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Introduction:  The processes of space weathering are

dominant in the development of the regolith and soils on

all airless bodies in the Solar System.  Indeed, it is this

processing of the soil that complicates and masks the ef-

fective use of remote sensing by spectral reflectance [1-

2].  The lunar regolith provides us with invaluable samples

to study these effects of space weathering.  In particular,

variations in isotopic compositions can constrain some

of the processes that act on the lunar soils.  It has been

observed that formation and maturation of the lunar re-

golith enrich the heavy isotopes of O, Si, S, K, Cd, Ca,

and Mg, in comparison to lunar rocks [3-8], although the

effect on Ca and particularly Mg are only minor.  The

mass-dependent isotopic variations of these elements are

variably explained by: 1) ion sputtering [9]; 2) volatil-

ization by micrometeorite impacts [3, 10]; and 3)

redeposition of some sputtered or volatilized matter after

gravitational fractionation [11].  The relative contribu-

tions of these processes to the isotopic fractionations are

not well known.  However, the abundance of nanophase

Fe in lunar soils can provide signatures of some of these

competitive processes.

Analytical Methodology:  We report here the first

Fe isotope analyses of lunar mare regolith samples.  These

samples are from the studies of the Lunar Soil Charac-

terization Consortium, where a selection of mare soils

were sieved into sized fractions (<10 µm, 10-20 µm, and

20-45 µm) [1].  In this present study, six of these mare

soils were analyzed for their Fe isotope compositions.  In

addition, the <10 µm size fraction of 79221 was partially

leached with 1M HCl, and the leachate (63% of total Fe),

and residue were analyzed for their Fe isotope composi-

tions.  All analyses were performed using the Univ. of

WI IsoProbe [12-13].  Based on replicate analyses of

samples processed through the entire analytical proce-

dure two or more times, the average reproducibility for

the 56Fe/54Fe is ±0.05 ‰.  Analyses are reported using

delta notation, where: δ56Fe = ([56Fe/54Fe]
sample

/[56Fe/
54Fe]

Terr Ig rocks
-1)103 and δ57Fe = ([57Fe/54Fe]

sample
/[57Fe/

54Fe]
Terr Ig rocks

-1)103 [12].  On this scale the measured Fe

isotope composition of the IRMM-014 Fe isotope stan-

dard was δ56Fe = -0.09 ± 0.05 ‰ and δ57Fe = -0.11 ± 0.07

‰.

Results:  The Fe isotope composition of the various

size fractions for the different soils are plotted in Figure

1 versus the I
s
/FeO values determined for each size frac-

tion of each soil [1].  There is an overall positive correla-

tion between the soil maturity index I
s
/FeO [14] and δ56Fe.

Figure 1. Plot of I
s
/FeO vs. δ56Fe for lunar soils. All analyses are for

bulk samples of the different size fractions. In addition, the <10µm size

fraction of 79221 has been leached and the δ56Fe values of the leachate

and the residue are given. For  comparison, the range for δ56Fe for lunar

basalts are shown in the lower left corner. Error bars indicate 1 SD for

duplicate or triplicate analyses.

The I
s
/FeO values indicate the relative percentage of the

total FeO of a sample that is present as nanophase Fe

metal.  Furthermore, the highest values of I
s
/FeO occur

in the finest size fractions of lunar soil [1, 14].  Soils

71061 and 12030 (immature) show no correlation with

isotopic composition.  The leached aliquot of the most

mature soil (<10 µm size fraction) has the highest I
s
/FeO

ratio, and also the highest δ56Fe value (0.47 ± 0.03 ‰).

On a three-isotope plot, all analyses plot along a line with

slope 2/3, indicating that the fractionations observed are

associated with mass-dependent behavior (Figure 2).

Lunar Rock Analyses:  In addition to these Fe iso-

tope analyses of lunar regolith samples, we have reana-

lyzed the five Apollo 12 mare basalt samples reported in

Beard et al. [15], as well as 3 additional mare basalts (2

from the Apollo 12 landing site and 1 from the Apollo 17

landing site), and 1 impact melt rock from the Apollo 16

landing site.  The Apollo 12 mare basalts have δ56Fe val-

ues that range from -0.03 to +0.07 ‰, the Apollo 17 mare

basalt has a δ56Fe value of 0.13 ‰, and the impact melt

rock has a δ56Fe value of -0.04 ‰.  Although the Apollo

17 mare basalt yielded a δ56Fe value of 0.13 ± 0.02 ‰,

similar to the value reported by Poitrasson et al. [16],

i.e., 0.07 ± 0.04 ‰ (data corrected through a common

value for the IRMM-014 Fe isotope standard), Apollo 12

rocks and the Apollo 16 impact rock have lower δ56Fe

values (0.02 ± 0.04 ‰ and -0.04 ± 0.02 ‰, respectively).

Discussion:  The iron isotope composition of lunar

mare basalts (8 samples) and 1 impact melt rock have
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Figure 2.  Plot  of δ57Fe vs. δ56Fe for the lunar soils. Data points plot

along the line with slope 2/3, indicating that isotopic variations are

caused by mass-dependent processes. Error bars show 1 SD about the

mean for duplicate analyses.

δ56Fe values that range from -0.04 to +0.13 ‰.  This is a

range similar to that of terrestrial igneous rocks [12].

Immature soils 71061 and 12030 that have I
s
/FeO values

less than ~50 also have Fe isotope compositions that over-

lap with the average Fe isotope composition of lunar

rocks.  In contrast, more mature lunar soils that have high

I
s
/FeO values, have δ56Fe values that are greater than lu-

nar rocks.  The positive correlation between I
s
/FeO and

δ56Fe values is taken as strong evidence that the lunar

regolith phase with high δ56Fe values is nanophase Fe

metal.  Moreover, the 1M HCl leaching experiment per-

formed on the <10 µm size fraction of soil sample 79221

is consistent with this hypothesis.  HCl preferentially at-

tacks Fe metal; the leachate has a δ56Fe value of +0.47 ‰

and contains 63 mole % of the total Fe in this sample.

The residue from this leaching experiment has the same

Fe isotope composition (δ56Fe = 0.21 ‰) as the coarser

sized fractions of sample 79221.  Assuming a linear in-

terpolation and a target-rock Fe-isotope composition, the

same as the average of lunar rock samples, the nanophase

Fe metal would have a δ56Fe value of + 0.8 ‰.

Recent TEM studies by Keller & McKay [17-18] have

shown that nanophase Fe metal is present in thin surface

layers on many soil particles.  It is with the finest soil

particles of mature mare soils that the surface area ver-

sus mass becomes so significant that the majority of the

nanophase Fe metal is on the surface of the soil particles

[1].  Most of these patinas are the result of vapor deposi-

tion caused by micrometeorite impact [1], although a

contribution from ion sputtering is also possible [19].  We

suggest that during micrometeorite impact, vaporization

of FeO occurs, accompanied by dissociation to elemen-

tal Fe.  Both during this process and with subsequent

condensation, Fe is isotopically fractionated.  It would

appear that some of the isotopically lighter Fe was pref-

erentially lost from the moon [1, 3].

It has been pointed out that volatility of an element

and chemical mass bias may play a role in the fraction-

ation behavior during meteorite impact [5].  During me-

teorite impacts, the more volatile elements such as Na,

K, Si, and Fe will be preferentially vaporized in com-

parison to the more refractory elements (i.e., Ca, Al, and

Ti) [20].  TEM studies on the finest size fraction of lunar

soils have shown a strong enrichment in the volatile ele-

ments Si and Fe, thus supporting deposition from im-

pact-produced vapors [17].

Iron isotope compositions of the lunar soils may po-

tentially be altered by extra-lunar iron derived from me-

teorite impacts.  Zhu et al. [21] have analyzed a variety

of meteorite types, obtaining a range of δ56Fe of -0.52 ‰

to 0.72 ‰ relative to igneous rocks (data corrected

through a common value for the IRMM-014 Fe isotope

standard).  From this range we conclude that it would be

unlikely that the trend observed in our analyses could be

caused by a meteoritic contribution, i.e., the enrichment

of δ56Fe in the <10 µm fraction of mature soils is a signa-

ture of space weathering processes that are active on the

lunar surface.  The question remains to how this Fe iso-

tope fractionation relates to the formation of all nanophase

Fe in the soils.  The axiom that the nanophase Fe in the

agglutinitic glass formed as a result of impact-generated

melting of solar-wind saturated lunar soils has recently

been questioned by Taylor et al. [22].  It was speculated

on that the majority of the nanophase Fe in the soils was

formed by vapor deposition and subsequent reworking

of the soil.  In any case, the fractionation of the Fe iso-

topes was most likely the result of some Fe vaporization,

possibly supporting this new paradigm [22].
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