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The Cr-Zr-Ca armalcolite in lunar rocks is loveringite: Constraints from electron
backscatter diffraction measurements
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ABSTRACT

“Cr-Zr-Ca armalcolite” is a mineral originally found in Apollo samples five decades ago. However,
no structural information has been obtained for this mineral. In this study, we report a new occurrence
of “Cr-Zr-Ca armalcolite” and its associated mineral assemblage in an Mg-suite lithic clast (Clast-20)
from the brecciated lunar meteorite Northwest Africa 8182. In this lithic clast, plagioclase (An=88-91),
pyroxene (Mg#[Mg/(Mg+Fe)]=0.87-0.91) and olivine (Mg# = 0.86—0.87) are the major rock-forming
minerals. Armalcolite and “Cr-Zr-Ca armalcolite” are observed with other minor phases including
ilmenite, chromite, rutile, fluorapatite, merrillite, monazite, FeNi metal, and Fe-sulfide. Based on 38
oxygen atoms, the chemical formula of “Cr-Zr-Ca armalcolite” is (Cag99Nago1)s1.00(Ti142:F€2.06Cr2.01
Mg 20210 54Ap 46Ca021 Y 0.0sMNg 04C€0.03S10.03L.80.01Ndo 01 DY0.01)52001035. Electron backscatter diffraction
(EBSD) results reveal that the “Cr-Zr-Ca armalcolite” has a loveringite R3 structure, differing from
the armalcolite Bbmm structure. The estimated hexagonal cell parameters a and ¢ of “Cr-Zr-Ca ar-
malcolite” are 10.55 and 20.85 A, respectively. These structural and compositional features indicate
that “Cr-Zr-Ca armalcolite” is loveringite, not belonging to the armalcolite family. Comparison with
“Cr-Zr-Ca armalcolite” and loveringite of other occurrences implies that loveringite might be an
important carrier of rare earth elements in lunar Mg-suite rocks. The compositional features of pla-
gioclase and mafic silicate minerals in Clast-20 differ from those in other Mg-suite lithic clasts from
Apollo samples and lunar meteorites, indicating that Clast-20 represents a new example of diverse
lunar Mg-suite lithic clasts.

Keywords: Loveringite, armalcolite, Cr-Zr-Ca armalcolite, monazite, Mg-suite lithic clast, NWA
8182, lunar meteorite, EBSD

INTRODUCTION “Cr-Zr-Ca armalcolite” was also described in terrestrial rocks
(e.g., Haggerty 1983; Haggerty et al. 1983; Schulze 1990; Contini

Five decades ago, Apollo astronauts collected precious
et al. 1993; Grégoire et al. 2000).

samples from the surface of the Moon and brought them back to
Earth. These samples are fundamental materials for understand- Armalcolite is an oxide mineral containing relatively small
ing the origin and evolutionary history of the Moon (Heiken et polyhedral sites for Mg, Fe, and Ti. In principle, cations with
al. 1991; Papike et al. 1998; Jolliff et al. 2006). In these Apollo @ large radius such as Ca*" are not readily incorporated into
samples, scientists found a new oxide mineral (Mg,Fe)Ti,Os the structure of armalcolite. This leads to a puzzle of whether
with orthorhombic Bbmm structure (Anderson et al. 1970). “Cr-Zr-Ca armalcolite” belongs to the armalcolite family or not
This phase was named armalcolite after the three astronauts from the aspect of the crystal structure (Levy et al. 1972; Lat-
(Neil A. Armstrong, Edwin E. Aldrin, and Michael Collins) of tard 1987). This puzzle has triggered theoretical considerations
the Apollo 11 mission. At the same time, a phase that is similar O the potential structure of “Cr-Zr-Ca armalcolite” (Sabau
chemically to armalcolite but contains a few weight percent of ~ and Alberico 2007). Sabau and Alberico (2007) suggested that
Cr,0s, ZrO,, and CaO was also observed and termed “Cr-Zr-Ca “Cr—Zr—CE armalcolite” might be loveringite (R3) or a hexagonal
armalcolite.” The name “Cr-Zr-Ca armalcolite” has been used  Phase (P3) with a hypothetical structure intermediate between
for five decades since its discovery (e.g., Steele and Smith 1972; crichtonites and magnetoplumbites, based on their crystal-

Peckett etal. 1972; Haggerty 1972, 1973; Reid et al. 1973; Steele chemical consideration. However, due to small grain sizes, the
1974; Treiman and Drake 1983; Treiman and Gross 2015). “Cr-Zr-Ca armalcolite” that was described in the literature was

not structurally characterized.
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lithic clast (Clast-20). Considering the advantage of the electron
backscatter diffraction (EBSD) technique for phase identifica-
tion at a micrometer scale, we obtained the structural informa-
tion on the “Cr-Zr-Ca armalcolite.” Based on the EBSD results
and compositional features, the “Cr-Zr-Ca armalcolite” turns
out to be loveringite, not belonging to the armalcolite family.
Here we report the occurrence, mineral composition, structural
identification of the “Cr-Zr-Ca armalcolite” phase, and potential
significance to the lunar science.

ANALYTICAL METHODS

Petrographic texture of the NWA 8182 meteorite was observed using a JEOL
7000F field-emission scanning electron microscope (FE-SEM) at Hokkaido Uni-
versity, Japan and a Zeiss Supra 55 FE-SEM instrument at Nanjing University,
China. Backscattered electron (BSE) images were made to record the petrographic
textures. An energy-dispersive spectrometer (EDS), which was controlled by the
Oxford Aztec Software, was used to obtain the qualitative compositions of miner-
als. Elemental mapping was performed to illustrate the distributions of elements
in the lithic clast containing “Cr-Zr-Ca armalcolite.”

Chemical compositions of most minerals in this study were measured using
a JEOL 8100 electron probe microanalyzer (EPMA) with wavelength-dispersive
spectrometers at Nanjing University. For rare earth elements in the Cr-Zr-Ca
armalcolite, the JEOL 8530 field-emission gun EPMA instrument at the same
laboratory was used. Both instruments were operated at an accelerating voltage
of 15 kV and a focused beam of 20 nA. The elements were measured 20 s for
peak and 10 s for the background. Natural and synthetic standards were used for
concentration calibration. All data were reduced with the atomic number-absorption-
fluorescence (ZAF) procedure installed in the JEOL EPMA instruments. Typical
detection limits are better than 0.02 wt% for most elements and approximately
0.03 wt% for rare earth elements.

Structural characterizations of minerals in this study were carried out using
an EBSD detector installed on the JEOL 7000F FE-SEM instrument at Hokkaido
University. The sample was tilted 70° compared to the normal configuration and
measured with an accelerating voltage of 20 kV and a beam current of 4 nA. The
EBSD detector was controlled by the Oxford Aztec Software. Qualitative chemical
composition and EBSD pattern were obtained simultaneously. Potential candidates
from the data set of the software were chosen based on the constituent elements. A
few candidates that are not included in the data set were also used by configuring
parameter files based on the structural parameters from the American Mineralogist
Crystal Structure Database. The Aztec software automatically suggests indexing
solutions ranked by the lowest “mean angular deviation” (MAD) as an index of
“goodness of fit.” MAD numbers <1 are considered desirable for accurate solutions.

NWA 8182

FIGURE 1. Mosaic backscattered electron image of the NWA 8182
lunar meteorite, which contains both feldspathic and basaltic breccias.
The location of Clast-20 is indicated by the arrow in the lower left of
the mosaic image.
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RESuLTS

NWA 8182 is a brecciated lunar meteorite. It consists of
abundant lithic clasts and mineral fragments (Fig. 1). Both
feldspathic and basaltic clasts are present in NWA 8182, but
the former is more abundant. Lithic clasts consisting mainly
of silica and alkaline feldspar are also observed. The regions
between lithic clasts and mineral fragments are glassy with
abundant vesicles.

The lithic clast Clast-20 is a magnesian suite clast of ap-
proximately 1.3 x 0.7 mm in size, locating at the edge of the
polished section (Fig. 1). It consists mainly of plagioclase (55.8
vol%), olivine (28.2 vol%), and pyroxene (14.4 vol%) (Fig. 2).
The representative compositions of these silicate minerals are
given in Table 1. The plagioclase (An = 88-91) in Clast-20 has

FiGuRE 2. BSE image and false color images based on X-ray
elemental mapping results of Clast-20 in NWA 8182. Ol = olivine; Opx
= orthopyroxene; Cpx = high-Ca pyroxene; Pl = plagioclase; Arm =
armalcolite; Lov = loveringite. (Color online.)
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TABLE 1. Representative EPMA compositions of silicate minerals in
Clast-20

High-Ca pyroxene Low-Ca pyroxene Plagioclase Olivine
Sio, 52.7 51.7 51.8 554 552 556 445 453 392 388
TiO, 1.60 231 1.69 0.62 0.97 0.56 0.05 0.03 0.07 0.07
AlL,O; 213 224 237 1.06 1.67 0.97 354 344 0.04 0.03
Cr,0;5 0.52 0.32 0.60 040 0.57 0.32 0.03 0.02 bdl bdl
MgO 172 178 171 321 313 325 0.07 0.08 47.2 46.8
FeO 3.18 3.98 3.11 8.69 845 852 0.18 0.22 132 137
MnO 0.08 0.11 0.11 0.18 0.16 0.17 bdl 0.02 0.17 0.19
Ca0 222 209 226 131 1.63 147 182 183 0.08 0.11
Na,0 0.14 0.19 0.15 bdl bdl bdl 094 134 bdl bdl
K,O bdl  bdl bdl bdl  bdl bdl 0.06 0.177 bdl bdl
Total  99.75 99.55 99.53  99.76 99.95 100.1 9943 99.88 99.96 99.70
Si 1921 1.893 1.899  1.944 1.934 1.943 2.066 2.099 0.976 0.972
Ti 0.044 0.063 0.046  0.016 0.025 0.015 0.002 0.001 0.001 0.001
Al 0.091 0.097 0.102 0.044 0.069 0.040 1.935 1.875 0.001 0.001
Cr 0.015 0.009 0.017 0.011 0.016 0.009 0.001 0.001 bdl bdl
Mg 0.939 0.979 0940 1.689 1.643 1.705 0.005 0.005 1.764 1.760 . . . . .
Fe 0096 0121 0095 0254 0246 0248 0007 0008 0273 0.286 FIGuREe 3. BSE image of a typical region in Clast-20. Mineral
Mn 0.002 0.003 0.003  0.005 0.005 0.005 bdl 0001 0004 0004  abbreviations are the same as those in Figure 2.
Ca 0.868 0.818 0.887  0.049 0.061 0.055 0.904 0.906 0.002 0.003

Na 0.010 0.013 0.011 bdl  bdl bdl 0.084 0.120 bdl bdl

K bdl  bdl  bdl bdl  bdl  bdl 0.004 0.010 bdl bdl TABLE2. EPMA compositions of ilmenite, chromite, and armalcolite
Cations 3.987 3.998 4000 4013 3.999 4019 5008 5026 3.022 3.027 in Clast-20
Mg# 091 089 091 087 087 0.87 0.87 0.86 —— o Y=
Wo 456 426 462 25 31 27 An 911 875 .
En 493 510 489 848 842 849 Ab 85 116 S0, 010 0.06 041 047 009 014 008 0
Fs 51 63 49 127 126 124 Or 04 09 ;'Oz 5b5d-|6 %3? 1B<11|9 719 728 735 725 723
Notes: Mg# = Mg/(Mg+Fe) in moles; bdl: below detection limit. Cations of A:OOZ 0.22 258 176 g?: g?? gg; 8;‘; ??g
pyroxene, plagioclase, and olivine are calculated based on 6, 8, and 4 oxygen Cr203 0'79 42'7 48.8 1'75 1'70 0'95 0.86 1'95
. ,0; ) . : . . X . K
atoms, respectively. MgO 109 107 946 113 108 109 105 109
FeO 312 197 215 115 123 124 137 118
. ) . MnO 036 022 032 010 010 008 005 0.0
partly transformed into glass, with the untransformed regions ca0 0.59 033 056 062 053 035 053 064
containing abundant irregular fractures (Fig. 3). Olivine grains Total  99.76 100.1 99.84 99.03  99.62 99.54 9940 99.42
are anhedral to cuhedral in shape with a grain size varying from 0002 0002 0013 0017 0003 0005 0003 0004
10 to 200 um. These olivine grains have a very limited com- T 0.975 0013 0029 1924 1945 1961 1949 1.931
positional range (Mg# = 0.86-0.87). Both orthopyroxene and i: 0'30036 ot;j_‘?,lz obsdsls gg;; 8-8;8 8'8;2 g-ggg g-ggg
clinopyroxene are observed with subhedral to euhedral shapes. -, 0015 1037 1238 0049 0048 0027 0024 0.055
Their compositions are Eng,, g49FS153127W0,53, (Mg# = 87) Mg 0.384 0.495 0.456 0.606 0577 0.583 0.566 0.583
_ : F X . 57 342 0. . 4 351
1 5 oW (Mg = $9-01), respctively The  fo 0880 0383 0516 0ot 0268 0260 0409 02
orthopyroxene and clinopyroxene occur either as discrete grains ¢, 0.015 0011 0019 0024 0020 0013 0020 0024
or form an intergrowth texture with each other (Fig. 3). The grain ~ Cations 2.013  3.001 3.007  3.008 3.002 2997 3.013 3.006
Mgt 0.39 0.50 0.44 064 061 061 058 062

sizes of pyroxene are usually smaller than those of olivine but
could be up to 100 um in length.

Accessory minerals (~1.6 vol%) in Clast-20 include various
Ti-rich oxide minerals (~1 vol%, armalcolite, ilmenite, “Cr-Zr-
Ca armalcolite,” and rutile), chromite, phosphate minerals, FeNi
metal, and Fe-sulfide. Compositions of these oxide minerals
are given in Tables 2 and 3. Both armalcolite and “Cr-Zr-Ca
armalcolite” are common in Clast-20. They mainly occur as dis-
crete grains and are closely associated with olivine or pyroxene
(Figs. 3—4). Some armalcolite grains occur as clean grains in
BSE images; however, most of them contain tiny ilmenite inclu-
sions (Figs. 4b and 4c). “Cr-Zr-Ca armalcolite” mainly occurs
as clean grains and is brighter in BSE images than armalcolite
(Fig. 4). Armalcolite in this study is dominated by TiO,, MgO,
and FeO with an Mg# value of 0.58-0.64. The Cr,0;, ZrO,,
and CaO contents of armalcolite are 0.86—1.95, 0.43-0.63, and
0.35-0.79 wt%, respectively (Table 2). The EBSD patterns of
armalcolite can only be indexed with the pseudobrookite Bbmm
structure (Fig. 5) based on the atomic coordinates of the synthetic
(Mg sFeq5)Ti,05 (Wechsler 1977), with the mean angular devia-
tions as low as 0.26. They cannot be indexed with the structures
of other Ti-oxide phases.

Notes: Mg# = Mg/(Mg+Fe) in moles; bdl: below detection limit. Cations in ilmen-
ite, chromite, and armalcolite are calculated based on 3, 4, and 5 oxygen atoms.

The “Cr-Zr-Ca armalcolite” grains contain 67.5-69.7 wt%
TiO,. Their MgO and FeO contents (2.7-3.0 and 8.6-9.4 wt%,
respectively; Mg# = 0.35-0.38) are lower than those in armal-
colite (Tables 2 and 3). Instead, they contain distinctly higher
contents of Cr,0; (8.4-10.0 wt%), ZrO, (3.7-4.3 wt%), and
CaO (4.3-4.2 wt%) than armalcolite (Table 3). The “Cr-Zr-
Ca armalcolite” grains also contain minor rare earth elements
(0.31-0.41 wt% Y,03, 0.09-0.13 wt% La,0;, 0.21-0.39 wt%
Ce,0;, 0.06-0.11 wt% Nd,O;, and 0.02-0.12 wt% Dy,0;).
Although Pr, Sm, and Gd were also measured, their concentra-
tions are below detection limits. The EBSD patterns of “Cr-Za-
Ca armalcolite” can only be indexed with the loveringite R3
structure (Fig. 6) based on the atomic coordinates from natural
loveringite (Gatehouse et al. 1978), with the mean angular de-
viations as low as 0.22. They cannot be indexed with the struc-
tures of other Ti-rich oxide phases including magnetoplumbite.
Based on the mean composition of four spot analyses (Table
3) and 38 oxygen atoms, the chemical formula of “Cr-Zr-Ca
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FI1GURE 4. BSE images showing the intergrowth textures among loveringite, armalcolite, and chromite. Note that the armalcolite grain contains
tiny grains of ilmenite. Ol = olivine; Opx = orthopyroxene; Cpx = high-Ca pyroxene; Pl = plagioclase; Arm = armalcolite; Lov = loveringite;
Ilm = ilmenite; Chr = chromite.

FI1GURE 5. EBSD patterns of armalcolite indexed with the pseudobrookite Bbmm structure (MAD = 0.26-0.41). (Color online.)
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FiGure 7. BSE images of phosphate minerals in the Clast-20. (a) Fluorapatite and monazite; (b) armalcolite and merrillite. Ol = olivine;
Opx = orthopyroxene; Cpx = high-Ca pyroxene; Ilm = ilmenite; Ap = apatite; Mrl = merrillite; Mnz = Monazite; Arm = armalcolite.

armalcolite” is (CapoNag 1)s1.00( Ti1422F€2.06CT2.01Mg1 20Z10.54Alp 49
Cayg1 Y 0.0s Mg 04 Ce 03810.03L.20.01Ndg.01DY0.01)£20.01O35. According
to the equation derived from synthetic loveringite by Peterson
et al. (1998), the estimated hexagonal cell parameters a and
c are 10.55 and 20.85 A, respectively. The ilmenite grains in
Clast-20 have high MgO contents (10.9 wt%) with an Mg#
value of 0.39. The chromite grains exhibit variations in the
contents of Al,O; (17.6-25.8 wt%), Cr,0; (42.7-48.8 wt%),
MgO (9.5-10.7 wt%), and FeO (19.7-21.5 wt%). Their Mg#
values are in the range of 0.44-0.50. In Clast-20, monazite is
also observed besides fluorapatite and merrillite (Figs. 7 and 8).
In addition, FeNi metal and Fe-sulfide occur as short veinlets
in fractures in silicate minerals or at grain boundaries.
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DiscussioN

EBSD is a bulk electron diffraction technique with high
spatial resolution. Therefore, it is a reliable technique for phase
identification when combined with compositional analysis (e.g.,
Michael 2000; El-Dasher and Deal 2009) and has been exten-
sively applied for phase identifications of planetary materials
(e.g., Kimura et al. 2009; Ma and Rossman 2009; Zhang et al.
2015; Pang et al. 2016; Chen et al. 2019). In the current study,
armalcolite and “Cr-Zr-Ca armalcolite” have different EBSD
patterns, which are indexed with two different crystal structures
(Figs. 5 and 6). Armalcolite is orthorhombic with a Bbmm space
group, whereas “Cr-Zr-Ca armalcolite” is hexagonal with a R3
space group. Therefore, “Cr-Zr-Ca armalcolite” does not belong
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Fi1GURE 8. SEM-EDS result of the monazite grain shown in Figure 7a.
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to the armalcolite family. The EBSD results also exclude the
possibility that “Cr-Zr-Ca armalcolite” has the magnetoplumbite
structure (Sabau and Alberico 2007). Instead, the low MAD
values of the “Cr-Zr-Ca armalcolite” EBSD pattern indexed
with the loveringite space group R3 indicates that the structure
of “Cr-Zr-Ca armalcolite” is perfectly consistent with loveringite
(Fig. 6). The “Cr-Zr-Ca armalcolite” in Clast-20 also has a chemi-
cal formula generally consistent with loveringite. Therefore, the
“Cr-Zr-Ca armalcolite” in Clast-20 should be loveringite.

“Cr-Zr-Ca armalcolite” has been reported in mission-returned
lunar samples and lunar meteorite (Steele and Smith 1972;
Peckett et al. 1972; Haggerty 1972, 1973; Reid et al. 1973;
Steele 1974; Treiman and Gross 2015). Most of these lunar
“Cr-Zr-Ca armalcolite” data are comparable to those of the
“Cr-Zr-Ca armalcolite” in Clast-20, especially for the Cr,0s,
Z1r0,, and CaO contents (4.3—-11.5, 3.6-6.7, and 3.0-4.0 wt%,
respectively; Table 3). On the basis of 38 oxygen atoms, the
cation sum of these “Cr-Zr-Ca armalcolite” is between 21 and
22, which is similar to that for loveringite (Campbell and Kelly
1978; Gatehouse et al. 1978). The similar chemical compositions
suggest that these “Cr-Zr-Ca armalcolite” grains in lunar samples
should be loveringite.

An important chemical feature for loveringite in this study
is the “excess” of large cations (e.g., Ca, Na, and REE). The
ideal formula of loveringite, a member of the crichtonite-group
minerals, is AM,,0s;, where A represents the sites for Ca and
other large cations, and M represents the sites for small cations.
It was thought that the amount of large cations (e.g., Ca, Na, K,
Ba, Sr, Pb, and REE) should not be in excess of 1.0 in loverin-
gite and other members of the crichtonite-group minerals (e.g.,
Haggerty 1983; Haggerty et al. 1983; Sabau and Alberico 2007).
However, later investigations demonstrate that Ca in excess of
1 atoms per formula unit (apfu) can incorporate into the largest
octahedral site in the loveringite structure based on Rietveld
analyses of X-ray diffraction data (Gatehouse and Grey 1983;
Gatehouse et al. 1983; Peterson et al. 1998). In this study, we
also attribute the Ca in excess of 1 apfu to the largest octahedral
site in the loveringite structure, following Peterson et al. (1998).

Zr-armalcolite, which contains much lower contents of Cr,0;
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and CaO compared with “Cr-Zr-Ca armalcolite,” has also been
reported in some Apollo samples (e.g., Haggerty 1973; Steele
1974). The Zr-armalcolite data reported by Haggerty (1973)
and Steele (1974) have chemical formula more consistent with
armalcolite with ideal stoichiometry (3 cations for 5 oxygen
atoms). If they are recalculated based on 38 oxygen atoms, the
sum of cations would be higher than 22.6 apfu, which is much
larger than the stoichiometric cations sum (22 apfu) in loverin-
gite. Therefore, Zr-armalcolite might not be loveringite based
on the compositions. However, whether Zr-armalcolite belongs
to the armalcolite family remains an open question and requires
structural identification in the future.

Loveringite has been reported in many terrestrial samples
(Campbell and Kelly 1978; Gatehouse et al. 1978; Haggerty
1983; Lorand et al. 1987; Tarkian and Mutanen 1987; Cabella et
al. 1997; Kalfoun et al. 2002; Renna and Tribuzio 2011; Almeida
etal. 2014; Rezvukhin et al. 2018) and in a chondrule from the Al-
lende carbonaceous chondrite (Ma et al. 2013). Combining with
those in the lunar samples, loveringite may have a large chemical
variation from different occurrences. For instance, the variation
of'the Cr,O; content in loveringite from different locations could
be as much as 10 wt% (Haggerty 1973; Campbell and Kelly 1978;
Peckett et al. 1972; Almeida et al. 2014). In addition, although
most loveringite grains contain a few weight percent of ZrO,, the
loveringite from the Allende chondrite contains only 0.15 wt%
710, (mean value, Ma et al. 2013). This indicates that ZrO, may
not be a necessary component in loveringite. Interestingly, many
loveringite grains reported in the literature contain rare earth ele-
ments (REE) up to a few oxide weight percent (e.g., Campbell
and Kelly 1978; Gatehouse et al. 1978), although some of them
contain only hundreds to thousands of parts per million of REE
(e.g., Haggerty 1983; Lorand et al. 1987; Cabella et al. 1997,
Rezvukhin et al. 2018; this study). This indicates that loveringite
could be an important carrier of rare earth elements (Green and
Pearson 1987) or a proxy of REE-enrichment in the host rocks.
Our study shows that the loveringite grains in Clast-20 contain
total REE up to 0.9 wt% (Table 3), supporting this inference.
Meanwhile, the presence of two REE-rich phosphate minerals
monazite and merrillite indicates that Clast-20 should have
derived from a REE-rich rock, which supports that loveringite
could be a proxy of REE-enrichment.

Many high-Ca pyroxene and low-Ca pyroxene in Clast-20
form an intergrowth texture (Figs. 2-3) that is probably related
to exsolution during thermal metamorphism. Based on the com-
positions of low-Ca and high-Ca pyroxenes, a two pyroxene
equilibrium temperature of 1027-1034 °C is derived using
different calculation methods (Wells 1977; Brey and Kohler
1990). Considering the potential effect of NaCrSi,04 compo-
nent, the mean temperature of clinopyroxene for Clast-20 is
959 + 53 °C (Nakamuta et al. 2017), slightly lower than the
temperatures from the two-pyroxene thermometry. Although
the presence of glassy plagioclase and veinlet-like FeNi metal
and Fe-sulfide grains indicates that Clast-20 was subjected to a
shock metamorphism, no evidence implies that the shock event
had disturbed the equilibrium between low-Ca and high-Ca
pyroxenes. Therefore, the high equilibrium temperature may
imply that the source rock of Clast-20 is a plutonic rock. This
is consistent with the fact that most terrestrial loveringite grains
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were usually observed in intrusions or mantle rocks (Campbell
and Kelly 1978; Gatehouse et al. 1978; Lorand et al. 1987; Tark-
ian and Mutanen 1987; Cabella et al. 1997; Kalfoun et al. 2002;
Renna and Tribuzio 2011; Almeida et al. 2014). The tiny ilmenite
inclusions in armalcolite might be the exsolution products during
the same thermal metamorphic event.

“Cr-Zr-Ca armalcolite” (loveringite) in mission-returned
lunar samples was mainly described from Apollo samples and
Luna soils. However, unfortunately, their petrographic textures
were not always described clearly, which makes direct compari-
son of loveringite’s host rocks difficult. In lunar meteorites, it
was only reported in a magnesian suite lithic clast (Clast U) in
the feldspathic lunar breccia ALHA81005 (Treiman and Drake
1983; Treiman and Gross 2015). Combining all the information
together, most of the mafic silicate minerals that are associated
with loveringite (including this study) have high Mg# values,
although loveringite does not have a high Mg# value. This
indicates that the source rocks of lunar loveringite might be
magnesian suite rocks (e.g., Steele and Smith 1972; Steele 1974;
Treiman and Gross 2015). The high MgO content in ilmenite
that is associated with loveringite also supports this inference
(Steele 1974). This provides an opportunity to understand the
diversity of magnesian suite rocks in lunar samples (Treiman
and Gross 2015).

The Clast-20 in this study has many features similar to the
Clast U in ALHA81005 described by Treiman and Gross (2015).
For instance, both clasts have similar mineral assemblages that
contain olivine, plagioclase, low-Ca pyroxene, high-Ca pyrox-
ene, chromite, ilmenite, loveringite, rutile, and Ca-phosphate
minerals, although clast-20 in this study also contains armalcolite
and monazite as accessory minerals. The contents and variations
of minor elements (e.g., TiO, and Cr,05) in the pyroxenes from
both clasts are also generally similar (Treiman and Gross 2015;
this study). The similarities in mineral assemblage and mineral
chemistry indicate that they might have similar source rocks.
The presence of both Ca-phosphate minerals and loveringite
implies that their source rocks are rich in phosphorus and rare
carth elements. However, there are two important differences
between Clast-20 and Clast U. First, the mafic silicate miner-
als in Clast-20 have higher Mg# values (0.86-0.91) than those
in Clast U (0.79-0.83, Treiman and Gross 2015). This implies
that Clast-20 is more primitive (less fractionated) than Clast U.
Second, the pyroxene grains in Clast U show a large chemical
zoning (Treiman and Gross 2015), which was not observed in
Clast-20 in this study. This difference probably reflects different
crystallization and/or metamorphic histories.

Treiman and Gross (2015) compared Clast U with other
magnesian suite rocks. They found that Clast U is unique in
mineral assemblage and mineral chemistry. The similarity in
mineral assemblage and mineral chemistry between Clast-20
and Clast U implies that Clast-20 is also very unique compared
to mission-returned magnesian suite rocks and magnesian suite
lithic clasts in most lunar meteorites. Considering the An value
of plagioclase and the Mg# values of mafic silicate minerals,
Clast-20 will plot outside of the regions for magnesian suite
rocks (Fig. 1 of Treiman and Gross 2015), supporting the claim
by Treiman and Gross (2015) that the magnesian suite rocks may
be more diverse than apparent in the Apollo samples.
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IMPLICATIONS

The Clast-20 in NWA 8182 provides an important sample to
solve the puzzle of whether the “Cr-Zr-Ca armalcolite” belongs
to the armalcolite family. Our EPMA and EBSD results reveal
that “Cr-Zr-Ca armalcolite” is different from armalcolite and
is loveringite instead. Owing to the structural characteristic of
loveringite in containing large cations, it seems that rare earth
elements can be readily incorporated into the loveringite struc-
ture. For lunar samples, the presence of loveringite might be
an important indicator of REE-enrichment. At the same time,
loveringite is only observed in Mg-rich lithologies, no matter
from terrestrial or extraterrestrial rocks. Therefore, loveringite
is also an important indicator of lunar Mg-suite rocks. The high
Mg# values of mafic silicate minerals and the enrichment of
phosphorus and REE in Clast-20 support the inference that some
lunar Mg-suite rocks could be related to KREEPy lithologies,
although Mg-suite magmas are not required to have a KREEP
signature (Shearer et al. 2015). However, although the Clast-20
is an Mg-suite lithic clast, the chemical compositions of its
mafic silicate minerals and plagioclase are different from those
in other Mg-suite rocks in Apollo samples and lunar meteorites.
This indicates that Clast-20 represents a new example of diverse
lunar Mg-suite rocks.
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