
Icarus 226 (2013) 891–897
Contents lists available at SciVerse ScienceDirect

Icarus

journal homepage: www.elsevier .com/locate / icarus
Ti distribution in grain-size fractions of Apollo soils 10084 and 71501
0019-1035/$ - see front matter � 2013 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.icarus.2013.07.007

⇑ Corresponding author at: MLR Key Laboratory of Saline Lake Resources and
Environments, Institute of Mineral Resources, CAGS, Beijing 100037, China.

E-mail address: weigang.kong@gmail.com (W.G. Kong).
W.G. Kong a,b,⇑, B.L. Jolliff b, Alian Wang b

a MLR Key Laboratory of Saline Lake Resources and Environments, Institute of Mineral Resources, CAGS, Beijing 100037, China
b Department of Earth and Planetary Sciences and the McDonnell Center for the Space Sciences, Washington University in St. Louis, St. Louis, MO 63130, USA
a r t i c l e i n f o

Article history:
Received 20 December 2012
Revised 4 July 2013
Accepted 6 July 2013
Available online 16 July 2013

Keywords:
Moon, Surface
Regoliths
Spectroscopy
a b s t r a c t

Much work has been devoted to the correlation between the remotely sensed UV–VIS slope and the TiO2

concentration of the lunar surface, and this correlation has been used to map the lunar surface TiO2 dis-
tributions using data obtained from various missions. However, additional work is needed to fully eval-
uate the UV–VIS–TiO2 correlation. Such work would help ongoing efforts to improve TiO2 mapping (e.g.,
as currently underway with LROC Wide Angle Camera (WAC) data). To evaluate the UV–VIS–TiO2 corre-
lation, we are investigating soil petrographic factors (e.g., modal abundances of Ti bearing minerals, lithic,
and glass hosts, ilmenite morphology, grain size, and maturity) that may influence the spectra. This
‘‘ground truth’’ approach will be useful in comparing between sample information and laboratory spectra
to investigate the influence of petrographic factors on the spectra. In this work, we report the quantitative
results of a systematic laboratory investigation of three size fractions (210–100 lm, 100–48 lm, 48–
20 lm) of two high Ti lunar soils 10084 and 71501 using a combined digital imaging (backscattered elec-
tron image and X-ray maps) method. For each size fraction, the results include: (1) the modal abundances
for single phase minerals and lithologic components; (2) the Ti distributions among Ti host components;
and (3) the shape of ilmenite grains. We compile and compare the data together for the three size frac-
tions of the two high Ti soils with different maturities as well as data from previous studies. Future work
will include the investigation of finer size fractions (<20 lm) and more samples (Apollo 12, Apollo 15)
covering a larger range of Ti concentration and maturity, and comparison with their spectra.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Remote sensing plays an important role in determining the dis-
tribution of lunar minerals, and the ultraviolet–visible (UV–VIS) ra-
tio of surface reflectance is a widely used parameter to estimate
the TiO2 abundance of mare regolith developed on mare basalt sur-
faces (e.g., Charette et al., 1974; Johnson et al., 1977, 1991a, 1991b;
Pieters et al., 1976; Pieters, 1978; Melendrez et al., 1994; Lucey
et al., 1998; Jolliff et al., 1999; Gillis et al., 2003, 2006; Shkuratov
et al., 2011). In these works, relations between the UV–VIS band ra-
tio and the TiO2 content were derived, which were further used to
develop band ratio maps for mapping the TiO2 abundance of the lu-
nar surface. Although the selection of UV–VIS bands strongly de-
pends on specific mission or source of spectra, these TiO2

mapping efforts are generally carried out on the basis of the Cha-
rette relation. Charette et al. (1974) found that lunar surface mate-
rials with high-Ti concentration had a lower UV–VIS slope than
those with low-Ti concentration through the analysis of remotely
sensed spectra obtained on sampled sites, and they used this rela-
tion to map the TiO2 abundance of the lunar surface. The UV–VIS
ratio has a first-order dependence on the ilmenite (FeTiO3) volume
percentage, thus the Charette relation works well for high-Ti lunar
samples in which Ti content is largely contributed by ilmenite (Gil-
lis et al., 2006). However, the TiO2 concentration estimated using
this method for lunar surfaces with low-Ti contents is inconsistent
with the chemical data of returned samples.

Although spectral contrast (Johnson et al., 1977, 1991a, 1991b)
and spatial resolution (Melendrez et al., 1994) have been improved
to modify the TiO2 mapping method used by Charette et al. (1974),
the derived TiO2 concentration using this improved correlation still
has large uncertainties especially for the low-Ti materials (Pieters
et al., 1993). Methods have been developed to estimate the TiO2

concentration for lunar soils using new spectral algorithms (Blew-
ett et al., 1997; Lucey et al., 1998, 2000; Gillis et al., 2003, 2006);
however, each of these methods appear to have systematic errors
(Gillis et al., 2003; Elphic et al., 2002).

Higher spatial resolution, well designed UV–VIS channels, and
better coverage by the Wide Angle Camera (WAC) on the Lunar
Reconnaissance Orbiter (LRO) (Robinson et al., 2010, 2011) makes
the spectral features of various sampled geological units more spe-
cific and clear, and thus improving the correlation between orbital
UV–VIS data and ground-truth samples (e.g., Jolliff et al., 2009;
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Robinson et al., 2011, 2013); however, there remains a lack of
understanding of the fundamental mechanisms underlying the
UV–VIS–TiO2 relation.

Two explanations have been proposed for the UV–VIS–TiO2

relation. In the first one, ilmenite abundance dominates the spec-
tral slope (Wells and Hapke, 1977; Rava and Hapke, 1987), and a
precise UV–VIS–TiO2 relation relies on an accurate UV–VIS–ilmen-
ite relation. In the second one (Pieters, 1978; Pieters et al., 1993),
charge transfer between Fe and Ti imparts a very low reflectivity
to the Ti-rich components (Bell et al., 1976; Burns et al., 1976). This
effect makes the reflectance of high-Ti soils surface dominated, so
the spectral variations of components other than Ti are masked.
However, in the low-Ti soils, light can pass through more grains,
and components other than Fe–Ti oxides exert more influence on
the reflectance spectra. The first explanation was supported in a
study evaluating the UV–VIS–TiO2 relation using a combination
of Clementine, Lunar Prospector and sample data (Gillis et al.,
2006). Results of that study indicated that factors such as ilmenite
grain size, modal abundance of plagioclase, and the olivine to
pyroxene ratio in mare soils can also influence the UV–VIS spectral
slope.

The optical properties of lunar surface materials are also af-
fected by the degree of space weathering (maturity). Materials
with longer exposure time to the space weathering environment
exhibit a redder slope and reduction of contrast in spectra that
mainly results from accumulation of nanophase iron (Fischer and
Pieters, 1994). The possible influence of maturity on the UV–VIS
slope was discussed by Gillis et al. (2006). Therefore, laboratory
investigations for the influence of these factors on the UV–VIS
slope are needed to obtain an accurate UV–VIS–TiO2 relation. Re-
sults of such investigations may lead to additional improvements
in global mapping of the TiO2 composition of the lunar surface.

To study the influence of sample factors on the UV–VIS slope,
we first obtain the modal abundances, ilmenite grain sizes and
shapes, Ti distribution among host mineral, lithic, and glass com-
ponents in size fractions of selected lunar soils, and in the future,
we will investigate their influence on the UV–VIS slope by compar-
ing with their spectra. Much work previously done by the Lunar
Soil Characterization Consortium (Taylor et al., 1996, 2001)
showed trends in bulk composition in which Ti concentration de-
creases in successively finer grain size fractions and showed varia-
tions in modal mineralogy determined by electron microprobe
point counting. Our approach differs in that we are focusing on
variations specifically in the hosts of Ti in specific sieve size
fractions.

We have done laboratory analyses of lunar soil samples using a
combined digital imaging (backscattered electron image and X-ray
maps) method to obtain quantitative results. In this study, we re-
port on the Ti distribution in two Ti-rich soils, 10084 from Apollo
11 and 71501 from Apollo 17. This work is a continuation and a
combination of previous work reported by Johnson et al. (2009).
The questions we address include:

(1) How is Ti distributed quantitatively among its mineral and
lithologic hosts, including volcanic and impact glasses and
agglutinates?

(2) How does the Ti distribution vary among grain size
fractions?

(3) How does the Ti distribution vary with maturity?

2. Digital imaging method

Optical microscopic techniques combined with point counting
were first used to investigate the lithic and glass fragment propor-
tions of lunar soils (e.g., Heiken and McKay, 1974; Labotka et al.,
1980). Using point counting, precise area proportions of fragments
can be obtained from microscopic images of a ‘‘cross section’’ of the
studied sample, and the obtained area proportions of fragments are
assumed to approximately equal their volume proportion with a
representative image area counted. The abundances of fragments
from the optical microscopy technique are referred to as soil ‘‘mod-
al’’ abundances (e.g., Papike et al., 1982), and these results formed
the basis for soil genesis studies. However, with optical microscopy
it is difficult to obtain true modal abundances owing to mineral
and glass components locked in multiphase lithic fragments (Hig-
gins et al., 1996; Taylor et al., 1996, 2001), some of which contrib-
ute significantly to the total abundances as demonstrated by
Chambers et al. (1994, 1995). On the other hand, electron-beam
digital-imaging methods have been used effectively to obtain min-
eral and glass modal abundances by a combined analysis of both
the characteristic X-ray images and back-scattered-electron (BSE)
images of lunar soils (e.g., Higgins et al., 1994, 1995, 1996; Cham-
bers et al., 1994; Taylor et al., 1996, 2001). Therefore, we use BSE/
X-ray maps to quantify Ti abundance and distribution among min-
eral phases.
3. Samples and data acquisition

Two high-Ti mare basalts from the Apollo 11 and Apollo 17
sample suites were chosen for this study. Lunar regolith sample
10084 is the <1 mm size fraction of the larger 10002 sample of sur-
face material collected near the Apollo 11 lunar module in Mare
Tranquillitatis. The bulk TiO2 concentration of this mature soil
(IS/FeO, <250 lm = 78, Morris, 1978; Morris et al., 1983) is
7.3 wt.% (Laul and Papike, 1980). Sample 71501 is the <1 mm size
fraction of the larger 71500 sample of surface material collected at
station 1 during the first Apollo 17 traverse, and the bulk TiO2 con-
centration of this submature soil (IS/FeO, <250 lm = 35, Morris,
1978; Morris et al., 1983) is 9.5 wt.% (Apollo 17 P. E. T., 1973). Pet-
rographic studies (Heiken and McKay, 1974; Simon et al., 1981) re-
vealed that the two soils mainly contain pyroxene, plagioclase,
ilmenite, basalt lithic fragments, breccias, glasses, and agglutinates.

These two soils have relatively high TiO2 concentrations com-
pared with all Apollo soils and have different maturities, which re-
flect different histories of space weathering and breakdown of
mineral and lithic grains. Quantifying the grain size, shape, and dis-
tribution of ilmenite, and determining Ti distributions in compo-
nents other than ilmenite, is important for examining the
different influence of these factors on the lunar soil spectra.

Each of the two samples was sieved into five different size frac-
tions: >210 lm, 210–100 lm, 100–48 lm, 48–20 lm, and <20 lm.
Analyses for size fraction 210–100 lm of 10084 and 71501 were
determined by Johnson et al. (2009). We include analysis results
of size fractions 100–48 lm and 48–20 lm of both samples, and
compare them with that of the size fraction 210–100 lm.

Three size fractions for each of the two selected soils were
mounted in epoxy grain mounts, polished, and the polished sec-
tions were examined by taking high resolution photos using an
optical microscope-camera system to document exposure of grains
prior to electron microprobe measurements. The mounted grain
samples were then analyzed using the JEOL 8200 electron micro-
probe at the Department of Earth and Planetary Sciences at Wash-
ington University in St Louis. This electron microprobe has five
wavelength dispersive spectrometers and a silicon-drift energy-
dispersive spectrometer. These spectrometers allowed us to obtain
BSE maps and 12-element X-ray maps (all with 1024 � 1024 pix-
els) on selected areas of the sample mounts with about 1000 soil
grains included.

The spectrometers were calibrated with standards, as follows:
Na on albite, Mg on forsterite, Al on anorthite, Si on albite, Mn
on Mn-olivine, Fe on synthetic fayalite and hematite, S on pyrite,



Fig. 1. BSE images (left) and Ti X-ray images (right) of the three grain size fractions of lunar soil sample 71501. In the X-ray images, brightness reflects the Ti concentration.
The bright grains are mostly ilmenite and gray grains are mostly Ti-bearing glasses. The Ti X-ray images have been stretched to optimize ilmenite brightness and to enhance
mid-level Ti concentrations.

Fig. 2. High resolution BSE images of eight typical petrographic components
classified for this study. (A) Ilmenite, (B) olivine, (C), pyroxene, (D) plagioclase, (E)
basalt, (F) agglutinate, (G) breccia, and (H) glass.

Fig. 3. False color map of soil 71501, 48–20 lm grain size fraction, made from X-ray
maps: Al is in the red channel, Mg is in the green channel, and Fe is in the blue
channel. In this color scheme, mineralogy appears approximately as follows: red is
plagioclase, brightest blue is ilmenite, intermediate to lighter blue or blue–green is
ferropyroxene and some glass, and green is olivine, magnesian pyroxene, and some
glass. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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Ni on NiO, K on microcline, Ca on wollastonite, Ti on rutile, and Cr
on Cr2O3. All data were collected at 15 keV accelerating voltage and
25 nA beam current. After obtaining BSE maps and X-ray maps, an-
other set of higher-resolution BSE images were collected on the
same X-ray map areas to help classify the soil grains. Fig. 1 shows
the lower resolution BSE maps and related Ti X-ray maps of three
grain-size fractions from 71501.
3.1. Data analysis

We used ImageJ software (provided by the Research Service
Branch (RSB) of the National Institute of Health (NIH)) to extract
grain size and shape parameters for individual grains using BSE
maps and element X-ray maps. Grains in these maps were assigned
to one of eight classes (Fig. 2) on the basis of image data, i.e., (A)
ilmenite, (B) olivine, (C), pyroxene, (D) plagioclase, (E) basalt, (F)
agglutinate, (G) breccia, and (H) glass. We used this classification
scheme because (1) multiphase grains are clearly distinguished
in the high-resolution BSE images (e.g., Fig. 2), and (2) single phase
minerals and glasses show distinct differences in both the BSE
images (Fig. 2) and the element X-ray maps (Fig. 3).

To evaluate the characteristic X-ray value or the BSE value of one
grain in a specific map, we define R(x) = mean DN value of one grain



Table 1
Defining criteria for grain classification on basis of BSE maps and element X-ray maps.
The percentage refers to the area percentage. R(x) refers to the mean DN value of a
specific grain in map x over the highest value of that among all the grains in map x.

Classes Defining criteria

Ilmenite R(Ti) > 0.8; R(Si) < 0.1; R(BSE) > 0.77
Plagioclase R(Al) > 0.76; R(Ca) > 0.625; R(Mg) < 0.13; 0.3 < R(BSE) < 0.44
Pyroxene R(Si) > 0.37; R(Ca) > 0.1; R(Al) < 0.2; R(Ti) < 0.07;

0.44 < R(BSE) < 0.7
Olivine R(Ca) < 0.27; R(Si) > 0.31; 0.37 < R(BSE) < 0.68
Basalt <5 vol.% glasses; with two or more minerals
Agglutinates Void area >5%; ‘‘typically with round vesicles’’
Breccia >5 vol.% fine-grain matrix; void area <5%
Glass Single-phase grains with no match to a mineral composition

Fig. 4. Results of mineral and lithologic modal analysis for three grain-size fractions
of lunar soils 10084 and 71501.
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in map x/the highest mean DN value of grains in map x. In this def-
inition, the highest mean DN value of grains in map x can approxi-
mately represent the mean DN value of a typical mineral with the
highest concentration of element x (e.g., an ilmenite grain should
have the highest mean R(Ti) value in the Ti X-ray map (excluding
any rutile or armalcolite that might be present) for the elemental
maps or highest concentration of heavy elements for the BSE
map. In reality, the grain with the highest mean DN value was se-
lected carefully to prevent selection of accessory mineral phases
with higher concentrations (e.g., rutile in the case of Ti). By this def-
inition, the R(x) value can represent the concentration level of ele-
ment x of one grain relative to a selected mineral and this value was
used as an additional parameter to classify grains. The detailed clas-
sification criteria are listed in Table 1. By this classification, we track
lithologic components such as basalt and breccia as well as crystal-
line mineral and glass components because we are interested in
how these particles break down into smaller grain sizes as regolith
is comminuted during continued meteorite bombardment. On the
basis of the R(x) parameters, the false color X-ray images (Fig. 3),
and the high resolution BSE images, each grain was individually
examined and classified. The area and shape of each grain were
determined using ImageJ software. The shape of these grains is de-
fined by the aspect ratio (AR, major axis/minor axis) as follows: AR
of 1:1, equant; AR of 2:1 to 1:1, blocky; 5:1 to 2:1, tabular; and >5:1,
acicular. About one thousand grains of each grain size fraction of
each soil sample were analyzed in this way.
4. Results

4.1. Modal analysis

In the mature soil 10084, agglutinates (38–40 vol.%) dominate
in the two coarser size fractions (210–100 lm, 100–48 lm),
Table 2
Modal percentages of mineral and lithic components for the three size fractions of lunar s

Component 10084

210–100 lm 100–48 lm 48–20 lm 150–90 lma 45–20 l

Ilmenite 2.40 1.14 2.82 0.90 6.40
Plagioclase 7.37 6.88 8.50 5.20 16.8
Pyroxene 9.19 8.88 9.97 13.1 16.0
Olivine 0.21 0.98 1.00 0.70 1.40
Basalt 18.8 30.9 41.3 18.6 53.9
Agglutinates 39.7 38.4 28.4 45.9
Breccias 17.0 10.9 5.42 5.90
Glass 5.29 1.77 1.58 6.40 3.40
SiO2 0.21

Total vol.% 99.9 99.7 99.0 96.7 97.9

a Data from Taylor et al. (1996).
b Data from Taylor et al. (2001).
whereas basalts (41.3 vol.%) become dominant in the finer 48–
20 lm fraction (Table 2). For all three size fractions, single mineral
grains (i.e., ilmenite, pyroxene, olivine, and plagioclase) together
comprise 17–23 vol.%, and ilmenite grains only comprise 1–
3 vol.% (Table 2).

As grain size decreases among the three fractions of 10084
(Fig. 4), the content of agglutinates decreases from 39.7 to
28.4 vol.% and that of breccias decreases from 17.0 to 5.4 vol.%;
whereas the content of basalt increases from 18.8 to 41.3 vol.%
and that of ilmenite also has a subtle increase from 1.1 to 2.8 vol.%.

In the submature soil 71501, basalts (29.0–38.4 vol.%) and
agglutinates (12.0–25.4 vol.%) are generally the two most abun-
dant components; pyroxene (14–21 vol.%) dominates among the
single mineral grains (30–43 vol.%), and ilmenite grains comprise
about 5–6 vol.% (Table 2).

Among the three size fractions of 71501 (Fig. 4), as grain size
decreases, agglutinates content decreases from 25.4% to
12.0 vol.% and breccia content also decreases from 9.0 to
2.1 vol.%; whereas the volume percentages for single mineral
grains generally increases (ilmenite, from 4.8 to 6.0; pyroxene,
from 14.4 to 21.0; olivine, from 1.7 to 4.0; and plagioclase, from
9.8 to 11.5).

Similarities can be found for both soils (10084 and 71501)
(Table 2 and Fig. 4): (1) the most abundant components are agglu-
tinates and basalt fragments, which together account for
50–70 vol.%; and (2) with decreasing grain size, the content of
agglutinates and breccias decreases, whereas that of basalts and
single mineral grains generally increases. However, many
oils 10084 and 71501.

71501

mb 210–100 lm 100–48 lm 48–20 lm 150–90 lma 45–20 lmb

4.83 4.94 5.99 5.60 12.3
9.84 10.2 11.5 6.90 16.5
18.1 14.4 21.0 16.6 21.3
1.70 2.54 4.02 0.50 3.60
29.0 40.3 39.4 26.3 38.3
25.4 20.7 12.0 32.1
9.00 2.90 2.12 7.10
2.00 1.95 2.01 4.20 6.70

0.42 0.84

99.8 98.0 98.0 99.3 98.7



Fig. 5. Ti distribution among six mineral and lithologic hosts in three grain-size
fractions of lunar soils 10084 and 71501.
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differences exist between mature soil 10084 and submature soil
71501: (1) the contents of agglutinates (28.4–39.7 vol.%) and brec-
cias (5.4–17.0 vol.%) in mature soil 10084 are higher than those in
submature soil 71501 (agglutinates, 12–25 vol.%; breccias, 2–
9 vol.%), and (2) the total content of single mineral grains in
10084 (17–23 vol.%) is lower than that in 71501, and the ilmenite
grain abundance in 10084 (1–3 vol.%) is less than half of that in
71501 (5–6 vol.%).

4.2. Ilmenite grain shape analysis

In both soils, the shape (by volume) of ilmenite grains is domi-
nated by equant and blocky forms (Table 4). In the mature lunar
soil 10084, the shape of ilmenite grains shows a subtle trend of in-
creased AR values (decrease of equant shape with increase of
blocky and tabular shapes) as grain size decreases. However, in
the submature 71501, no clear trend was found.

5. Discussion

The modal abundance results of this study (Table 2) compare
well with the results of previous studies (Heiken and McKay,
1974; Taylor et al., 1996, 2001). The content of single mineral
grains determined by Taylor et al. (1996, 2001) also has a trend
to increase as grain size becomes finer from the 150–90 lm frac-
tion to the 45–20 lm fraction, which is similar to our results. How-
ever, this trend reverses, with single mineral proportion
decreasing, among the three size fractions below 45 lm for both
soils (Taylor et al., 2001).

5.1. Mass-balance calculation

A forward mass-balance model coupled with the results of our
modal analysis was used to investigate the Ti distribution among
mineral and lithologic components.

The general mass-balance equation:

Ci;bulk ¼
Xn

j¼1

Ci;jfj
Table 3
Mass balance calculation for TiO2 in the size fraction 48–20 lm of lunar soil 71501. The ‘‘
wt.%’’ is the average TiO2 concentration in one specific mineral or lithic components meas

Component Vol.% Assumed density
g/cm�3

Mass, not normalized Mass, wt.%

Agglutinates 12.0 1.75 21.0 6.79
Basalt 39.4 3.25 127.9 41.3
Glass 2.01 3.00 6.04 1.95
Ilmenite 5.99 4.70 28.1 9.09
Pyroxene 21.0 3.50 73.4 23.7
Olivine 4.02 3.60 14.5 4.67
Plagioclase 11.5 2.70 31.1 10.1
Breccias 2.12 3.00 6.37 2.06
SiO2 0.42 2.60 1.09 0.35
Sum 98.4 309.6 100

Table 4
Ilmenite grain shape analysis of soils 10084, 71501. The grain shape was classified on the ba
blocky; 5:1 to 2:1, tabular; and >5:1, acicular.

Shape 10084

210–100 lm (%) 100–48 lm (%) 48–20 lm (%

Equant 45.9 39.2 35.0
Blocky 35.6 38.4 44.2
Tabular 17.4 19.5 19.7
Acicular 1.08 2.85 1.09
was used for this modeling. The variables in the equation are
defined as: Ci,bulk = mass concentration of element i in bulk sample,
Ci,j = mass concentration of element i in component j, fj = mass frac-
tion of component j, and n = number of components. The vol.%
determined in this study was used to calculate the mass fraction
for each component of the mass-balance equation. In order to calcu-
late mass fraction, the total mass of each component was first cal-
culated by taking the vol.% multiplied by the density of each
component (density of each component was adopted from Johnson
et al. (2009)). The mass fraction is calculated using the mass of the
particular component divided by the total mass of all components.
For this study, only the mass concentration of Ti was calculated, and
the TiO2 concentration (wt.%) in each component (j), as determined
by EMPA, was multiplied by the corresponding mass fraction of
component (j) to obtain the fraction of Ti contained within that par-
ticular component. Finally, the fraction of Ti for each component
was divided by the total Ti content in all components to obtain
the % Ti contributed by each component to the total (bulk) Ti.
Mass, not normalized’’ indicates the relative mass, and the ‘‘Average TiO2 component
ured using the electron microprobe.

normalized Average TiO2 component wt.% TiO2 wt.%
contributed

% of Total TiO2

6.00 0.41 3.80
11.9 4.92 45.8

8.50 0.17 1.50
52.0 4.73 44.1

2.00 0.47 4.40
0.10 0.00 0.00
0.00 0.00 0.00
1.50 0.03 0.30
0.00 0.00 0.00

10.7

sis of aspect ratio (AR, major axis/minor axis) as follows: AR of 1:1, equant; 2:1 to 1:1,

71501

) 210–100 lm (%) 100–48 lm (%) 48–20 lm (%)

38 44.8 34.7
25.4 20.8 29.4
33.9 33.0 34.5

2.64 1.42 1.40
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Table 3 lists an example of the mass balance calculation for size
fraction 48–20 lm for lunar soil 71501, and the bulk TiO2 concen-
tration (10.73 wt.%) determined by this study is in good agreement
with that of the size fraction 45–20 lm (10.7 wt.%) of lunar soil
71501 as determined by Taylor et al. (2001).

Although it might seem intuitive to equate the Ti content of lu-
nar soils with ilmenite abundance, such a relationship is not
strictly the case. Results (Fig. 5) show that most of the Ti in
10084 and 71501 is hosted in free ilmenite or basalt grains. In ba-
salt grains, most, but not all, of the Ti is also in ilmenite, but this
ilmenite is of finer grain size. In 71501, about 80–90 wt.% of the
Ti is in free ilmenite and basalt grains, with Ti distributed almost
equally in free ilmenite grains (38.4–44.1 wt.%) and in finer ilmen-
ite grains bounded in basalts (39.5–49.6 wt.%). In 10084, basalt and
ilmenite host about 65–85 wt.% of the Ti, with basalt grains (34.2–
58.8 wt.%) hosting more Ti than free ilmenite grains (13.7–
32.1 wt.%). In 10084, 10–20 wt.% of Ti occurs in agglutinates,
whereas in 71501, a less mature soil, �4–10 wt.% of Ti occurs in
agglutinates. The content of Ti in glasses, breccias, and pyroxene
sum up to �10 wt.% or less in both soils.
6. Summary and future work

The dominant Fe–Ti oxide mineral in lunar soils 10084 and
71501 (grain size fraction 210–20 lm) is ilmenite; other Ti-rich
oxides (armalcolite, ulvöspinel, and rutile) are very rare. In both
soils, the volume percent of agglutinates and breccias decreases
as grain size decreases, and the volume percentages of single min-
eral grains have a consistent trend to increase as grain size de-
creases. This trend might have resulted from the breakdown of
multiphase lithic fragments into finer, single mineral grains.

In mature soil 10084, more Ti is hosted in basalt as fine-grained
ilmenite compared to the coarse, free ilmenite grains. In submature
soil 71501, Ti is hosted almost equally by coarse-grained ilmenite
and finer-grained ilmenite bound in basalts. This difference likely
reflects initial basalt (ilmenite) characteristics. No unique trend
was found on the Ti-content distribution variation among these
grain-size fractions, whereas the ilmenite shape in mature soil
10084 shows a subtle trend.

Future work will include the analysis of <20 lm grain fraction
to compare with these results and those of Taylor et al. (2001).
We will analyze additional lunar soils that cover a range of Ti con-
centrations (Apollo 12, Apollo 15) and levels of maturity. Subse-
quently, coupling our results and those of Taylor et al. (2001), we
will compare results from the quantitative sample petrography
to the UV–VIS spectra of the grain-size fractions to determine cor-
relations between the Ti distribution and the UV–VIS ratio.
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