Hyperfine Interactions 117 (1998) 405432 405

Mossbauer mineralogy on the Moon: The lunar regolith

Richard V. Morris?, Gostar Klingelhofer ®, Randy L. Korotev ¢ and Tad D. Shelfer 9

@ Code N3 NASA Johnson Space Center, Houston, TX 77058, USA
® Darmstadt University of Technology, Schlossgartenstr. 9, D-64289 Darmstadt, Germany
¢ Department of Earth and Planetary Sciences, Washington University, . Louis, MO 63130, USA
d Etcetera Services, Inc., Houston, TX 77058, USA

A first-order requirement for spacecraft missions that land on solid planetary objects is
instrumentation for mineralogical analyses. For purposes of providing diagnostic informa-
tion about naturally-occurring materials, the element iron is particularly important because
it is abundant and multivalent. Knowledge of the oxidation state of iron and its distribu-
tion among iron-bearing mineralogies tightly constrains the types of materials present and
provides information about formation and modification (weathering) processes. Because
Mosshauer spectroscopy is sensitive to both the valence of iron and its local chemica envi-
ronment, the technique is unique in providing information about both the relative abundance
of iron-bearing phases and oxidation state of the iron. The Mossbauer mineralogy of lunar
regolith samples (primarily soils from the Apollo 16 and 17 missions to the Moon) were
measured in the laboratory to demonstrate the strength of the technique for in-situ miner-
alogical exploration of the Moon. The regolith samples were modeled as mixtures of five
iron-bearing phases. olivine, pyroxene, glass, ilmenite, and metal. Based on differences in
relative proportions of iron associated with these phases, volcanic-ash regolith can be dis-
tinguished from impact-derived regolith, impact-derived soils of different geologic affinity
(e.g., highlands and maria) can be distinguished on the basis of their constituent minerals,
and soil maturity can be estimated. The total resonant absorption area of the Mosshauer
spectrum can be used to estimate total FeO concentrations.

1. Introduction

A first-order requirement of spacecraft missions that land on solid planetary ob-
jects such as the Moon, Mars, and asteroids is instrumentation for in-situ mineralogical
and elemental analyses. Such analyses provide the data needed for primary classifica-
tion and characterization of surface materials present and, by inference, the processes
that formed and subsequently modified them. For purposes of providing diagnostic
information about naturally occurring materials, the element iron is particularly impor-
tant because it is abundant and multivalent (primarily 0, +2, and +3 oxidation states).
Knowledge of the oxidation state of iron and its distribution among iron-bearing min-
erals constrains the types of materials present. For example, different rock types are
characterized by different assemblages of the iron-bearing silicate (e.g., olivine and
pyroxene) and oxide (e.g., ilmenite and magnetite) minerals. The distribution of iron
oxidation states provides information about redox conditions during igneous, meta
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morphic, and sedimentary petrogenetic processes. There are often differences in the
ratios of iron oxidation states between primary and secondary minerals produced by
weathering and ateration. These ratios and the mineralogy of secondary minerals pro-
vide information on the nature and extent of weathering and ateration processes. The
pivota role of iron for planetary exploration was recognized by COMPLEX [1], which
recommended development of flight instruments that would identify the mineralogy
and the oxidation state of iron in planetary surface materials. This recommendation
was aresult of the Viking missions to Mars which, although highly successful, did not
have instrumentation specifically sensitive to mineralogy.

Because iron Mosshauer spectroscopy is sensitive to both the oxidation state and
local chemical environment of >'Fe (2.2% natural abundance), it provides quantitative
data on the relative distribution of iron according to both oxidation state and min-
eradlogy. The technique is thus idedly positioned for meeting planetary exploration
goals relating to the mineralogy and oxidation state of iron. Mdssbauer instruments
suitable for deployment by landers or rovers on planetary surfaces exist as flight pro-
totypes [2,3] and have been proposed by the authors for planetary surface missions to
the Moon and Mars. Development of planetary Mossbauer instruments has created an
imperative to understand the Mossbauer mineralogy of extraterrestrial samples (lunar
samples and meteorites, including those from Mars) and planetary surface analogues
for the purpose of developing a basis for interpretation of in-situ measurements.

By “Mossbauer mineralogy”, we mean (1) the identification of iron-bearing
phases from peak positionsin Mdssbauer spectra, and (2) the quantitative distribution of
iron among phases or according to oxidation state based on areas of peaks in the spec-
tra. Absolute abundances of iron-bearing phases are not obtainable unless total-sample
and individual-phase iron concentrations are known from independent measurements.
In some cases, e.g., hematite (a-Fe,O3), ilmenite (FeTiO3), and metallic iron (Fe®), but
not others, e.g., olivine (Mg,Fe?t),Si0,), pyroxene ((CaMg,Fe?+)SiO3), and glass,
the iron content of a phase can be inferred from its mineralogy.

In this paper, we focus on lunar Mossbauer mineralogy, its relationship to other
kinds of mineralogical data, and its utility as a method for mineralogical exploration
of the Moon. Our data are primarily for samples of lunar regolith fines (“soils’), but
we also report some data for rocks. Previous Mossbauer studies of lunar samples are
largely from the early to mid 1970's when lunar samples were being returned from the
Moon as a part of the Apollo program (e.g., [4-11]). Since then, more conventional
geologica techniques (e.g., optical petrography, electron probe microanaysis, and
scanning electron microscopy) have dominated mineralogical studies of lunar samples
(e.q., [12-14]).

2. Brief overview of lunar mineralogy and geology

In large part because of the absence of water and the extremely reducing condi-
tions, lunar mineralogy is relatively simple: the crust of the Moon consists mainly of
plagioclase feldspar, pyroxenes, oliving, ilmenite, and glass. lron is present as Fe?+
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in silicate, oxide, and minor sulfide phases and as Fe® in Fe and Fe-Ni metal dloys,
Fe3t is essentially absent. The impact of giant meteoroids early in lunar history ex-
cavated huge cavities and the lunar maria (“seas’) were formed by the subsequent
filling of those basins by lavas. Thus, lunar rocks generally have one of two affinities:
those from the ancient, heavily-cratered highlands, or those from the younger maria.
There are two types of volcanic material in and near the maria: crystalline rock known
as mare basalt, and volcanic (pyroclastic) ash of basaltic composition that is mainly
glassy. Mare basalt and volcanic glass are both rich in iron (19-22% as FeO) which
leads to the low albedo of the maria. Most rocks from the highlands are dominated
by plagioclase and thus have a low abundance of Fe-bearing minerals. The average
concentration of FeO in the highlands is consequently low (4-5%) and the albedo
is high. A component of the gjecta of at least some basins was impact-melt breccia
that is substantially richer in iron (8-11% FeO) than typical highlands crust. These
mafic impact-melt breccias are probably rare components of the highlands overall, but
because the six Apollo missions that retrieved samples al landed in or near major
impact basins, mafic melt breccias are a common component of Apollo samples.

Lunar regolith (soil) is largely the result of repetitive meteoritic impact, although
some deposits of volcanic ash are present. Because of the mixing effect of countless
meteorite impacts, any given sample of soil contains material from both the highlands
and the maria. However, impact mixing is inefficient, so that soil formed on the maria,
for example, ill consists mainly of mare basalt. In most lunar soils, a large fraction
of the originaly crystalline material has been converted to glass by impact melting.

More detailed accounts of lunar mineralogy and geology can be found in Papike
et a. [13], Heiken et al. [14], Taylor [15,16], and references therein.

3. Methodology of Mossbauer mineralogy
3.1. Samples and sample analysis

Samples of lunar soil were selected from each of the six Apollo missions that
collected samples from the Moon to cover the range of available composition and
mineralogy. Each soil sample has a 5-digit number that includes identifiers for the
mission number. Soil samples from the Apollo 11 (10084), Apollo 12 (120xx), and
Apollo 15 (15013) missions and severa soil samples from the Apollo 17 (7xxx1)
mission were formed mainly from mare basalt. Three samples from these missions
(15421, 74001, and 74220) consist mainly of volcanic ash. The feldspathic lunar
highlands are represented by soils from the Apollo 16 (6xxx1) mission; some soils
from Apollo 17 aso contain feldspathic highland material. Soils from Apollo 14 (e.g.,
14148) formed largely (>80%) from mafic impact-melt breccias. Most soils from
Apollo 16 and some from Apollo 17 aso contain a significant component (30—60%)
of mafic impact-melt breccia.

Samples of lunar soil (<1 mm and <20 um sieve fractions) and rock (powders)
were analyzed in transmission geometry at room temperature (~293 K) on a Ranger
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MS-1200 M dssbauer spectrometer configured in avertical orientation so that particulate
samples (200250 mg) could be conveniently analyzed. The Mossbauer source and
its intensity were °’Co(Rh) and ~25 mCi, respectively. Mirror-image spectra were
obtained using a triangular waveform and folded to a single spectrum using velocity
data obtained with a laser interferometer. Fitting procedures discussed in section 3.3
were done on folded spectra.

In the Mdssbauer experiment, absorbers are normally prepared by grinding sam-
ples to fine powders and dispersing them in inert and iron-free materias (e.g., wax or
epoxy) in order to approximate conditions of a uniform absorber, which is a require-
ment for quantitative determination of phase abundances from peak areas (e.g., [17]).
Our lunar soils could not be ground because the process destroys their integrity for
other types of analysis. For the same reason, we were not able to mix lunar samples
with inert materias. In addition, sample preparation procedures like grinding would
be a highly undesirable requirement (too complex an operation) for robotic explo-
ration of the Moon by Mosshauer spectroscopy. Part of the purpose of this paper
is to document how well the method can do with no sample preparation. Samples
were placed in 1.8 cm-diameter polypropylene cups to a uniform depth. Average ab-
sorber thicknesses were ~100 mg/cm2 of sample or 4-16 mg/cm2 of natura Fe
(calculated using a range of 520 wt.% FeO for lunar soils). Because of sample gran-
ularity, actual thickness varied from point to point depending on the particles actually
present.

Because one of the goas of Mdssbauer mineralogy on the lunar surface is to
obtain quantitative data on the abundances of iron bearing phases, it is appropriate to
discuss, in more detail, the consequences of non-uniform (granular) absorbers. In a
uniform absorber, discrete particles of each individual phase in a powder are small
compared to the sample thickness and are homogeneously dispersed throughout its
volume so that the nature of the optical path of the ~v-rays through the absorber is
invariant with respect to its incidence location (e.g., [17-19]). Because the grain-size
fraction we analyze (typicaly <1 mm) is comparable to the physical sample thickness
(typicaly ~1-2 mm), absorber granularity is present. It is possible, for example, that
al the ilmenite in a particular sample is heterogeneously distributed as a small number
of ~750 nm particles. Because of the non-linear resonance-versus-thickness behavior
(e.g., [17]), this would cause the observed peak areas to be less than if the ilmenite
were present as extremely fine particles. A specific example is given by Williamson
et a. [19], who show Mossbauer spectra for two particulate pyrite absorbers with
the same average absorber thickness (~20 mg/cmz) and different average particle
diameters. The peak area of the pyrite absorber with 19 um particles was a factor
of 2.6 larger than that for the absorber with 125 um particles. Similarly, a multi-
component absorber, whose components all have identical thickness with respect to
iron but much different average particle diameters, will have a Mossbauer spectrum
in which the component areas, rather than being equal, increase with decreasing par-
ticle diameter. Williamson et a. [19] describe a sample of coal in which the relative
areas of the iron-bearing components (pyrite, a carbonate, and a sulfate) dramatically
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changed by grinding the sample. Another effect of granularity is mass absorption
(eg., [17]). Large plagioclase grains can (through mass absorption) shield smaller
iron-bearing grains with the result that their area is underrepresented in the Modssbauer
spectrum.  With large particles, it is also possible to have polarization effects from
nonrandom orientations of mineral grains (e.g., [17]). As demonstrated below, how-
ever, if such factors influenced our measurements, they were not strong influences.
A possible mitigating factor is that for Apollo 17 soils, for example, ~70% of the
material in the <1 mm grain-size fraction of a typica sample also passes through a
90 um sieve [20].

3.2. Iron-bearing components and Mossbauer spectra

Previous Mossbauer, petrographic, and other studies (e.g., [4,12-14]) have es
tablished that the mgor iron-bearing phases in lunar samples are pyroxene (Px:
(CaMg,Fe?1)SiO3), ilmenite (Ilm: (Mg,Fe?")TiO3), olivine (Ol: (Mg,Fe?t),Si0,),
glass (GI: amorphous silicate Fe?T), and metallic iron and/or iron—nickel alloys (Fe°).
Less abundant iron-bearing phases which may be important for certain samples in-
clude troilite (FE*+S), armalcolite (Mg,Fe?*)Ti»Os), chromite ((Fet,Mg)Cr,04), ul-
vosping ((Fe#1),TiO4), and spinel (Mg,Fe?H)Al,0,). Strictly speaking, the mineral
names ilmenite, chromite, and spingl imply the compositions FeTiO3, FeCr,O4, and
MgAIl>0,, respectively. We use generalized formulas to indicate that the compositions
are usualy not exactly stoichiometric. Glass having a wide range of compositions
and Fe concentrations occurs in lunar regolith both as products of impact melting and
volcanism.

With the exception of metalic iron, the iron-bearing phase is composed pre-
dominantly of elements indigenous to the Moon. Chemical mixing models for lunar
highland soils show that the component from chondritic meteorites is ~5% or less
(eq. [21,22]). The average concentration of metallic iron in 79 lunar soils stud-
ied by [23] is 0.54 + 0.18 wt.%. A significant proportion of this metal (average,
0.20 + 0.10 wt.%) is the nanophase Fe” (np-Fe®; ak.a. fine grained-meta and excess
metal) formed during micrometeorite impact by reduction of Fe** in silicate and oxide
phases. As discussed by Housley et a. [24], the reduction origin (as opposed to direct
meteoritic addition) is implied by low-temperature Mossbauer data which show that
np-Fe® contains less than ~1.5% Ni and need not contain any.

Representative Mossbauer spectra of impact-derived regoliths from each of the
six Apollo missions are shown in figure 1. Spectra for regoliths formed predominantly
from volcanic ash (glass) are shown in figure 2. Even from visua inspection of the
spectra, it is apparent that impact-derived regoliths are mixtures in variable proportions
of olivine, pyroxene, glass, and ilmenite and that vol canic-ash regoliths are mostly glass
and olivine. A few peaks of the a-Fe” sextet are also clearly visible in a few of the
spectra.
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Figure 1. Mossbauer spectra (293 K) for impact-derived regolith. Locations of pesks for individual

phases are indicated by the stick diagram. lImenite and pyroxene are the dominant crystalline phases in
mare samples, and pyroxene and olivine are the dominant crystalline phases in highland samples.
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Figure 2. Mossbauer spectra (293 K) for volcanic-ash regolith. Locations of peaks for individua phases
are indicated by the stick diagram. The dominant phases are glass and olivine.

3.3. Mosshauer parameters and least-sgquares fitting procedure

M osshauer spectra (folded) were fit by aleast-squares procedure to theoretical line
shapes using an in-house computer program (JSCFIT). Derived Mosshauer parameters
relating to identification of individual phases are the isomer shift (1S), quadrupole split-
ting for doublets (QS) and quadrupole shift for sextets (QS), and magnetic hyperfine
field for sextets (By). IS is referenced to metallic iron foil at room temperature. 1S,
QS and By for sextets are calculated from 1/4([6+5+2+1]), 1/2([6—5] —[2— 1]),
and [6 — 1], respectively, where the numbers inside the square brackets are peak cen-
ters numbered from lowest to highest velocity. IS and QS for doublets are calculated
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from 1/2([2 + 1]) and [2 — 1], respectively. The percentage of total peak area for
particular iron-bearing phases is equal to the percentage of the total iron in the sample
(at.%) that is incorporated in that phase, assuming Debye-Waller factors (e.g., [25])
are al the same, that the absorber is uniform, and that thickness and polarization
effects are negligible. In order to distinguish measurements of the distribution of Fe
among phases from other measurements of mineralogy (e.g., modal petrography), we
will adopt a notation with brackets around abbreviations for the phase name for phase
abundances from Mossbauer mineralogy. For example, “{Ol}" denotes the percent-
age of total iron (at.%) associated with the minera olivine in a sample, and “Ol”
denotes the concentration of olivine (usualy as wt.%). Note that it is possible for a
sample to have {Ol} = 0% and Ol = 100% if it is pure olivine that contains no
iron (eg., MgSiO4). Similarly, a sample of pure Fe&;SiO4 has {OI} = 100% and
Ol = 100%.

To fit the Mossbauer spectra of lunar samples to theoretical line shapes, we used
a model with six iron-bearing phases having a total of 17 individua peaks. olivine
(doublet), M1 and M2 sites of pyroxene (two doublets), glass (doublet), ilmenite
(doublet), a-Fe® (sextet), and nanophase (superparamagnetic) Fe® (singlet). In addi-
tion, there is a weak singlet from Fe impurities in the Al metal sample holder and
the Be metal window of the proportional counter detector. In experiments with no
sample, the position and width of the impurity singlet were determined to be 0.218
and 0.540 mm/s, respectively. Values for peak centers and widths for a generic lunar
soil (for use as initiad values for fitting an arbitrary lunar sample) were determined
by obtaining the best aggregate fit for a series of samples that have the highest pro-
portions of the individual components. The selected samples were 73131 and 74001
(olivine), 67511 (pyroxene, M1 and M2 sites), 10084 and 71061 (ilmenite), 15421 and
74220 (glass), and 10084 and 60501 (a-Fe"). The Mossbauer spectra of these soils
are shown in figures 1 and 2. The <20 um sieve fraction of lunar soil 10084 was
used for nanophase Fe®. A significant number of parameter constraints were required
to obtain the best aggregate fit for these samples. As discussed next, the basic idea
was to constrain the peak parameters for all but the most intense components to initial
values.

All peak shapes were Lorentzians, except for the glass doublet whose shape was
a linear combination of Lorentzian and Gaussian peak shapes [26]. Peak area ratios
were always constrained to 1 : 1 for doublets and to 3:2:1:1:2: 3 for the a-Fe”
sextet. For 73131 and 74001, peak positions and widths for olivine were unconstrained
and constrained equal, respectively, and the remaining peak centers and widths were
constrained to initial values. For 67511, peak positions of the pyroxene M2 doublet
were unconstrained and the peak widths for the four pyroxene lines (from M2 and
M1 doublets) were constrained to be equal. Peak centers for the M1 doublet were
constrained by requiring its value of IS to be 0.02 mm/s more positive than that for
the M2 doublet. The remaining peak parameters were constrained to initial values.
The low intensity of the M1 doublet required its centers be constrained as described;
the difference in the values of 1S for the M1 and M2 doublets is consistent with the
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difference measured for pyroxene mineral separates of lunar soils (e.g., [4]). For 10084
and 71061, peak positions and widths for ilmenite were unconstrained and constrained
equal, respectively, and the remaining parameters were constrained to initial values.
For 15421 and 74220, peak centers, widths, and fraction Gaussian shape for glass were
unconstrained, and the remaining peak centers and widths were constrained to initial
values. For 10084 and 60501, peak centers for lines 1, 2, 5, and 6 of the a-Fe” sextet
were unconstrained, and the widths of lines 1 and 2 were constrained equal to those of
6 and 5, respectively. The centers of peaks 3 and 4 were constrained by the positions
of the other four peaks and —0.5711 as the value for the ratio of excited to ground
state gyromagnetic ratios. For 10084 (<20 um), the peak center and width for the
np-Fe® were the only peak parameters that were not constrained. We found that the
singlet for np-Fe” was not distinguishable from the one for impurity Fe in the Al and
Be sample holder and detector window. Therefore, we did all of our fits with a single
peak for iron in these three sites for Fe and then corrected for the contribution of the
“blank” to the peak area.

The peak parameters that resulted from the calculations were then used as the
initial values for a repetition of the fitting process described above. After four repe-
titions, the initial and calculated peak parameters did not differ significantly (within
+0.004 mm/s). The peak parameters from the fourth repetition, which we adopt for our
generic lunar soil, are compiled in table 1. The values are consistent with M dssbauer
studies of mineral separates of lunar samples (e.g., [4]) and terrestrial mineral speci-
mens (e.g., [27-29)).

The fitting procedure for an arbitrary lunar soil was, using the peak parameters
in table 1 asinitial parameter values, a three-pass process in which each pass involved
fewer constraints.

Table 1
Components and Mosshauer parameters (293 K) for a generic lunar soil.
Component IS Qs Bt Peak W FG
(mm/s) (mm/s) (M numbers (mm/s)
Olivine {Ol} Fe?t 1.147 2.961 1,2 0.300 0.000
Pyroxene {Px} Fet
M2 site 1.128 2074 1,2 0.350 0.000
M1 site 1.148 2.474 1,2 0.350 0.000
Glass {Gl} Fe?t 1.076 2.074 1,2 0.749 0.839
0.873 0.732
IImenite {lIm} Fe?t 1.075 0.688 1,2 0.330 0.000
{a-Fe"} 0.015 —0.020 33.01 1,6 0.400 0.000
2,5 0.360 0.000
3,4 0.320 0.000
{np-F’} 0.218 0.540 0.000

Notes: 1S = isomer shift; QS = quadrupole splitting for doublets, quadrupole shift for sextets;
B = hyperfine field; W = pesk width; FG = fraction Gaussian of a linear combination
Gaussian and Lorentzian peak shape. Peaks are numbered from lowest to highest velocity.
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(1) AIll peak centers and widths are constrained to initial values. Areas for al
doublets are constrained to 1 : 1 and the areas of the a-Fe° sextet constrained to
3:2:1:1:2:3.

(2) If the areas of the olivine, ilmenite, and/or M2-pyroxene doublets are indi-
vidually >20%, the constraints for their peak centers are released and the widths for
each component constrained equal. The peak centers for the pyroxene M1 doublet are
constrained as described above for the generic soil. (Note that the widths for the py-
roxene M2 and M1 doublets are aways constrained to be the same.) In lunar samples,
the areas of the olivine, ilmenite, and M2-pyroxene doublets are never all >20% in
the same sample. Commonly, peak areas of either olivine and M2-pyroxene doublets
or ilmenite and M2-pyroxene doublets are >20% at the same time.

(3) If the area of the a-Fe” sextet is >5%, the constraints for the centers of
peaks 1, 2, 5 and 6 are released and the centers of peaks 3 and 4 constrained by
using the value of —0.5711 for the ratio of excited to ground state gyromagnetic
ratios. In addition, the widths of peaks 1 and 6 and peaks 2 and 5 are constrained
egual. Note that peak centers for the pyroxene M1 doublet are always constrained
with respect to the M2 doublet and that the center and width constraints on the glass
doublet and np-Fe® singlet are never released. If they are released, the least-squares
fit either does not converge to a solution or gives unrealistic parameter vaues (e.g.,
negative phase abundance). The reason this happens is that the low velocity peaks for
the pyroxene doublets and the np-Fe® singlet strongly overlap (table 1). It is possi-
ble that these constraints on the glass and pyroxene doublets cause solutions to the
fit that do not correspond to the actual distribution of Fe?t between pyroxene and
glass in the samples. This is a likely situation because pyroxene mineralogy within a
given soil can be highly variable so that the distribution of ferrous sites for pyrox-
ene could mimic the distribution of ferrous sites in glass. The degree to which the
Mossbauer method can differentiate ferrous iron in glass and pyroxene is considered
later.

Values of IS and QS calculated for phases for which peak centers were not
constrained are listed in table 2. The relative peak areas for individual phases (i.e., the
sum over al peaks for individual phases) are compiled in table 3, and they are equal to
the percentage of tota iron associated with those phases, provided that the absorbers
are sufficiently uniform, that thickness and polarization effects are negligible, and that
Debye-Waller factors for iron in each phase are approximately equal.

4. Mosshauer mineralogy of lunar regolith samples

4.1. Pyroxene versus glass

Asdiscussed above, the similarity of peak centers and widths for pyroxene (partic-
ularly the M2 doublet) and glass could result in fits that are not realistically descriptive
of the actual partitioning of iron between pyroxene and glass. A way to evaluate this
potential source of error is to consider independent evidence for the abundance of



R.\V. Morris et al. / Mdssbauer mineralogy on the Moon 415

Table 2
Mosshauer parameters (293 K) for olivine, pyroxene (M2 site), and ilmenite from lunar regolith and rock
samples.
Olivine Pyroxene (M2) IImenite
Sample IS Qs w IS Qs IS Qs w

(mm/s) (mm/s) (mm/s) (mm/s) (mm/s) (mm/s) (mm/s) (mm/s)

Lunar regolith samples (<1 mm)

10084,853 1123 1.950 1.068 0.689 0.318
12032,24 1.153 2.034
12044,11 1151 2.031
14148,23 1.140 2113
15013,94 1.149 2.035

60501,89 1.143 2.932 0.282 1121 2077
62241,77 1.159 2972 0.303 1.139 2.140
66031,8 1.142 2.988 0.305 1.098 2.158
67511,1 1.146 2.951 0.2901 1.129 2.107
68121,26 1.142 2.992 0.289 1116 2153
69921,11 1.147 2.990 0.291 1.100 2.162

70251,1 1134 1.983 1.072 0.684 0.317
71061,12 1137 1974 1.073 0.688 0.325
711318 1134 1.985 1.074 0.687 0.316
72131,4 1132 1.987 1.073 0.690 0.331
72161,61 1.158 2.090
722412 1.143 2.933 0.282 1.130 2.058
73131,2 1141 2941 0.295 1.136 2.050
731514 1.140 2931 0.284 1.130 2.061
73241,20 1.159 2.985 0.308 1.156 2.102
74001,119 1.159 2977 0.304 1.093 0.716 0.324
741111 1.158 2.981 0.294 1134 2.040
76031,4 1.140 2.940 0.282 1124 2.029
76131,4 1.158 2.988 0.301 1.156 2.093
78461,51 1127 2.025
Average 1.147 2.961 0.294 1.128 2.074 1.075 0.688 0.322
std. dev. 0.009 0.026 0.009 0.026 0.059 0.009 0.014 0.006

Lunar rock samples (powders)

67215,8 1.145 2.964 0.313 1.138 2.110
70035,157 1.148 2.056 1.094 0.687 0.325
75075,174 1151 2041 1.094 0.690 0.331

76015,186 1154 3.015 0.294 1151 2.100
77017,175 1.153 2.984 0.306 1.147 2.090
77135,191 1151 3.017 0.299 1.149 2.106

Average 1.148 2.970 0.296 1132 2.077 1.080 0.687 0.328
std. dev. 0.008 0.032 0.010 0.025 0.055 0.012 0.012 0.004




416 R.\V. Morris et al. / Mossbauer mineralogy on the Moon

Table 3
Maossbauer mineralogy of lunar samples. Numbers following the comma in the sample designation are
subsplit designations issued by the lunar sample curator.

Sample {o}y  {Px} {PxM2} {PxM1} {GI} {lim} {a-F}  {np-Fe’}
(%) (%) (%) (%) (%) (%) (%) (%)

Lunar regolith samples, <1 mm size fraction

10084,853 3 19 14 5 50 19 6 3
12032,24 17 48 34 14 26 5 3 1
12044,11 15 35 25 10 38 5 3 4
14148,23 10 38 32 6 37 5 4 4
15013,94 15 37 26 11 37 4 3 4
15421,64 14 2 2 0 79 2 1 2
60501,89 25 27 23 4 33 3 8 5
62241,77 23 23 20 3 39 3 7 6
66031,8 24 25 21 4 34 3 7 7
67511,1 30 65 57 8 0 3 0 2
68121,3 25 31 27 4 28 3 8 4
69921,11 24 27 23 4 32 3 8 7
70251,1 10 23 18 5 41 21 3 2
71061,12 14 24 18 6 38 23 1 1
711314 9 27 21 6 36 23 3 2
721314 13 19 15 4 43 18 4 3
72161,61 16 12 11 1 51 12 6 4
72241,2 25 36 32 4 27 5 4 3
73131,2 37 43 36 7 14 4 2 0
73151,4 27 31 27 4 30 5 4 3
73241,20 31 35 29 6 23 7 2 2
74001,119 36 0 0 0 46 18 0 0
74111,1 25 30 25 4 31 10 3 2
74220,84 15 0 0 0 76 8 0 0
76031,4 19 22 18 4 39 12 4 3
76131,4 19 25 20 5 37 12 4 3
78461,51 13 21 17 4 44 13 5 4
Lunar regolith sample, <20 um size fraction
10084,853 4 12 9 3 45 23 9 7
Lunar rock samples (powders)
67215,8 45 52 45 7 2 2 0 0
70035,157 2 47 35 12 13 36 0 2
75075,174 1 47 35 12 13 36 0 2
76015,186 30 60 46 14 5 7 0 0
77017,175 38 59 45 14 2 1 1 0
77135,191 43 49 40 9 4 2 2 0
Uncertainty 2 3 3 2 3 2 1 1
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pyroxene and glass. Figure 3 is a plot of {Ol + GI} versus {Px/(Px + Gl)} for all
samples we studied ({Px} = {PxM2+ PxM1}). Note that al regolith samples studied
have greater than 40% {OIl 4 Gl} and that the ratio {Px/(Px+ Gl)} varies over the en-
tire possible range, athough the ratio for most regolith samples is between 0.3 and 0.6.
The three samples (15421, 74220 and 74001,119) that have {Px/(Px + Gl)} < 0.05
each consist ailmost entirely of volcanic ash formed during fire-fountaining of low vis-
cosity magmas on the Moon (e.g., [14,30]). Regolith samples such as these that consist
predominantly of volcanic ash are rare in the Apollo sample collection. Petrographic
studies show that samples 15421 and 74220 are mostly small (mean grain size: 40 um
for 74220) gray/green and orange glass beads, respectively, with olivine present as
phenocrysts in the glass [30,31]. Sample 74001,119 is equivalent to 74220 except that
the beads are black because the glass has largely devitrified to crystalline phases [30].
Petrographic studies indicate that the pyroxene abundance is low in these ash samples.
Thus, the low pyroxene and high glass-plus-olivine contents of these three samples
based on their Mdssbauer mineralogy is confirmed by petrographic observations.

Six of the eight samplesin figure 3 that have {Px/(Px+Gl)} > 0.75 are powdered
rocks. As documented by Ryder and Norman [32], Nea and Taylor [33,34], and
Meyer [35], petrographic studies of 70035 and 75075 (high-Ti mare basalts), 76015
(impact melt breccia), 77017 (anorthositic norite), and 77135 (impact melt breccia) do
not indicate the presence of glass. The low abundance of glass ({Gl} < 5%) in the
crystalline rocks 67215, 76015, 77017 and 77135 based on Mossbauer mineralogy is
thus consistent with petrographic observations. Mossbauer results for basalts 70035
and 75075 indicate a higher glass abundance ({Gl} ~ 13%) than is consistent with
petrographic observations (Gl ~ 0%). It is possible that another iron-bearing phase
is present and is being interpreted as glass in our model or (as discussed above) a
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distribution of sites is present in pyroxene and being interpreted as glass. It is aso
possible that glass is actually present (as glassy mesostasis), but at too small a scae
to be detected by petrographic observations.

In summary, our fitting procedure gives physically reasonable results for relative
abundances of glass and pyroxene when applied to samples that are known to consist
mostly of either glass or pyroxene from petrographic observations. It is desirable to test
the fitting procedure against lunar soils that have, from independent data, comparable
levels of {Px} and {Gl}, but we do not know of such a sample.

4.2. \olcanic-ash versus impact-derived regoliths

Regoliths formed predominantly of volcanic ash are readily distinguished from
those derived predominantly from impact processes by Mossbauer mineralogy (fig-
ure 3). As discussed above, volcanic ash is characterized by high proportions of glass
plus olivine and low proportions of pyroxene; thus measured values of {Ol + Gl} are
high (>70%) and {Px/(Px + Gl)} are low (<0.15). Regoliths formed predominantly
by the comminution and melting accompanying the impact of meteorites are com-
plex mixtures of minera fragments and glass (e.g., [13,36]) and thus have values of
{Px/(Px + Gl)} intermediate to volcanic glass and rocks.

4.3. llmenite: Mossbauer mineralogy versus TiO, concentrations

Of the three major iron-bearing minerals in lunar samples (olivine, pyroxene and
ilmenite), only ilmenite contains Ti as a major constituent. Thus, in principle, an
independent estimate of the ilmenite abundance of a soil can be calculated from its Ti
concentration. In practice, however, such a comparison is not straightforward, as the
following analysis indicates. Figure 4 is a plot of measured (i.e., Mdssbauer) {lIm}
versus values of {lim} calculated from two different models. For model 1 (sguares),
caculated values of {lim} were obtained simply from chemical concentrations (in
at.%) of Ti and Fe assuming (1) ilmenite is stoichiometric FeTiOz and (2) that al
Ti in the sample occurs in ilmenite (i.e., {Iim} = (Ti/Fe) x 100%, where Ti and Fe
represent the number of moles of the two elements in a given mass of sample). The
figure shows that values of {lim} calculated from model 1 are a factor of 2—4 larger
than values obtained by Mossbauer mineralogy. This discrepancy might imply that the
measured values of {llm} are erroneoudly low for some reason, e.g., the samples are
non-uniform absorbers with respect to ilmenite, as discussed in the section on sample
analysis. However, model 1 is overly simplistic and provides only upper limits on the
vaues of {lim}. Below we show that the actual concentrations of ilmenite in the soils
are considerably lower than predicted by model 1 because both assumptions discussed
above lead to overestimates of “calculated” values of {lim}.

First, lunar ilmenites are not stoichiometric, being deficient in Fe and in extreme
cases having compositions approximating (Mgo.2Fey gTi)Os (e.g., [37-39]). Using this
stoichiometry for ilmenite will reduce the calculated values by a factor of 0.8. Second,
substantial amounts of Ti are carried by pyroxene (particularly in high-Ti mare basalts)
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and glass. It is not uncommon for such pyroxene to have Fe/(Fe+ Ti) ~ 0.8 (atomic
ratio) (e.g., [37—39]). However, the most important reservoir for Ti outside of ilmenite
is glass. Volcanic-ash and impact-derived regoliths have vaues of {Gl} up to ~80%
and ~50%, respectively (table 3). In impact-produced regoliths, most glass occurs in
particles called agglutinates, which are glassy impact melts formed from pre-existing
regolith during micrometeorite impact. Agglutinates constitute up to ~50% by number
in size separates of lunar soils (e.g., [12,13]). Because agglutinate glass is formed by
melting soil, there is no reason to expect that the Fe/Ti ratio of the glass differs
significantly from that for the whole sail.

Model 2 (filled circles) in figure 4 is the result of calculating {lIm} using the
Fe-deficient stoichiometry for ilmenite and reducing the amount of Ti available for
ilmenite formation in accordance with values of {Px} and {Gl} (table 3), i.e,, {lIim} =
0.8(Ti/Fe)(100 — {Gl} — 0.2{Px}). In a glass-rich sample like 74220 ({Gl} = 76%),
the correction for glass accounts for 80% of the difference between models 1 and 2
(figure 4). Considering that the Ti content of both pyroxene and ilmenite likely varies
from soil to soil and that there are minor Ti-bearing phases not considered, we consider
the agreement between measured and calculated values of {IIm} for model 2 to be
good. Importantly, with model 2 thereis no longer any evidence for underestimation of
{lim}, as might be expected if the absorbers are non-uniform with respect to ilmenite,
as discussed above.

Comparisons of measured and calculated values of {IIm} show that Mossbauer
spectroscopy can be used to obtain reasonabl e estimates for the amount of Fe associated
with ilmenite in lunar soils and that, on average, only one-quarter to one-half of the Ti
in impact-derived lunar soil is associated with ilmenite; the rest is in glass, pyroxene,
and possibly other mineral phases.
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4.4. Metallic iron: Mossbauer mineralogy versus magnetics

Vaues of the total metalic iron concentration {tot-Fe}, calculated from
{a-Fe’} + {np-F€"} in table 3, can be compared with values of the same parameter
calculated from the formula (tot-FeO)mag /Fechem. The numerator is the magnetically-
determined total Fe” concentration (in units of wt.% of sample), and the denominator
is the chemically-determined total Fe concentration (in units of wt.% of sample). The
pertinent magnetic and chemical data are compiled in [23], and the observed and cal-
culated values of {tot-Fe°} are compared in figure 5. The agreement is good, as shown
by the close correspondence of the datato the 1: 1 line.

4.5. Total resonant absorption area and FeO concentration

The total resonant absorption in a Mdssbauer spectrum (i.e., the sum over al
absorption lines) is proportional to the concentration of °Fe in the y-ray beam (in units
of g/cmz) assuming the sample is uniform and that thickness and polarization effects
are negligible. The concentration of *’Fe in the beam is proportional to both sample
mass in the beam and concentration of Fe in the sample. Thus, for a series of samples
having different total FeO concentrations and different proportions of iron-bearing
mineralogies, the total resonant absorption area normalized to sample concentration
(in g/cmz) should be proportional to the FeO concentration in the sample, assuming
that the absorbers are sufficiently uniform, that thickness and polarization effects are
negligible, and that the Debye-Waller factors for al iron-bearing mineralogies are
approximately equal. As discussed in section 3.1, these assumptions are not met
by our samples; for example, they are inhomogeneous and thick because we did no
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sample preparation (like grinding). Despite non-ideal absorbers, figure 6 shows that
the total resonance absorption area is proportiona to the FeO concentration for the
lunar regolith samples in table 3. Mossbauer spectroscopy is not the technique of
choice for measurements of FeO concentrations, but figure 6 shows the technique can
be used to estimate FeO values in the absence of alternative methods.

4.6. Olivine, pyroxene, and ilmenite systematics

We demonstrated above that we have reasonably separated the contributions of
ferrous iron to pyroxene and glass and that our samples are sufficiently ideal Mdssbauer
absorbers that we can equate M tssbauer peak areas (table 3) with percentages of tota
iron associated with particular phases. If sample non-ideality were an important source
of error, the reasonable agreement observed between measured and calculated (from
independent data) values of both {Iim} (figure 4) and {tot-Fe®} (figure 5) would not
have been obtained, and the plot of total resonant area versus FeO (figure 6) would
have been nonlinear. Effects of sample non-ideality are undoubtedly present, but
the observation is that they are small compared to variations in phase abundance (or
fortuitously cancel). With the validity of the data in table 3 demonstrated, we discuss
next how geologic inferences can be made from the variation in abundances of the
major rock-forming minerals among samples of impact-derived regoliths.

If we assume that the glassin these samples is derived predominantly from impact
melting of whole soil and that no mineral component was preferentially incorporated
into the resulting glass, then the ratios {Px/Xtl}, {Ol/Xtl}, and {lim/Xtl} (where
{Xtl} = {Px+Ol+1Im}) are representatives of the proportions of iron associated with
those mineras in the rocks from which the regolith samples were derived. Figure 7



422 R.\V. Morris et al. / Mossbauer mineralogy on the Moon

is a plot of those three ratios as a function of total iron content (as FeO), which is an
indicator of the highland (FeO < 7 wt.%) versus mare (FeO > 12 wt.%) nature of
the soils. At one extreme, soils derived mainly from high-Ti mare basalt (Apollo 11
and some from Apollo 17) have the highest FeO concentrations (16-18%; figure 7)
and ilmenite abundances (table 3 and [14]). At the other extreme, the highland soils
(Apollo 16 and Apollo 17 massif soils) arerich in plagioclase derived from anorthositic
rocks, which leads to low total-FeO concentrations. In the highland soils, most of the
iron is contributed by mafic impact-melt breccias and, at Apollo 17, troctolites [40,41].
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Figure 7. Plots of (a) {Ilm/Xtl}, (b) {Px/Xtl}, and (c) {Ol/Xtl} (where {Xtl} = {Px + Ol + Iim})

versus total FeO concentrations determined by chemica analyses for impact-derived soils. Soils having

<7% FeO are derived mostly from the lunar highlands and soils having >12% FeO are derived mostly

from lunar maria. Soils having intermediate FeO concentrations are highland-mare mixtures and/or mafic
basin gecta
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Troctolite and the melt breccias from these two sites both have moderately high modal
abundances of olivine and low abundances of ilmenite compared to mare basalt. Thus,
the highland soils of Apollo 16 and 17 are distinguished by the highest {OI /Xtl} and
lowest {lIm/Xtl} among the soils studied. Those soils from Apollo 17 that plot on
a line between the mare and highland extremes on figure 7 (i.e., those with 10-12%
FeO) are mixtures containing subequal amounts of mare and highland material; similar
mare-highland mixing trends are observed in the compositiona data [41,42].

In contrast to the highland soils of Apollos 16 and 17, the nominaly high-
land soils of Apollo 14 were formed almost exclusively from mafic impact-melt brec-
cias (10% FeO), but a variety with low modal abundance of olivine compared to
those of Apollo 16 and 17. As a consequence, the Apollo 14 sample is richer in
FeO (less “dilution” by plagioclase), and has lower {Ol/Xtl} and higher {Px/Xtl}
than the highland soils of Apollos 16 and 17. Soils derived primarily from low-
Ti mare basalt, such as those from Apollo 12 and 15, dso derive most of their
Fe from pyroxene and, thus, have high {Px/Xtl} and {Px/Ol} ratios, similar to
Apollo 14 soil. However, because mare basats have FeO concentrations twice as
great as even the most mafic of highland impact-melt breccias, the soils of Apollo 12
and 14 are easily distinguished from those of Apollo 14 by their higher FeO concen-
trations.

A good example of the ability of Mdssbauer mineralogy to distinguish miner-
aogica differences is Apollo 16 soil 67511, which is characterized by low {IIm/Xtl}
(~0.03) and, in contrast to other Apollo 16 soils, high {Px/Xtl} (~0.67) and in-
termediate {OI /Xtl} (~0.30) (table 3 and figure 7). Among Apollo 16 soils, sam-
ple 67511 is aso highly anomalous compositionally and mineralogically (from pet-
rographic observations) [43,44]. It contains a much lower abundance of mafic melt
breccia and is instead dominated by crystalline material probably derived from a sin-
gle pluton of noritic anorthosite [43]. Thus, Fe is carried mostly by low-Ca pyrox-
ene resulting in a high {Px/Xtl}, similar to the soils of Apollo 12, 14 and 15. The
apparent horizontal trends formed by these unrelated samples (i.e., {Px/Xtl} ~0.67
and {llm/Xtl} ~0.08) in figures 7(a) and (b) is merely a reflection of their high
{Px/Xtl}, closure (i.e., necessarily low {llm/Xtl} and {Ol/Xtl}), and a large
variation in the ratio of plagioclase to Fe-bearing minerals among these diverse
soils.

Figures 3, 6 and 8 show that Mosshauer mineralogy alone (i.e., without chemical
or petrographic data) can easily distinguish soils from different Apollo landing sites,
with respect to both mineralogy and mode of formation. High values of {Ol + Gl}
(>70%) and low values of {Px/(Px+0Ol)} (<0.15) separate volcanic-ash from impact-
derived regolith (figure 3). Figure 8 is used to determine the mineralogy of impact-
derived regoliths. For example, regoliths derived mostly from high-Ti mare basalts
(Apollo 11 and the valley floor at Apollo 17) have high values of both {IIm/(Iim+0Ol)}
and {Px/(Px + Ol)} and plot along the {lim} = {Px} line. Regolith from the lunar
highlands (Apollo 16 and Apollo 17 massifs) have low values of {lim/(llm + Ol)}
(~0.10) and {Px/(Px + Ql)} (~0.50).
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The linear, mare-highland mixing trends defined by the Apollo 16 and 17 soils
on figure 7 break down on figure 8 because there are actually two types of basatic
material (crystalline high-Ti basalt and volcanic ash) and severa types of highlands
materials (melt breccias, granulitic breccias, troctolitic anorthosites) [41,42], each of
which plot in different areas of the diagrams. The relative abundance of these various
components in the regolith varies according to sample location at the site, which is
geologically complex. Mineralogically, samples collected closest to the massifs (lowest
abundance of mare basalt and pyroclastic glass) most closely resemble the Apollo 16
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4.7. Mossbauer mineralogy and modal petrography

For regolith samples, it is not possible to make direct comparisons between
Mosshauer mineralogy (which is based on distribution of iron among specific iron-
bearing phases in the <1 mm size fraction of soil) and conventional modal petrography,
for which there is a large body of data (e.g., [12-14]). This is the case because the
latter is based on the frequency of occurrence (often for a specific size fraction of
soil) of different types of particles, many of which are complex assemblages that
contain mineral components. For example, the five major categories used by Papike et
a. [13] for their grain-count modal petrography are lithic fragments, mineral fragments,
glass fragments, fused soil components, and miscellaneous. Lithic fragments and fused
soil components both contain mineral grains in proportions not reported. Fused soil
components contain unknown proportions of glass. The mineral fragments category
does contain information about the proportions of minerals, but olivine and pyroxene
are lumped into one category called “mafics’. Similarly, the modal petrography of
Heiken and McKay [12], which is based on the 90-150 um size fraction of soil, has
categories for particles (e.g., agglutinates and black glass) that are actually composites
of glass and minerals.

The approach taken by Chambers et al. [45], who used thin sections of the 45—
90 um size fraction of soil, produces modal data that are more equivalent to M dssbauer
mineralogy. They identified mineralogies (e.g., plagioclase, olivine, pyroxene, glass,
and ilmenite) and then used X-ray/backscattered electron signal digital-imaging tech-
niques to determine volume percentages. We have calculated values of {Phase/Xtl}
from these data by assuming values of 3.4, 3.8 and 4.7 g/cm3 for densities [46-48] and
16.1, 27.0 and 44.2 wt.% for FeO concentrations in pyroxene, olivine, and ilmenite
(e.g., [37-39)]), respectively, and compared them to the results from Mossbauer miner-

Table 4
Comparison of results from moda petrology and Mossbauer mineralogy
for relative abundances of iron in olivine, pyroxene and ilmenite.

Mode (volume %) {Phase/Xtl} (at.%)
Mode M tssbauer
CT&P* CT&P* This study
Regolith sample 71061
Size fraction 4590 um 4590 um <1l mm
Olivine 9.8 11 23
Pyroxene 66.9 39 39
IImenite 233 51 38
Regolith sample 10084
Size fraction 4590 um 45-90 um <1 mm
Olivine 32 4 7
Pyroxene 80.6 54 46
IImenite 16.2 42 47

* Chambers et a. [45].
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aogy in table 4 for the only two soils analyzed in common. Considering that different
grain-size fractions were analyzed and the concentration of FeO is highly variable in
pyroxenes from high-Ti mare basalt, the agreement is reasonable, although there is a
factor-of-two difference in the abundance of olivine obtained by the two techniques. In
any event, we suggest that Mossbauer mineralogy is arguably the technique of choice
for mineralogical characterization of lunar soils. If textural relationships between min-
era phases or mode of occurrence (i.e., olivine crystal in a volcanic glass bead or a
lithic fragment) are important, then modal petrography is more appropriate.

4.8. Metallic iron and the solar wind

Because it lacks an atmosphere, the lunar surface is exposed to H, He?, C, N, and
other light elements from the solar wind. Because ions of these elements are implanted
to a depth of only a few micrometers, the solar wind elements are concentrated in the
finest grain-size fraction of regolith. They are aso found in agglutinates, which are
glassy, irregularly-shaped breccia particles formed largely from fine-grained material
in the upper ~1 mm of the lunar regolith by impact of micrometeorites. Because
the proportion of agglutinate particles in a regolith sample increases with the length
of exposure of the sample to micrometeorite impact at the surface, the parameter “%
agglutinates’ is used as an index of surface exposure [12,49]. The amount of metallic
iron in the lunar regolith aso increases with surface residence time. The metd is
derived from the micrometeorites themselves as well as from reduction of lunar ferrous
iron. The reduction occurs as a consequence of micrometeorite impact into regolith
bearing hydrogen supplied by the solar wind (e.g., [50]); the amount of metal formed
is proportional both to the length of exposure and the amount of ferrous iron available
for reduction. The index of surface exposure based on metal formed by reduction
is designated |s/FeO, where I is the relative concentration of fine-grained metal as
measured by ferromagnetic resonance (FMR) and FeO is the total concentration of
iron [49,51]. The high degree of correlation between Is/FeO and the concentration of
solar—wind-derived N [49,52] is strong evidence for both the accumulation of metal
from reduction of ferrous iron during surface exposure and the use of Is/FeO as an
index of surface exposure.

Housley et a. [53] reported a correlation between FMR data and metallic iron
concentrations determined by Mdssbauer spectroscopy. Their approach was to measure
the “excess area’ near zero velocity which they considered to result from the fine-
grained metal formed from exposure-induced reduction of ferrous iron. The excess
area, AA, is defined as the difference obtained by subtracting the areain the M dssbauer
spectrum between 1.08 and 3.28 mm/s from the area in the interval between 0.92 and
1.08 mm/s, where 1.08 mm/s is the IS for ilmenite. The rationale was that all
doublet species (olivine, pyroxene, glass, and ilmenite) and the sextet from o-Fe°
would contribute equally to both areas and sum to zero, leaving the contribution from
fine-grained metal [8,53]. If this interpretation of AA is valid, it should correspond to
our values of {np-Fe°} in table 3. However, AA is not equal to zero for the metallic
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Figure 9. Plot of {np-Fe’} versus the regolith maturity index 1s/FeO. The correlation coefficient R? from
alinear least squares fit constrained to pass through the origin is 0.91.

iron sextet because the centers of peaks 3 and 4 are both less than 1.08 mm/s. Thus,
AA includes contributions from both {np-Fe®} and {a-Fe}. This oversight by [53]
does not negate their correlation between Mossbauer and FMR data, but it does call
into question their interpretations regarding the range of metal particle diameters to
which the techniques are sensitive.

Vaues of {a-Fe’}, {np-Fe’}, and |s/FeO are measures of the proportion of
iron that is present as metalic iron for different populations of metallic iron particles.
According to the arguments of [53], the population of meta particles that contributes
to Is/FeO is the same one that contributes to {np-Fe°}, although this may not be
exactly the case as discussed above. In figure 9, {np-Fe®} is plotted as a function of
Is/FeO. Although considerable scatter is present in the data, it is apparent that values
of {np-Fe®} can be used as approximate indicators of regolith maturity. It is possible
that the correlation of {np-Fe’} with Is/FeO would be improved under experimental
conditions where the blank contribution is not present.

It should be noted that not al of {a-Fe} in the regolith is related to surface
exposure; some is contributed by the rocks of which the soil is composed (e.g., [23]).
Thisisespecially true at Apollo 16, where mafic impact-melt breccias, which constitute
30% of the regoalith, contain 1-2% Fe-Ni metal because the breccias were formed by
impact of large, metal-rich meteorites [40]. As aconsequence, Apollo 16 soils have the
greatest average values of {a-Fe°} among Apollo soils (table 3, excluding anomalous
67511, which contains only a small melt breccia component).

5.  Maosshauer mineralogy and lunar exploration

It is evident from the above discussion that Mossbauer spectrometers can be
used as powerful tools for robotic, in-situ mineralogical exploration of the Moon.
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Samples of rock and regolith that are mineralogically (from figures 3 and 7-9) and/or
chemically (from total resonant absorption area; figure 6) different from previously
sampled materials can be identified and characterized. In addition to acquiring basic
mineralogical data, the instrument data can be used to select representative samples
for return to a lunar base or to the Earth for other kinds of analyses (e.g., petrogra-
phy and age dating). The effectiveness of the instrument can be enhanced when used
in conjunction with other instruments, such as a Raman spectrometer, that provide
complimentary data [54]. Establishment of a human presence on the Moon will un-
doubtedly entail utilization of indigenous resources, including production of oxygen
by reduction of silicate and oxide (especialy ilmenite) phases (e.g., [55,56]). Because
oxygen yield from lunar soils is related primarily to the total Fe content and secon-
darily to the mineralogy of iron-bearing phases [56], Modssbauer mineralogy can be
used to “assay” regolith to find the best “ore” for oxygen production. Knowing the
distribution of Ti among carrier phases is critical for proper interpretation of spectra
reflectance data obtained remotely [57]. 1ce has been postulated to exist in permanently
shadowed regions near the south pole of the Moon [58-60]. Micrometeorite impact
into mixtures of ice and ferrous-bearing material would likely produce an assembly
of phases (possibly ferric-bearing phases like magnetite) not previously sampled on
the Moon. Detection of these phases by a Mdssbauer spectrometer would provide ev-
idence for the current or past presence of ice. Ice sequestered at depth could have
a ferric-bearing manifestation detectable at the surface by a Mossbauer spectrome-
ter.

All Mosshauer data on lunar materials discussed to this point are absorption
spectra resulting from the transmission geometry (samples are located between the %’ Co
source and detector) of the instrument. This is not a preferred geometry for planetary
exploration because a mechanism is required to prepare a sufficiently thin sample and
place it between source and detector. Backscatter geometry (source and detector are on
the same side of a sample, which results in emission Mossbauer spectra) is better for
planetary applications because no sample preparation is required. The source-detector
assembly is simply placed (e.g., by a robotic arm) against a soil or rock sample for
analysis. Alternatively, the source-detector assembly could be incorporated into the
body of arover or lander with a solid window that permits passage of 14.4 keV ~-rays
(eg., Be metd). In avertica orientation (i.e., source ~-rays emanating verticaly and
with a horizontal window), samples could be placed on and removed from the window
by a robotic arm or some other mechanism.

A comparison of transmission (laboratory instrument) and backscatter (flight-
prototype instrument under development at the NASA Johnson Space Center)
Mossbauer spectra for regolith sample 71131 is shown in figure 10 for comparable
counting times. The poorer quality of the backscatter spectrum is primarily a result
of lower source intensity (~15 versus ~30 mCi) and backscatter instrument not yet
fully optimized. Although more measurements and detailed quantitative comparisons
need to be done, it appears on the basis of figure 10 that there are no large differ-
ences between backscatter and transmission spectra, implying (for lunar soils) that
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Figure 10. Transmission and backscatter Mossbauer spectra for Apollo 17 mare soil 71131. Backscatter
spectrum was obtained with a flight-prototype instrument developed at the Johnson Space Center.

both measurement geometries produce equivalent spectra (and thus the same mineral
proportions). This result is not necessarily given because backscatter and transmission
measurements are preferentially sensitive to near-surface and bulk properties, respec-
tively.

Additional laboratory measurements are aso needed for lunar applications of
Mossbauer mineralogy. Regolith samples from Apollo 12, 14 and 15 missions are
not well represented in figures 3-9, and several lunar meteorites represent regoliths
significantly different from those sampled by the Apollo missions (e.g., [61]). Lunar
rocks have not been studied in a systematic way. These measurements will give a
complete picture of the Mossbauer mineralogy of the lunar surface for which we
presently have samples and provide a basis for identification of new types of rocks
and regolith. The temperature range for the lunar surface is 150-520 K, so it will be
necessary to understand the Mdssbauer spectra of lunar materials at those temperatures.
Finally, because of the potential for size sorting of regolith on the Moon, the M dssbauer
mineralogy of lunar regolith samples with respect to size fraction (particularly, the finest
fractions) should be investigated.



430

R.\V. Morris et al. / Mossbauer mineralogy on the Moon

Acknowledgements

This paper benefited from comments by D.G. Rancourt and M.B. Duke. This

work was supported by NASA’'s Planetary Instrument Definition and Development
Program (RTOP 344-36-20-23 to R.V. Morris), NASA’'s Cosmochemistry Program
(RTOP 344-31-10-21 to D.S. McKay and grant NAG5-4172 to L.A. Haskin), and the
German Space Agency DLR.

References

(1]
(2]
(3]

[4]
(5]

6]
(7]

(8]

(9]
(10]
(11]
(12]
(13]
(14]

(19]
(16]

(17]
(18]
(19]
[20]
(21]

[22]
(23]

Srategy for Exploration of the Inner Planets: 1977-1987, COMPLEX (Committee on Lunar and
Planetary Exploration) (Space Science Board, National Academy of Sciences, 1978).

D.G. Agredti, R.V. Morris, E.L. Wills, T.D. Shelfer, M.M. Pimperl, M.-H. Shen, B.C. Clark and
B.D. Ramsey, Hyp. Interact. 72 (1992) 285.

G. Klingelhofer, B. Fegley Jr., R.V. Morris, E. Kankeleit, P. Held and E.P.O. Evlanov, Planet. Space
Sci. 44 (1996) 1277.

P. Gay, G.M. Bancroft and M.G. Brown, in: Proc. of the 1st Lunar Planet. Sci. Conf. (1970) p. 481.
T.C. Gibb, R. Greatrex, N.N. Greenwood and M.H. Battey, in: Proc. of the 3rd Lunar Planet. ci.
Conf. (1972) p. 2479.

C.L. Herzenberg and D.L. Riley, in: Proc. of the 1st Lunar Planet. Sci. Conf. (1970) p. 2221.
R.M. Houdley, M. Blander, M. Abdel-Gawad, R.W. Grant and A.H. Muir Jr., in: Proc. of the 1st
Lunar Planet. Sci. Conf. (1970) p. 2251.

R.M. Houdey, RW. Grant, A.H. Muir J., M. Blander and M. Abdel-Gawad, in: Proc. of the 2nd
Lunar Planet. Sci. Conf. (1971) p. 2125.

R.M. Housley, RW. Grant and N.E. Paton, in: Proc. of the 4th Lunar Planet. ci. Conf. (1973)
p. 2373.

G.P. Huffman, F.C. Schwerer and R.M. Fisher, in: Proc. of the 5th Lunar Planet. Sci. Conf. (1974)
p. 2779.

S. Mitra, Applied Mosshauer Spectroscopy, Theory and Practice for Geochemists and Archaeol ogists
(Pergamon, New York, 1992).

G. Heiken and D.S. McKay, in: Proc. of the 5th Lunar Planet. Sci. Conf. (1974) p. 843.

J.J. Papike, S.B. Simon and J.C. Laul, Rev. Geophys. Space Phys. 20 (1982) 761.

G.H. Heiken, D.T. Vaniman and B.M. French, Lunar Sourcebook, A User’'s Guide to the Moon
(Cambridge Univ. Press, New York, 1991) p. 736.

S.R. Taylor, Lunar Science: A Post-Apollo View (Pergamon, New York, 1975) p. 372.

S.R. Taylor, Planetary Science: A Lunar Perspective (Lunar and Planetary Institute, Houston, 1982)
p. 481.

D.G. Rancourt, A.M. McDonad, A.E. Laonde and J.Y. Ping, Am. Mineral. (1993) 1.

S. Margulies and J.R. Ehrman, Nucl. Instrum. Methods 12 (1961) 131.

D.L. Williamson, T.W. Guettinger and D.W. Dickerhoof, in: Mossbauer Spectroscopy and Its Chem-
ical Applications, eds. J.G. Stevens and G.K. Shenoy (Amer. Chemical Soc., Washington, DC, 1981)
p. 178.

J. Graf, Lunar Soils Grain Sze Catalog (NASA Reference Publication 1265, NASA, Washington,
DC, 1993).

R.L. Korotev, L.A. Haskin and M.M. Lindstrom, in: Proc. of the 11th Lunar Planet. Sci. Conf.
(1980) p. 395.

R.V. Morris, T.H. See and F. Horz, in: Proc. of the 17th Lunar Planet. Sci. Conf. (1986) p. E21.
R.V. Morris, in: Proc. of the 11th Lunar Planet. Sci. Conf. (1980) p. 1697.



[24]

[29]
[26]

[27]
[28]
[29]

[30]
(31]

(32]
[33]
[34]
(39]
[36]
[37]
[38]
[39]
[40]
[41]
[42]
[43]
[44]
[45]
[46]
[47]
[48]

[49]
[50]

(5]
[52]

(53]

[54]

R.\V. Morris et al. / Mossbauer mineralogy on the Moon 431

R.M. Houdey, RW. Grant and M. Abdel-Gawad, in: Proc. of the 3rd Lunar Planet. Sci. Conf.
(1972) p. 1065.

E. De Grave and A. Van Alboom, Phys. Chem. Miner. 18 (1991) 337.

R.D.B. Fraser and E. Suzuki, in: Spectral Analysis: Methods and Techniques, ed. JA. Blackburn
(Marcel Dekker, New York, 1970) p. 171.

N.N. Greenwood and T.C. Gibb, Mosshauer Spectroscopy (Chapman and Hall, London, 1971)
p. 659.

R.G. Burns, in: Remote Geochemical Analysis: Elemental and Mineralogical Composition, eds.
C.M. Pieters and PA.J. Englert (Cambridge Univ. Press, Cambridge, 1993) p. 539.

C.A. McCammon, in: Mineral Physics and Crystallography: A Handbook of Physical Constants,
ed. T.J. Ahrens (Amer. Geophysical Union, Washington DC, 1995) p. 332.

G. Heiken and D.S. McKay, in: Proc. 9th Lunar Planet. Sci. Conf. (1978) p. 1933.

J. Arndt, W.V. Englehardt, |. Gonzalez-Cabeza and B. Meier, in: Proc. of the 15th Lunar Planet.
Sci. Conf. (1984) p. C255.

G. Ryder and M.D. Norman, Catalog of Apollo 16 Rocks, Part 3, 67015-69965 (NASA Johnson
Space Center, Houston, TX, 1980).

C.R. Nedl and L.A. Taylor, Catalog of Apollo 17 Rocks, Vol. 2 — Central Valley, Part 1 (NASA
Johnson Space Center, Houston, TX, 1993).

C.R. Neal and L.A. Taylor, Catalog of Apollo 17 Rocks, Vol. 3 — Central Valley, Part 2 (NASA
Johnson Space Center, Houston, TX, 1993).

C. Meyer, Catalog of Apollo 17 Rocks, Vol. 4 — North Massif (NASA Johnson Space Center,
Houston, TX, 1994).

F. Horz and M. Cintala, Meteorit. Planet. Sci. 32 (1997) 179.

JW. Delano, in: Proc. of the 6th Lunar Planet. Sci. Conf. (1975) p. 15.

R.F. Dymek, A.L. Albee and A.A. Chodos, in: Proc. of the 6th Lunar Planet. Sci. Conf. (1975)
p. 49.

W.I. Ridley, in: Proc. of the 6th Lunar Planet. ci. Conf. (1975) p. 131.

R.L. Korotev, Meteorit. Planet. Sci. 32 (1997) 447.

B.L. Jolliff, K.M. Rockow, R.L. Korotev and L.A. Haskin, Meteorit. Planet. Sci. 31 (1996) 116.
R.L. Korotev and D.T. Kremser, in: Proc. of the 22nd Lunar Planet. ci. Conf. (1992) p. 275.
B.L. Jolliff and L.A. Haskin, Geochim. Cosmochim. Acta 59 (1995) 2345.

R.L. Korotev, Meteorit. Planet. Sci. 31 (1996) 403.

J.G. Chambers, L.A. Taylor, A. Patchen and D.S. McKay, J. Geophys. Res. 100 (1995) 14391, 401.
W.A. Deer, R.A. Howie and J. Zussman, Rock-Forming Minerals, Vol. 5, Non-Slicates (Longman,
New York, 1962) p. 371.

W.A. Deer, RA. Howie and J. Zussman, Rock-Forming Minerals, Vol. 2A, Sngle-Chain Slicates
(Longman, New York, 1978) p. 668.

W.A. Deer, R.A. Howie and J. Zussman, Rock-Forming Minerals, Vol. 1A, Orthosilicates (Longman,
New York, 1982) p. 919.

R.V. Morris, in: Proc. of the 7th Lunar Planet. Sci. Conf. (1976) p. 315.

R.M. Housley, E.H. Cirlin and R.W. Grant, in: Proc. of the 4th Lunar Planet. Sci. Conf. (1973)
p. 2729.

R.V. Morris, in: Proc. of the 9th Lunar Planet. Sci. Conf. (1978) p. 1827.

R.V. Morris, R.L. Korotev and H.V. Lauer Jr., in: Proc. of the 19th Lunar Planet. Sci. Conf. (1989)
p. 269.

R.M. Housley, E.H. Cirlin, N.E. Paton and 1.B. Goldberg, in: Proc. of the 5th Lunar Planet. ci.
Conf. (1974) p. 2623.

L.A. Haskin, A. Wang, K.M. Rockow, B.J. Jolliff, R.L. Korotev and K.M. Viskupic, J. Geophys.
Res. 102 (1997) 19, 293.



432

(59]
(56]
(57]
(58]
(59]
(60]

(61]

R.\V. Morris et al. / Mossbauer mineralogy on the Moon

L.A. Taylor and D.W. Carrier 111, in: Resources of Near-Earth Space, eds. J.S. Lewis, M.S. Matthews
and M.L. Guerrieri (University of Arizona Press, Tucson, 1993) p. 69.

C.C. Allen, R.V. Morris and D.S. McKay, J. Geophys. Res. 99 (1994) 23, 173.

D.T. Blewett, P.G. Lucey, B.R. Hawke and B.J. Jolliff, J. Geophys. Res. 102 (1997) 16, 319.

JR. Arnold, J. Geophys. Res. 84 (1979) 5659.

S. Nozette, C.L. Lichtengerg, P. Spudis, R. Bonner, W. Ort, E. Malaret, M. Robinson and E.M. Shoe-
maker, Science 274 (1996) 1495.

W.C. Feldman, A.B. Binder, S. Maurice, D.J. Lawrence, B.L. Barraclough and R.C. Elphic, in:
1998 Sporing Meeting, Amer. Geophysical Union (1998) p. S190.

R.L. Korotev, B.J. Jolliff and K.M. Rockow, Meteorit. Planet. Sci. 31 (1996) 909.



