 1992).
Fe/54Fe normalized to 56Fe/54Fe ¼15.69786. i¼ 57 and 58 (Taylor et al., 1992).
Number of sample measurement.

b i
c i
d

Fig. 1. Iron isotopic compositions expressed in delta notation (d56Fe) relative to
IRMM-014 vs. etching depth profile. Etching depth values are taken from Kitts
(2003) derived from Ca concentrations. The yellow shaded area represents bulk
plagioclase isotopic composition taken from lunar igneous rocks (Craddock et al.,
2010). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

(Dauphas et al., 2004) and recently applied in Wang et al. (2011,
2012). Samples were dissolved in # 1 ml of 6 N HCl and loaded into
columns filled with 1 mL AG1-X8 200–400 mesh anion-exchange
resin. The matrix was first eluted in 8 mL (0.5þ0.5þ1þ2þ4 mL
increments) of 6 M HCl and the Fe was collected in 9 mL
(0.5þ0.5þ1þ3þ4 mL increments) of 0.4 M HCl. These purifications

were repeated twice to ensure removal of all interfering isobars and
other matrix elements. The Fe isotopic measurements were performed using a standard-sample bracketing method on the Thermo
Scientific Neptune Plus Multi-Collector Inductively Coupled Plasma
Mass Spectrometer (MC-ICP-MS) at Washington University in St.
Louis, running at medium resolution (resolving power M/DM#8500).
Both samples and standards were analyzed at the same concentration
(0.5 ppm710%) and were introduced into the MC-ICP-MS using a
100 mL/min PFA MicroFlow nebulizer and with an Apex-QþSpiro
desolvator, which reduces ambient species interferences and
results in a higher machine sensitivity. The intensities of the
isotopes 54Fe, 56Fe, 57Fe and 58Fe were measured in the L2, center,
H1 and H2 Faraday cups respectively. Possible interferences from 54Cr
and 58Ni were assessed by monitoring 53Cr (L3) and 60Ni (H4)
respectively. The measurements were made on the flat-topped peak
shoulder (light mass side) to avoid the interferences of 40Ar14N þ ,
40
Ar16O þ , 40Ar14OH þ and 40Ar18O þ . The results are reported as
delta notation relative to IRMM-014, where diFe¼[(iFe/54Fe)sample/
(iFe/54Fe)IRMM$ 014 $ 1] % 103, i¼ 56, 57 and 58. Because e53Cr and
e54Cr anomalies were previously found in the same solutions (Kitts
et al., 2003), it is necessary to check the non-mass fractionation
effects for Fe isotopes too. For this reason, to correct the instrumental
and natural mass-dependent fractionations, all the data were
also normalized to 57Fe/54Fe¼ 0.362566 or 56Fe/54Fe¼15.69786
(Taylor et al., 1992) using the exponential law (Maréchal et al.,
1999). The normalized data are reported in e units, eiFe¼
[(iFe/54Fe)sample/(iFe/54Fe)IRMM$ 014 $ 1] % 104, i¼56, 57 and 58. The
errors are reported as two standard errors (2SE) of the replicated
measurements.

3. Results
The isotopic compositions of lunar regolith plagioclase etchings
are presented in Table 1. For the three separate experiments (60601
35–75 mm; 62281, 35–75 mm and 75–150 mm), the first three/four
one-hour etching solutions all have significantly higher d56Fe values
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(d56Fe¼0.39–0.71%) than the last twenty-hour etching solutions
(d56Fe¼0.22–0.36%). Fig. 1 shows a clear trend of d56Fe decreasing
from the surface to the core of plagioclase grains for the three
independent experiments. The d56Fe values in the last etching
solution fall into normal lunar plagioclase values (d56Fe¼ 0.15–
0.34%; shown as the yellow shaded area in Fig. 1; Craddock et al.,
2010). The largest d56Fe offset from ‘‘average’’ lunar plagioclase Fe
measured from surface etching is 0.71 70.05%, which we use as a
possible end-member Fe isotopic composition of nanophase Fe, as
discussed in the following section.
Because surface-related chromium isotopic anomalies have
been previously found in the same etching solutions used in this
study (Kitts et al., 2003), internally normalized Fe isotopic data for
comparison, to check for non-mass dependent Fe isotopic signatures due to solar wind implantation (see Table 1 and Fig. 2). After
correction for mass-dependent fractionation, either by normalizing to the 57Fe/54Fe or 56Fe/54Fe ratio, all e56Fe, e57Fe and e58Fe

Fig. 2. Iron isotopic compositions expressed in epsilon notation (e56Fe) after
mass-dependent fractionation corrections, either normalized to 57Fe/54Fe ¼
0.362566 (Taylor et al., 1992; top panel) or to 56Fe/54Fe ¼ 15.69786 (Taylor et al.,
1992; bottom panel) using the exponential law (Maréchal et al., 1999). Both sets of
data show no Fe isotopic anomalies within analytical uncertainty.

are equal to zero within analytical uncertainty. Unlike Cr isotopes
there are no isotopic anomalies observed in Fe isotopes (see
Fig. 2). Therefore, all the isotopic variations observed in our
samples are caused by mass-dependent fractionation.

4. Discussion
Plagioclase is a nominally Fe-free mineral, and in Apollo
16 regolith plagioclase the bulk Fe concentration is only
0.14–0.25 wt% (Bell and Mao, 1973; Taylor and Carter, 1973). The
higher Fe concentration on the surface (o0.4 mm depth) of lunar
regolith plagioclase implies that this extra Fe is probably not primary
(Keller and McKay, 1997). Our study shows this secondary Fe has
significant different isotopic compositions (d56Fe up to 0.71%) from
the host plagioclase (see Fig. 1). Three possible sources of this
extrinsic Fe have been suggested: contamination by meteoritic
components, solar wind Fe implantation or vapor-deposit Fe coating
(Keller and McKay, 1997; Kitts et al., 2003).
Meteoritic components could contribute between 0.7% and
1.7% by mass in a typical regolith from Apollo 16 (Korotev, 1987).
Meteorites, especially chondrites, usually contain high amounts of
Fe–Ni metal (up to 20% in H group ordinary chondrites; Lodders
and Fegley, 1998). However, no types of meteorites thus far
measured for Fe isotopes could provide such heavy Fe isotopic
compositions as measured here (d56Fe up to 0.71%). For example,
chondrites are the most frequent falls ( #80%; Bevan et al., 1998)
on the Earth (probably also on the Moon), and the average d56Fe is
only 0.01 70.01% (Craddock and Dauphas, 2011). Iron meteorites have higher d56Fe ( # 0.1%; Poitrasson et al., 2005;
Schoenberg and von Blanckenburg, 2006; Williams et al., 2006)
but are still too light to provide the d56Fe¼0.71% end-member
required here. Achondrites, such as Martian, HED, or angrite, have
various Fe isotopic compositions, but their d56Fe are all less than
0.2% (Anand et al., 2006; Poitrasson et al., 2004; Schoenberg and
von Blanckenburg, 2006; Wang et al., 2012; Weyer et al., 2005).
Thus, meteoritic components are not a plausible source for these
highly fractionated Fe isotopic composition in the step etching
solutions of the Apollo 16 lunar regolith plagioclase.
Solar wind is dominated by hydrogen and helium; heavy
elements comprise less than 1% (Anders and Grevesse, 1989;
Lodders, 2003). However, solar wind-derived implanted elements other than hydrogen and helium, such as noble gases
(Benkert et al., 1993; Eberhardt et al., 1972), lithium
(Chaussidon and Robert, 1999), carbon (Hashizume et al.,
2004), nitrogen (Hashizume et al., 2000; Jull et al., 1995), and
oxygen (Hashizume and Chaussidon, 2005; Ireland et al., 2006)
have long been recognized at the surface of lunar regolith
grains. Calculations based on solar wind flux shows that up to
0.3 wt% of the total Fe in lunar regolith could be implanted by
solar wind (Shkuratov, 2012), which could therefore be a
possible source for the secondary Fe found on the surface of
lunar regolith plagioclase.
In addition, non-mass dependent Cr isotopic variations have
been measured in the same etching used in our study. As with the
heavy-Fe isotope-enriched etchings in this study, these anomalies
were concentrated in the surface of lunar regolith plagioclases
(Kitts et al., 2003). The origin of these Cr isotopic anomalies is still
unclear, however, since these variations are definitively non-mass
dependent, they can be best (if not only) explained by having
formed by spallation in the solar atmosphere, transported to the
Moon and implanted in lunar regolith by solar wind.
However, this conclusion based on Cr isotopes does not apply
here for Fe, even though we have analyzed the same etching
solutions. First, after correcting for mass dependent fractionation,
within analytical uncertainty no non-mass dependent Fe isotopic
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Fig. 3. Solar wind Fe isotopic compositions measured by spacecrafts (d56Fe) vs.
Fe isotopic compositions measured in lunar regolith plagioclase surface etching
solutions. The error bars for the literature data are 2s; the error bar for this study
is within the data symbol.

anomalies (e56Fe, e57Fe or e58Fe) are found (see Table 1 and
Fig. 2). This does not necessarily exclude the possibilities of solar
wind origin for the secondary Fe (e.g., if the Sun has a chondritic
Fe isotopic composition) but is not definitive evidence for a solar
wind origin. Second, inefficient Coulomb drag theory predicts
heavier isotopes are depleted in solar wind relative to the outer
convective zone (OCZ) of the Sun (Bochsler, 2000; Bodmer and
Bochsler, 2000; Geiss et al., 1970; Wiens et al., 2004). This means
that the implanted solar wind stable isotopic compositions should
be enriched in light isotopes. Recent support for this theory comes
from the isotopically light Mg isotopic composition (down to
$2%/a.m.u.) of solar wind collected by the Genesis mission
(Humayun et al., 2011). For the Fe isotopic composition of solar
wind, the High-Resolution Mass Spectrometer (MASS) loaded on
the Wind spacecraft and the Mass Time-of-Flight Spectrometer
(MTOF) on the Solar and Heliospheric Observatory (SOHO) spacecraft have reported very negative Fe isotopic compositions (see
Fig. 3; Ipavich et al., 2001; Oetliker et al., 1997). The positive Fe
isotopic compositions measured here (d56Fe up to 0.71%) cannot
therefore be attributed to solar wind implantation (see Fig. 3).
Lastly, abundant nanophase metallic Fe (npFe0) has long been
found in the vapor-deposit coating which universally covers
mature lunar regolith particles like the Apollo 16 regolith plagioclase studied here (see Hapke, 2001 for a review). Previous acid
leaching experiments have shown the surface npFe0 can be
readily accessed with short-term acid exposure (Gold et al.,
1970; Hapke et al., 1970). The etching depth in this study (see
Fig. 2; Kitts et al., 2003) is comparable with the appearance depth
of the vapor-deposit npFe0 observed by transmission electron
microscope (Keller and McKay, 1993, 1997). This vapor-deposit Fe
coating dominates the concentration of Fe on the rims of nominally Fe-free minerals such as plagioclase (Keller and McKay,
1997), hence controlling the Fe isotopic compositions measured
in the surface etchings in this study. As such, the Fe of the surface
( o0.4 mm) etching solutions of lunar Apollo 16 regolith plagioclases must represent the npFe0 instead of meteorite components
or solar wind implanted Fe.

In this study we directly show that heavier d56Fe is only
concentrated in the topmost part (o0.4 mm) of lunar regolith
plagioclase (see Fig. 1); the core has a ‘‘normal’’ d56Fe, comparable
to that of plagioclase separated from lunar igneous rock
(Craddock et al., 2010). We propose that the heavily enriched Fe
isotopic compositions of the lunar regolith are solely caused by
the formation of npFe0, and that the degree of isotopic enrichment is determined by the amount of npFe0 contained.
The highly fractionated Fe isotopic composition of npFe0
measured in this study does not only explain why lunar regolith
has a higher d56Fe than lunar igneous rock, but also sheds light on
the origin of the npFe0. As stated in the introduction, two
competing formation mechanisms of npFe0 (reduction of FeO in
lunar regolith by solar wind vs. thermal disassociation with
oxygen in solar wind sputtering/micrometeorite impact generated hot vapor) would have distinct Fe isotopic fractionation
effects. As shown in Fig. 1 the npFe0 measured here have highly
fractionated heavy Fe isotopic composition (d56Fe up to 0.71%),
more than twice that of average lunar regolith ( #0.3%; Wiesli
et al., 2003). This highly fractionated Fe isotopic composition of
npFe0 strongly disfavors the solar wind hydrogen reduction
hypothesis. The fractionation can be best explained by the
preferential loss of light Fe isotopes to space during the hot
vaporization stage, as predicted by the classical thermal escape
model (Wiesli et al., 2003).
Chemical fractionation between vapor deposits and source
material during vapor transport has been previously reviewed
in detail (Hapke et al., 1975; Hapke, 2001); here we will briefly
discuss the possibility of isotopic fractionation. Following a
classical thermal escape model (Jeans escape), atoms in the
high-velocity-tail of the Maxwell–Boltzmann distribution may
reach the planetary escape velocity and hence could be lost to
space (Hunten, 1982; Jeans, 1925). Criss (1999) modeled the
isotopic fractionation as a result of the preferential loss of lighter
isotopes following this mechanism. The temperature of impactproduced vapor has been evaluated from both calculations and
experiments (Anand et al., 2004; Cassidy and Hapke, 1975; Hapke
et al., 1975; Tang et al., 2011; Yakovlev et al., 2011): depending on
the natural variations of impact energy and source materials, the
vapor temperature generally ranges from #1500 to 3000 K or
higher. At these high temperatures, a small but significant
amount of Fe in the hot vapor would have velocity larger than
the escape velocity of the Moon (2.38 km/s). As an example, at
2500 K (a reasonable vapor temperature) #0.099% and #0.077%
of atoms of 54Fe and 56Fe respectively could be lost to space based
on their different masses (see Fig. 4). These results were calculated using Eq. (1), after Criss (1999) (see Appendix for the
equation derivation), as such:
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
56 2
1$ ð2M 56 =pRTÞV e e$M V e =ð2RTÞ þerfð ð2M 56 =pRTÞV e Þ
56
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
d Fenew ¼
54 2
1$ ð2M 54 =pRTÞV e e$M V e =ð2RTÞ þerfð ð2M 54 =pRTÞV e Þ
56

%ðd Fesource þ1000Þ$1000

54

54

ð1Þ
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56

where M is the mass of Fe (kg/mol), M is the mass of Fe
(kg/mol), R is the gas constant (JK $ 1 mol $ 1), Ve is the Lunar
escape velocity (m/s) and T is the temperature of the vapor. Eq. (1)
is plotted in Fig. 5 as a function of vapor temperature. The data
range of the npFe0 measured in the first etching solutions (0.48–
0.71%) is plotted as the shaded region in the diagram.
As shown in Fig. 5, the Fe isotope composition of npFe0 in
lunar plagioclase surface etchings can be explained as the condensation residue of material that has lost light Fe isotopes to
space in a hot micrometeorite-impact-generated vapor (Hapke
et al., 1975). The vapor temperature can be evaluated to between
# 2500 and 2750 K if the fractionation starts from an average
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lunar regolith Fe isotope composition ( # 0.3%; Wiesli et al.,
2003). It is worth noting that the average lunar regolith d56Fe
already includes the influence of the high d56Fe caused by the
formation of npFe0. If the evaporating material has typical lunar
igneous rock values (d56Fe¼0.1 $0.2%; Liu et al., 2010;
Poitrasson et al., 2004; Weyer et al., 2005; Wiesli et al., 2003), a
higher temperature ( # 2750–3000 K) of the vapor is predicted.
Considering the Fe isotope composition of npFe0 from this
stepwise etching experiment can only represent the lower limit
value, we further suggest that a higher temperature ( 43000 K) is
equally possible. These temperature estimates deduced from Eq.
(1) (see Fig. 5) are compatible with the theoretical and experimental evaluations of the vapor temperature ( # 2000 to
43000 K; Anand et al., 2004; Basu, 2005; Cassidy and Hapke,
1975; Hapke et al., 1975; Tang et al., 2011; Yakovlev et al., 2011).
The Fe isotope data presented here indicate that the formation
of npFe0 on the surface of lunar plagioclase is explained by the
deposition of a solar wind sputtering/micrometeorite impactgenerated vapor. Our results do not provide direct evidence for
the origin of the npFe0 found in lunar agglutinates (glassy breccias
formed at the surface of the Moon by micrometeorite impacts) as,
unfortunately, the stepwise etching method used in this study
would dissolve much non-reduced Fe present in the agglutinate.
Since the npFe0 associated within agglutinates are larger than the
npFe0 found at the surface of regolith grains (Lucey et al., 2006),
in-situ high precision measurements of Fe isotopes (e.g. Nano
Secondary Ion Mass Spectrometry; Ong et al., 2012) might
provide a solution to this problem in the future.

5. Conclusions
Fig. 4. Iron isotopic fractionation during thermal escape from the high-velocitytail of Maxwell–Boltzmann distribution.

Fig. 5. The Fe isotopic compositions (d56Fe) of nanophase Fe measured in this
study could be explained by fractionation during preferential thermal escape (see
Eq. 1 in text) starting from a typical lunar regolith value (red solid line;
d56Fe¼ 0.3%; Wiesli et al., 2003), a typical high-Ti lunar basalt value (blue dashed
line; d56Fe ¼0.2%; Liu et al., 2010; Poitrasson et al., 2004; Weyer et al., 2005) or a
typical low-Ti lunar basalt/highland rock value (green dotted line; d56Fe ¼ 0.1%;
Liu et al., 2010; Poitrasson et al., 2004; Weyer et al., 2005). The experimentally
estimated vapor temperature range is between # 2000 and 3000 K (Anand et al.,
2004; Basu, 2005; Cassidy and Hapke, 1975; Hapke et al., 1975; Yakovlev et al.,
2011).

In this study, the Fe isotopic composition of nanophase
metallic Fe (npFe0) from the surface of lunar regolith plagioclase
grains has been directly measured. The npFe0 show large enrichments in the heaviest Fe isotopes (d56Fe up to 0.71%) compared
to lunar regolith ( #0.3%; Wiesli et al., 2003; Moynier et al. 2006)
or lunar igneous rocks (0.1–0.2%; Liu et al., 2010; Poitrasson
et al., 2004; Weyer et al., 2005; Wiesli et al., 2003). These results
provide good evidence that the enrichment in heavy Fe isotopes
of the lunar regolith compared to lunar igneous rocks is the result
of the presence of npFe0 in the regolith. This conclusion is
supported by previous studies on the bulk lunar regolith
(Moynier et al., 2006; Wiesli et al., 2003). In addition, the highly
fractionated Fe isotopic composition of npFe0 measured here
strongly favors a solar-wind-sputtering/micrometeorite-impact
generated vapor deposit origin (Hapke et al., 1975), which is in
agreement with the study of npFe0 by Transmission Electron
Microscopy (Keller and McKay, 1997). A thermal escape model
predicts that preferential loss of light Fe isotopes to space in the
hot vapor generated by constant solar wind sputtering/micrometeorite impacts can explain the Fe isotopic compositions of
npFe0. The temperature of the vapor can also be predicted from
the model, and is inferred as between # 2750 and 3000 K. This is
compatible with the temperature range proposed by previous
theoretical or experimental studies (Anand et al., 2004; Cassidy
and Hapke, 1975; Hapke et al., 1975; Tang et al., 2011; Yakovlev
et al., 2011).
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