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Abstract

Apollo 12 sample 12032,366-19 is a 21.3 mg granite fragment that is distinct from any other lunar 
granite or felsite. It is composed of barian K-feldspar, quartz, sodic plagioclase, hedenbergite, fayalite, 
and ilmenite, with trace amounts of zirconolite, baddeleyite, apatite, and merrillite. The texture of 
12032,366-19 is largely a micrographic intergrowth predominantly of K-feldspar and quartz and, to 
a lesser extent, plagioclase and quartz. Hedenbergite, fayalite, and ilmenite are present in minor but 
significant quantities—6.0, 3.1, and 1.7 wt%, respectively—and are scattered throughout the feldspar-
quartz intergrowths. Trace amounts of Zr-bearing phases are found including zirconolite (0.6 wt%) 
and baddeleyite (0.04 wt%). Incompatible trace-element concentrations are high in 12032,366-19, 
particularly the high-field-strength elements, e.g., Zr, Sm, and Th (1500, 25, and 61 µg/g, respectively). 
The chondrite-normalized, rare-earth-element concentrations form a “V-pattern” that is characteristic 
of other lunar granitic material. By modeling 12032,366-19 as a derivative from a KREEP-like parent 
melt, the composition and mineral assemblage can be obtained by extended fractional crystallization 
combined with separation of the low-density minerals plus trapped melt components prior to final 
solidification. However, this model cannot quantitatively account for the relatively sodic composi-
tion of the plagioclase (An34–50) and requires that the starting melt has Na2O of 1.2–1.4 wt%, which is 
higher than most KREEP compositions. Formation of this assemblage by silicate-liquid immiscibility 
is neither required nor indicated by petrogenetic modeling.
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Introduction

There are about 20 known lunar granites (Appendix 11) 
including “large” individual samples (e.g., Apollo 12 sample 
12013, 82 g) and clasts within breccias (e.g., 14321,1027, 1.8 
g). Most lunar granites are fine grained; sample 15405,12 is 
the coarsest with >1 mm mineral grains (Ryder 1976). Lunar 
granites characteristically contain granophyric intergrowths 
of K-feldspar and silica. Plagioclase is also common and may 
be intergrown with silica as well. Lunar granites are diverse in 
the presence, abundance, and compositions of pyroxene and 
olivine (typically fayalite), and contain nominally anhydrous 
minerals with the exception of apatite. Most lunar granites have 
been severely affected by meteorite impacts in that they have 
been partially melted or brecciated, have experienced shock 
metamorphism, or contain clasts of other lithologies as well as 
Fe-Ni metal from meteorite impactors. We describe here a small 
granite fragment, designated 12032,366-19, separated from 
Apollo 12 regolith sample 12032. This granite rock fragment is 
petrographically, mineralogically, and compositionally distinct 
from any previously characterized lunar granite and is largely 
unaffected by processes associated with meteorite impacts, i.e., 
it is monomict and unbrecciated.

Samples and experimental methods
Sample 12032 is one of several regolith bulk soil samples collected on the 

Apollo 12 mission. Subsample 366 consists of forty-one 2–4 mm grain-size lithic 

fragments allocated for the studies of Barra et al. (2006) and Korotev et al. (2011) 
along with 317 lithic fragments from other Apollo 12 regolith samples. The subject 
of this paper is the 19th fragment in the subset, designated 12032,366-19 (Fig. 1). 
We examined all 358 fragments under a binocular microscope and analyzed each 
one individually for concentrations of 26 chemical elements by instrumental neutron 
activation analysis (INAA; Korotev et al. 2011). Eight fragments were found to be 
granitic in composition, with 12032,366-19 being the largest at 21.3 mg. INAA 
results for 12032,366-19 are reported in Table 1. Results for 12001,912-02 (9.2 
mg) and 12032,366-07 (15.7 mg) are reported in Barra et al. (2006). Composi-
tional results for the other five fragments (2.7–7.5 mg) are reported in Appendix 
11. (INAA data for all 366 fragments are presented in the electronic annex of 
Korotev et al. 2011.)

After INAA, which is effectively nondestructive, we mounted and polished 
the sample in a petrographic thick section for electron probe microanalysis 
(EPMA). The texture and mineral assemblage were characterized by high-
resolution backscattered electron (BSE) imaging and X‑ray map analysis using 
the 5-wavelength-spectrometer JEOL 8200 electron microprobe at Washington 
University, which includes a high-intensity LIFH/PETH H-type spectrometer 
and an energy-dispersive spectrometer (EDS) with a silicon-drift detector (SDD). 
Images and maps were generated at an accelerating voltage of 15 kV and a probe 
current of 25 nA (50 nA for X‑ray maps), except as indicated below. We used a 
combination of wavelength-dispersive spectrometers (WDS) and the SDD EDS 
to generate X‑ray maps.

Quantitative mineral compositions were determined by WDS EPMA using 
the Probe for EPMA software developed by Probe Software, Inc. In addition, we 
used the Probe for EPMA software for data correction including peak interfer-
ence corrections (e.g., ThMβ on UMα; and FeLα1 on FKα). Nominal analytical 
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Typically, elements were measured using the Kα lines and counted on peak 
for 40 s (Si, Ti, Al, Cr, Fe, Mn, Mg, Na), except for elements analyzed using the 
high-intensity spectrometer (Ca, K, and P were counted for 20 s; and Ba, using 
the Lα line, was counted for 120 s). In addition to these elements, analyses of 
Zr-rich minerals included an expanded element list as follows: V (Kα; 20 s); Zr 
(Lα; 60 s); La, Ce, Nd, and Yb (Lα; 120 s each); Hf, Ta, and Pb (Mα; 180 s each); 
Y and Nb (Lα; 220 s each); and U and Th (Mα; 240 s each). This protocol led to 
detection limits for most minor and trace elements in the 0.01 to 0.04 wt% range 
(100 to 400 µg/g).

When analyzing phosphates, elements measured using the Kα lines were 
counted on peak for 20 s (Ca), 25 s (Na), 30 s (Mn, Fe), 35 s (Al), 40 s (Mg, Si, and 
P), 45 s (Cl), and 130 s (F); elements measured using the Lα lines were counted on 
peak for 30 s (La, Ce, Gd, Nd, and Yb; all but Ce were analyzed using the H-type 
spectrometer) and 45 s (Y). We used the Probe for EPMA software to correct for 
the interference of FeLα1 and CeMζ on FKα and to apply a non-linear (polyno-
mial) background correction for F (and Si). The F X‑ray count-rates, which were 
analyzed on a layered-dispersive element (LDE1) crystal, were found to vary with 
positive linear time dependence (Fig. 2; Stormer et al. 1993). Such variations were 
accounted for by the time-dependent intensity correction of the Probe for EPMA 
software, which we used to project the F X‑ray count-rates back to time zero using 
a linear extrapolation to determine the intensity (e.g., McCubbin et al. 2010). In 
our analyses of the REEs, we applied the following the interference corrections 
using the Probe for EPMA software: Nd Ll on LaLα1; LaLγ3, CeLγ1, and NdLβ2 
on GdLα1; and CeLβ1 on NdLα1.

We used a modal recombination technique that we designate CMR (constrained 
modal recombination; Tables 1 and 2) to estimate the bulk concentration of ele-
ments for which concentration data were not obtained by INAA. The model was 
constrained to fit the oxides for which both microprobe and INAA concentrations 
were obtained (FeO, CaO, BaO, Na2O, K2O, and ZrO2). Phase abundances (Table 
2) were determined using image analysis of a BSE mosaic and X‑ray maps to 
essentially count all pixels in each phase, which were then divided by the total 
number of pixels (background subtracted) to obtain the area fraction, which we 
assume is indicative of the volume fraction. The volume fraction of each phase 
was multiplied by the density scaled to the composition of each respective phase 
(Deer et al. 1976). Finally, we divided these individual values by their sum to yield 
weight fractions. The bulk concentrations of each oxide were then calculated by 
summing the oxide concentration of each phase (an average of the phase composi-
tions determined by electron microprobe) multiplied by the weight fraction of the 
phase (see example for SiO2 below).

[SiO2]Bulk = Σphase n=1,2,3… {[SiO2]nX(weight fraction of phase n)}

The bulk composition obtained from INAA represents the entire 21.3 mg 
sample, but the concentrations generated from the modal recombination technique 
represent only the specific plane of the section exposed by the polished mount 
and the BSE image and X‑ray maps of that section. To assure that our bulk major-
element composition was representative of the whole sample, we adjusted phase 
proportions from those obtained from image analysis to best-fit the INAA data. For 
example, our polished section of 12032,366-19 contains 6.2% plagioclase and 7.3% 
hedenbergite (area percentages converted to weight percentages) leading to a bulk 
CaO concentration of 2.2 wt% for 12032,366-19 (based on the average compositions 
of plagioclase and hedenbergite). INAA, however, yields a bulk CaO of 2.9 ± 0.2 
wt%. In CMR, we increase the plagioclase abundance to 19 wt%, and decrease 
the hedenbergite abundance to 6.0 wt% (to fit both the INAA derived bulk CaO of 
2.9 ± 0.2 wt% and FeO of 4.99 ± 0.05 wt%). The CMR bulk CaO therefore is 3.04 
wt%. This example is simplified because CMR takes the CaO contribution of all 
present phases into account, not just plagioclase and hedenbergite.

The CMR error was calculated using the error from both EPMA and image 
analysis. We applied counting statistics to the total number of pixels attributed to 
each phase in the BSE image and X‑ray maps (Figs. 3 and 4). The final “% Error” 
values are the result of propagating error through averaging the phase compositions, 
multiplying the average compositions by the wt% of that phase, and summing 
those values for each oxide or element. The trace-element compositions listed 
in the “EPMA” composition are from zirconolite, baddeleyite, REE-rich apatite, 
RE-merrillite, and apatite. These phases account for very small portions of the 
image, and their abundances were constrained to fit the INAA data as closely as 
possible. Following the same procedures for error propagation as with the major 
elements, the errors in the model associated with the trace elements would be 
between 260 and 640%. The trace-element errors are high because the trace ele-
ments are concentrated in trace minerals (e.g., zirconolite), which are represented 
by a relatively small number of pixels in the BSE image and X‑ray maps resulting 

Figure 1. Photograph of sample 12032,366-19 top (a) and bottom 
(b) with a 1 mm grid in the background. K-feldspar, plagioclase, and silica 
appear white. Hedenbergite, fayalite, and ilmenite are the dark phases.

Table 1. 	 The bulk composition of 12032,366-19
	 CMR	 % Error	 INAA	 1σ		  CMR	 INAA	 1σ
SiO2	 70.1	 0.15	 –	 –	 Sm	 –	 24.6	 0.3
TiO2	 1.07	 1.8	 –	 –	 Eu	 –	 3.01	 0.03
Al2O3	 13.5	 0.23	 –	 –	 Tb	 –	 6.56	 0.07
FeO	 4.98	 0.54	 4.99	 0.05	 Yb	 –	 51.8	 0.5
MnO	 0.07	 5.7	 –	 –	 Lu	 –	 7.44	 0.08
MgO	 0.14	 0.81	 –	 –	 Sc	 –	 8.7	 0.09
CaO	 3.04	 0.41	 2.91	 0.18	 Co	 –	 0.77	 0.02
BaO	 0.68	 1.1	 0.68	 0.01	 Ni	 –	 <25	 –
Na2O	 2.47	 0.52	 2.10	 0.02	 Zn	 –	 16	 3
K2O	 4.58	 0.21	 4.80	 0.24	 Rb	 –	 96	 2
P2O5	 0.052	 4.5	 –	 –	 Sr	 –	 167	 12
SUM	 100.7	 –	 –	 –	 Cs	 –	 3.67	 0.04
Cr	 <200	 –	 11.3	 0.6	 Ta	 –	 10.4	 0.1
Zr	 1500	 –	 1500	 20	 W	 –	 9	 1
Hf	 37.8	 –	 45.5	 0.5	 Ir	 –	 <1.3	 –
Nb	 304	 –	 –	 –	 Au	 –	 <5	 –
La	 11.3	 –	 79.4	 0.8	 Y	 457	 –	 –
Ce	 106	 –	 182	 2	 Th	 126	 60.6	 0.6
Nd	 83.2	 –	 82	 2	 U	 52.7	 20.7	 0.2
Notes: Oxide values are in wt%; element values are in ppm except Ir and Au, 
which are in ppb. The INAA data are from Korotev et al. (2011); uncertainties (1σ) 
are 1 standard deviation estimates of analytical uncertainty based mainly on 
counting statistics. The “CMR” composition and “% Error” were derived by modal 
recombination using the average phase compositions from the microprobe 
(Table 2) to “best fit” the bulk rock INAA data (see text).

conditions for typical mineral phases (feldspar, silica, pyroxene, fayalite, ilmenite, 
and glass) were 15 kV accelerating voltage and 25 nA probe current, with beam 
diameters ranging from 1 to 10 µm. Analytical standards included synthetic and 
natural silicate, oxide, and REE glass standards of Drake and Weill (1972) and 
Carpenter et al. (2002) for primary calibration, and these were checked against 
secondary standards.
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in high error from counting statistics.
One irregular zirconolite grain (see descriptions in next section) yielded 

initial compositional analyses with anomalously high SiO2. We assumed that the 
zirconolite grain thickness might be such that the analyzed composition resulted 
from overlap of the electron interaction volume with another mineral. To further 
investigate this composition, we obtained three BSE images of the area at 5, 15, and 
25 kV accelerating voltages (Fig. 5). We then modeled electron trajectories with 
Monte Carlo simulations using the Casino program version 2.42 (Hovington et al. 
1997). Simulations of 5000 electron trajectories each were run at 5, 15, and 25 kV 
on models consisting of K-feldspar overlying zirconolite and zirconolite overlying 
quartz. The thickness of the top layer was varied. We constrained the thickness of 
the overlying phases by noting whether or not the backscattered electrons interacted 
only with the top phase at the different accelerating voltages. A detailed descrip-
tion of our process of determining the zirconolite composition is in Appendix 21.

Following the method of Montel et al. (1996), we calculated the crystallization 
age of 12032,366-19 from our analyses of zirconolite. In doing so, we assumed 

Figure 2. Positive linear time dependence of F X‑ray count-rates (counts per second). Solid lines are best fit lines. Curved, dashed lines 
represent the 95% confidence envelope. Parts a and b are analyses of the REE-rich apatite. Part c is an analysis of apatite. Part d is an analysis of 
the Durango fluorapatite (Jarosewich et al. 1980) standard. Parts a, b, and c were analyzed with a 2 µm beam diameter and a 25 nA probe current. 
Part d was analyzed with a 20 µm beam diameter and a 25 nA probe current. 

Table 2. 	 Modal mineralogy of 12032,366-19
		  Abundance
Phase 	 Composition	 Image 	 CMR
K-feldspar 	 An1.2–6.1Ab25–33Or58–74Cn0.4–3.9 	 49	 43.5
Quartz 	 (Si,Al,Fe,Ti)O2 	 31	 26
Plagioclase 	 An35–48Ab52–64Or0.9–1.3Cn0.0–0.1 	 6.2	 19
Pyroxene 	 En4.6–6.2Fs51–52Wo43–44 	 7.3 	 6.0
Olivine 	 Fo2.7Fa97 	 4.5 	 3.1
Ilmenite 	 Il99.6Gk0.4 	 1.8	 1.7
Zirconolite	 (Fe,Y,Ca,REE)(Zr,Hf,U,Th)(Ti,Nb,Al,Si,Ta)2O7	 0.13	 0.30
REE-rich apatite	 (Ca,REE,Y,Fe)5([P,Si]O4)3(F,Cl)	 Trace	 0.2
Apatite	 (Ca,Fe)5(PO4)3(F,Cl)	 Trace	 0.1
RE-merrillite	 (Ca,REE)16(REE,Y)2(Fe,Mg)2([P,Si]O4)14	 Trace	 0.08
ZrO2 	 Zr98.4Hf1.6 	 0. 07 	 0.058
Sum 		  100 	 100
Notes: “Image” is the modal mineralogy of the 12032,366-19 polished section 
directly determined by image analysis. “CMR” was derived from a modal recom-
bination using the average mineral compositions from the microprobe to “best 
fit” the bulk rock compositions from INAA (see text). All values are converted to 
weight percent. Zirconolite and phosphate formulae are idealized. Composi-
tions are in Tables 3, 4a, and 4b. Cn = Celsian (Ba-feldspar end-member), Gk = 
Geikielite (Mg end-member of ilmenite solid-solution).

Figure 3. Backscattered electron (BSE) image mosaic of 12032,366-
19. In order of brightness from darkest to brightest, minerals are quartz, 
sodic plagioclase, K-feldspar, hedenbergite, fayalite and ilmenite, and 
zirconolite and baddeleyite. Note that the inclusion-bearing hedenbergite 
grain in the lower right appears to be a hopper crystal. See Figure 4 for 
phase identifications based on X‑ray analysis.

that all Pb analyzed is radiogenic, which appears valid because nonradiogenic Pb 
should not exist in zirconolite beyond trace concentrations because Pb does not 
fit in the crystal structure. Given that assumption,

Pb = Th
232

e
232 t 1( )208 + 0.9928 U

238.04
e

232 t 1( )206 + 0.0072 U
238.04

e
232 t 1( )207λ λ λ
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◄Figure 4. (a) A color image of 12032,366-19 with K in the red 
channel, Na in the green channel, and Fe in the blue channel. With this 
color scheme, K-feldspar is orange, more sodic K-feldspar is light orange, 
plagioclase is green, olivine is bright blue, pyroxene is darker blue, and quartz 
is represented as black. (b) An RGBGray image of 12032,366-19 with Ca 
in the red channel, Zr in the green channel, Ti in the blue channel, and Si in 
the gray channel. With this color scheme, pyroxene is pink, plagioclase is 
dull pink, ilmenite is blue, zirconolite and ZrO2 are green.

Figure 5. Three BSE images of the largest zirconolite grain taken at various accelerating voltages of 5, 15, and 25 kV. Arrow “x” points to a 
region that is covered by a thin layer of K-feldspar. Arrow “y” points to a region where the zirconolite is thin. The thin layers become transparent in the 
images taken at higher accelerating voltages because backscattered electrons can come from greater depths in the sample at higher accelerating voltages.

where Pb, Th, and U are in ppm and λ232 (4.9475 × 10−11 year−1; Jaffey et al. 1971), 
λ235 (9.8485 × 10−10 year−1; LeRoux and Glendenin 1963), and λ238 (1.55125 × 10−10 
year−1; LeRoux and Glendenin 1963) are the decay constants for Th232, U235, and 
U238, respectively. Solving for t yields the age of the analyzed grain (3.9 ± 0.3 Ga) 
along with the fraction of Pb generated from each parent element. We report the 
average crystallization age calculated for each zirconolite analysis and report the 
error as the 95% confidence interval.

We identified the silica phase as the polymorph quartz by Raman spectroscopic 
analysis using a Hololab 5000-532 laser Raman spectrometer (Kaiser Optical 
Systems, Inc.). The 532 nm line of a frequency-doubled Nd:YAG solid-state laser 
was used as the excitation source. Analyses were done using a 20× long-working 
distance objective (NA = 0.4), which condenses the laser beam into a spot of 6 
µm diameter on the sample, with an average power of 11 mW. This objective also 
collects the backscattered Raman photons from the sample. These photons were sent 
through a multimode optical fiber to a Raman spectrograph. A volume holographic 
grating spectrometer disperses the collected Raman photons into a Raman Stokes 
shift range of 100 to 4300 cm–1 relative to the 532 nm laser line, with a spectral 
resolution of 4–5 cm–1. See Freeman et al. (2008) for more analytical details.

Results

Petrography
Lunar sample 12032,366-19 is an unshocked, unbrecciated, 

fine-grained granite fragment. It is composed predominantly of 
granophyric intergrowths of barian K-feldspar (An0.7–16,Ab21–50, 
Or33–78,Cn0.4–3.9) and quartz (Figs. 3 and 4) that, according to modal 
analysis, account for ∼62 wt% of the sample, and to a lesser 
extent, a graphic intergrowths of plagioclase (An34–50,Ab49–65, 
Or0.8–6.6,Cn0.0–0.3) and quartz (Table 2; Figs. 3 and 4) that account 
for ∼27 wt% of the sample. K-feldspar and silica intergrowths 
extend throughout the entire sample, whereas intergrowths of 
plagioclase and silica occur on the scale of ∼1 mm. The mafic 
phases are present in significant amounts (6.0 wt% hedenbergite 
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and 3.1 wt% fayalite) compared to most other lunar granites (e.g., 
12013 “Light;” 12033,507; 14161,7269; 14303,204; 14321,1027; 
15405,12; and 73255,27,3; see Appendix 11 for references) in 
which it is common for either pyroxene or olivine (or both) to 
be absent. There are >20 hedenbergite grains and >30 fayalite 
grains exposed in our polished section of 12032,366-19.

Potassium feldspar. Compositions of K-feldspar (Fig. 6; 
Table 3) are similar, from spot to spot and as reflected in the 
potassium X‑ray image, with two exceptions: (1) in several 
instances, large subhedral grains (as large as 440 × 100 µm) 
of K-feldspar lack quartz intergrowths (Figs. 3 and 4) and are 
zoned. The cores of these grains have a higher Na/K (e.g., 

An15,Ab50,Or33,Cn1.9) than their rims, which have Na/K similar to 
the rest of the K-feldspar in the sample (e.g., An1.6,Ab28,Or67,Cn3.0; 
Fig. 4); and (2) the K-feldspar (“Kfs*” of Table 3) that is part of a 
subrounded inclusion inside one of the three “large” (see below) 
pyroxene grains has among the lowest Na/K in our section of 
12032,366-19 (An1,Ab21,Or78,Cn0.5). Moreover, in the K-feldspar 
in the inclusion, the abundance of the Cn (celsian, Ba-feldspar) 
component is only 0.5%, whereas the other analyzed K-feldspar 
compositions have Cn values of 1.6 to 3.9% (0.91 to 1.90 wt% 
BaO). The “Kfs*” analyses also have the highest FeO content 
(0.44 to 0.49 wt%) of the analyzed K-feldspar grains but not by a 
large amount (the other analyses range from <0.05 to 0.34 wt%).

Plagioclase. Plagioclase is not zoned and is unusually sodic 
for a lunar rock (An33.5–50.2, Fig. 6). In fact, the albite contents 
of the plagioclase are the highest of which we are aware in any 
lunar sample. This high-albite content is not unprecedented: 
Warren et al. (1987) reported zoned plagioclase with rims of 
An35.5 in felsite 12033,507. The FeO content of the plagioclase 
ranges from 0.14 to 0.33 wt% with an average concentration of 
0.21 wt%. These values are consistent with FeO concentrations 
reported for plagioclase in other lunar granites (e.g. Warren et 
al. 1987; Jolliff 1991). From our thick section, we are unable to 
determine whether the plagioclase is crystalline or maskelynite.

Quartz. The SiO2 phase is identified as quartz on the basis 
of Raman spectroscopy (Fig. 7). Its texture is fractured in a 
hackled pattern (e.g., Jolliff et al. 1999), suggesting that it may 
have inverted from cristobalite. Quartz analyses with the electron 
microprobe yield minor-oxide concentrations as shown in Table 
3, including Al2O3 (0.21 wt%), FeO (0.21 wt%), TiO2 (0.05 wt%), 
and K2O (0.02 wt%).

Hedenbergite. All analyzed pyroxene grains in 12032,366-19 
are hedenbergite (En4.6–6.2, Fs51–52, Wo43–44). In the probe mount, 
there are three relatively large grains: an elongate grain (670 × 56 
µm; Figs. 3, 4, and 8a) that terminates at the edge of the sample, 
a 196 × 134 µm grain with a sub-rounded inclusion (diameter = 
58 µm; Figs. 3 and 4), and a 425 × 112 µm grain (Figs. 3 and 4). 

Figure 6. Feldspar ternary diagram showing the K-feldspar and 
plagioclase compositions found in 12032,366-19. The composition 
has been normalized to An, Ab, and Or. The celsian (Cn) component 
is represented by the symbol shade. Vectors indicate the feldspar 
composition changes as crystallization progressed.

Table 3.	 Minerals in 12032,366-19
	 Kfs	 Kfs*	 Qz	 Pl	 Hd	 Fa	 Ilm	 Apatite	 RE-Ap	 Merr	 Glass Incl.	 CMR
N	 66	 3	 11	 16	 6	 5	 1	 3	 13	 1	 1	 –
SiO2	 64.2	 67.2	 101.5	 58.6	 47.6	 29.4	 <0.03	 2.01	 3.17	 0.90	 78.3	 70.0
TiO2	 0.063	 0.04	 <0.05	 <0.04	 0.92	 0.13	 51.1	 n.a.	 n.a.	 n.a.	 0.13	 1.04
Al2O3	 20.3	 18.8	 0.21	 26.3	 0.69	 <0.02	 <0.02	 <0.02	 0.05	 <0.02	 12.4	 13.5
Cr2O3	 <0.04	 <0.04	 <0.04	 <0.04	 <0.04	 <0.04	 <0.04	 n.a.	 n.a.	 n.a.	 <0.03	 <0.02
FeO	 0.12	 0.46	 0.21	 0.21	 29.3	 68.6	 47.4	 0.90	 1.79	 5.24	 1.10	 4.99
MnO	 <0.04	 <0.04	 <0.04	 <0.04	 0.34	 0.83	 0.43	 <0.03	 0.09	 0.07	 <0.04	 0.12
MgO	 <0.02	 <0.02	 <0.02	 <0.02	 1.65	 1.06	 0.12	 <0.02	 <0.02	 0.59	 <0.01	 0.13
CaO	 1.34	 0.23	 <0.10	 8.56	 19.2	 0.17	 <0.02	 54.6	 46.6	 36.9	 0.48	 2.9
BaO	 1.43	 0.26	 <0.06	 <0.04	 <0.05	 <0.04	 <0.05	 n.a.	 n.a.	 n.a.	 0.079	 0.68
Na2O	 3.71	 2.43	 <0.04	 6.57	 0.10	 <0.05	 <0.05	 0.10	 0.17	 0.07	 0.86	 2.10
K2O	 9.82	 12.6	 0.02	 0.19	 <0.01	 <0.01	 <0.01	 n.a.	 n.a.	 n.a.	 2.95	 4.8
P2O5	 <0.01	 <0.01	 <0.02	 <0.01	 <0.01	 <0.01	 <0.01	 38.4	 33.9	 40.4	 <0.01	 0.039
Y2O3	 n.a.	 n.a.	 n.a.	 n.a.	 n.a.	 n.a.	 n.a.	 0.18	 1.30	 2.45	 n.a.	 n.a.
REE2O3	 n.a.	 n.a.	 n.a.	 n.a.	 n.a.	 n.a.	 n.a.	 1.13	 7.21	 12.6	 n.a.	 n.a.
F	 n.a.	 n.a.	 n.a.	 n.a.	 n.a.	 n.a.	 n.a.	 1.47	 0.96	 <0.02	 n.a.	 n.a.
Cl	 n.a.	 n.a.	 n.a.	 n.a.	 n.a.	 n.a.	 n.a.	 1.34	 1.32	 <0.01	 n.a.	 n.a.
–O=F	 –	 –	 –	 –	 –	 –	 –	 0.62	 0.40	 –	 –	 –
–O=Cl	 –	 –	 –	 –	 –	 –	 –	 0.34	 0.30	 –	 –	 –
Sum	 101.0	 102.0	 102.4	 100.6	 99.8	 100.1	 100.2	 99.3	 95.9	 99.2	 96.4	 100.0
Notes: Ilmenite also contains ~1 wt% Nb2O5, but V2O5 was below the detection limit; for oxide abundances in zirconolite, see Table 4a. All values are reported in 
weight percent (wt%). N is the number of analyses averaged. “Kfs*” is a single analysis of a K-feldspar in an inclusion within a hedenbergite grain. “RE-Ap” refers to 
apatite analyses with high REE concentration. “Merr” refers to RE-merrillite. The “CMR” composition was derived by modal recombination using the average phase 
compositions from the microprobe (Table 2) to “best fit” the bulk rock INAA data (see text and Table 1). “n.a.” means “not analyzed.” REE2O3 was estimated from La, 
Ce, Nd, Gd, Y, and Yb included in the analyses (details in Experimental section).
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slice of 12032,366-19. It is coarser (0.1 mm long, 0.04 mm wide) 
than any occurrence of the elongate form and has an irregular 
shape (green phase at top of Fig. 4b, false-colored X‑ray image).

Zirconolite is a fairly common accessory mineral in 
evolved lunar rocks that has the general formula (Ca,REE)
Zr(Ti,Nb,Ta)2O7. In 12032,366-19, its composition (Table 4) 
is similar to compositions reported by Wark et al. (1973) and 
Rasmussen et al. (2008) in some lunar mare basalts and brec-
cias (Table 4); however, the composition obtained by Haines 
et al. (1971) for zirconolite in the 12013 granitic breccia has 
12.8 wt% less ZrO2 than that in 12032,366-19. Several of our 
zirconolite analyses on elongate grains imply significant con-
centrations of SiO2; however, we conclude that these results 
are an artifact of electron beam volume overlap because the 
zirconolite grains are so thin. Our best analysis indicates that 
the zirconolite contains <0.008 wt% SiO2.

We measured concentrations of the four REEs present in 
the highest concentrations (La, Ce, Nd, and Yb) and Y in our 
zirconolite analyses (Fig. 9), but many of the analyses resulted 
in low totals. The REE3+ concentrations of the zirconolite 
analyses with the lowest SiO2 concentrations were interpo-

The shape of the inclusion-bearing hedenbergite grain is similar 
to a hopper crystal (Fig. 3). There are >20 other, smaller grains 
of hedenbergite in the section. The pyroxene grains are subhedral 
with irregular boundaries that are, in some cases, serrated. Six 
spot analyses of hedenbergite yielded minor concentrations of 
TiO2 (0.69–1.28 wt%), Al2O3 (0.53–0.84 wt%), MnO (0.33–0.38 
wt%), and Na2O (0.07–0.14 wt%), which are common concentra-
tions for pyroxenes in other lunar granites (Quick et al. 1977; 
Warren et al. 1987; Jolliff 1991). Careful examination of the 
12032,366-19 Mg X‑ray map indicates that the larger pyroxene 
grains are slightly richer in Mg (up to 2 wt% MgO) at the cores.

Fayalite. In 12032,366-19, the fayalite (Fa97.3) grains are 
small (average grain size: 130 × 50 µm), and subhedral to an-
hedral with typically equant morphologies. The fayalite contains 
∼1 wt% MgO and small amounts of MnO (0.79–0.86 wt%), CaO 
(0.11–0.24 wt%), TiO2 (<0.05–0.19 wt%), and P2O5 (0.06–0.07 
wt%). These concentrations are typical of olivine compositions 
in other lunar granites (Quick et al. 1977; Warren et al. 1987).

Ilmenite. Ilmenite grains tend to be elongate (aspect ratio 
average: 13.5, range: 5.9 to 27; Figs. 8b and 8c) but not to the 
extent of some of the zirconolite grains (see below). Ilmenite is 
commonly found along the boundaries of pyroxene and olivine 
and is typically subhedral to anhedral. Ilmenite and baddeleyite 
are the only minerals in the sample that exhibit a preference for 
occurring adjacent to another mineral. Ilmenite grains contain 
only 0.12 wt% MgO, lower than the MgO range observed in the 
ilmenite of 12013 felsic material (1.76–2.01 wt%, Quick et al. 
1981). The Nb2O5 concentration is 0.97 wt%, whereas V2O5 is 
below the detection limit (<0.017 wt%). Both of these concen-
trations are similar to those of ilmenite in the granitic phase of 
12013 (Quick et al. 1981).

Baddeleyite. In 12032,366-19, baddeleyite is always found 
in association with ilmenite, and its analyses reveal concentra-
tions of HfO2 of 2.8 wt% and measureable FeO (1.1 wt%), TiO2 
(0.8 wt%), and Nb2O5 (0.5 wt%). The largest baddeleyite grain 
is euhedral, 24.7 × 16.8 µm, and is highlighted in Figure 8a.

Zirconolite. Zirconolite occurs in two forms in 12032,366-
19. The first consists of fine-grained, elongate “strings” (finely 
elongate green phase in Fig. 4b; diagonal, bright phase in Fig. 
8b; and gray arrow in Fig. 8c) scattered throughout the section. 
These elongate grains are typically ∼65 µm long and ∼3 µm wide. 
There is only one occurrence of the second form in the studied 

Figure 8. BSE images of textures in 12032,366-19. We enhanced 
the contrast in all 4 BSE images to the same extent so that the same 
phases in each image have the same brightness. Hd = hedenbergite, 
Kfs = K-feldspar, Fa = Fayalite, Ilm = ilmenite, Qz = quartz, and Pl = 
plagioclase. (a) The large medium-gray phase that transects the image 
is hedenbergite. The white arrow points to an ilmenite of a typical grain 
size in this sample. The black arrow points to the largest occurrence 
of baddeleyite in 12032,366-19. The baddeleyite is bordered mostly 
by a coarse ilmenite grain and silica to a lesser extent. (b) An elongate 
example of zirconolite lies diagonally in the center of the image and is 
nearly paralleled by another occurrence in the bottom left. (c) The white 
arrow points to the irregularly-shaped occurrence of zirconolite discussed 
in text. The gray arrow points to another occurrence of zirconolite. (d) 
The white arrow points to the largest phosphate occurrence; it is REE-
rich apatite (Table 3).

Figure 7. Raman spectra of quartz in 12032,366-19. The “Standard” 
spectrum is from the RRUFF Project (Downs 2006) database.
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Table 4a. 	 Zirconolite analyses containing the lowest concentrations of SiO2 and those in which PbO was included
Spot	 Sum	 ZrO2	 TiO2	 Y2O3	 FeO	 Nb2O5	 CaO	 ThO2	 UO2	 PbO	 HfO2	 Ta2O5	 Al2O3	 SiO2	 MnO
1930	 97.48	 28.73	 24.28	 9.85	 9.32	 7.42	 4.30	 2.46	 1.10	 –	 0.58	 0.32	 0.13	 <0.01	 0.09
1931	 97.52	 28.72	 24.25	 9.92	 9.37	 7.29	 4.26	 2.34	 1.06	 –	 0.57	 0.31	 0.23	 0.21	 0.10
1936	 98.74	 30.21	 24.05	 9.73	 8.84	 7.81	 4.70	 1.45	 0.50	 –	 0.81	 0.29	 0.11	 0.31	 0.11
1938	 97.36	 29.57	 24.11	 8.96	 8.59	 7.27	 4.62	 2.33	 0.72	 –	 0.67	 0.32	 0.17	 0.41	 0.08
1943	 94.55	 21.43	 17.43	 6.67	 6.65	 5.07	 3.18	 1.39	 0.37	 0.60	 0.63	 0.24	 0.13	 21.08	 0.06
1944	 99.00	 22.05	 18.61	 6.85	 7.12	 5.19	 3.30	 1.38	 0.38	 0.63	 0.64	 0.27	 0.11	 22.21	 0.09
1945	 91.95	 23.81	 19.15	 7.18	 7.27	 5.65	 3.61	 1.71	 0.43	 0.74	 0.62	 0.22	 0.12	 11.05	 0.07
1946	 103.94	 24.15	 20.23	 7.62	 7.47	 5.94	 3.75	 1.29	 0.40	 0.54	 0.66	 0.18	 0.14	 19.81	 0.06
12013	 89.7	 17.2	 22.1	 9.1	 11.6	 8.3	 3.0	 4.1	 3.4	 –	 –	 –	 –	 2.1	 –
Mare	 100.28	 30.61	 28.51	 9.05	 9.70	 3.91	 3.18	 0.11	 0.05	 –	 0.60	 0.24	 0.41	 0.08	 0.00

Spot	 La2O3	 Ce2O3	 Pr2O3*	 Nd2O3	 Sm2O3*	 Gd2O3*	 Tb2O3*	 Dy2O3*	 Ho2O3*	 Er2O3*	 Tm2O3*	 Yb2O3	 Lu2O3*
1930	 0.23	 1.59	 0.19	 1.38	 0.52	 0.81	 0.16	 1.16	 0.28	 0.98	 0.17	 1.22	 0.21
1931	 0.17	 1.61	 0.18	 1.44	 0.54	 0.83	 0.16	 1.17	 0.29	 0.97	 0.16	 1.17	 0.19
1936	 0.30	 2.26	 0.23	 1.58	 0.58	 0.86	 0.17	 1.18	 0.28	 0.93	 0.15	 1.11	 0.18
1938	 0.24	 2.28	 0.21	 1.60	 0.57	 0.83	 0.16	 1.11	 0.26	 0.88	 0.15	 1.09	 0.18
1943	 0.20	 1.74	 0.33	 2.19	 1.19	 0.85	 0.15	 1.06	 0.25	 0.75	 0.12	 0.83	 0.14
1944	 0.24	 1.83	 0.35	 2.30	 1.24	 0.88	 0.16	 1.10	 0.26	 0.79	 0.13	 0.88	 0.15
1945	 0.26	 1.82	 0.35	 2.30	 1.26	 0.90	 0.16	 1.13	 0.27	 0.81	 0.13	 0.90	 0.15
1946	 0.32	 2.42	 0.45	 2.88	 1.49	 1.04	 0.18	 1.23	 0.28	 0.82	 0.13	 0.85	 0.13
12013	 0.2	 1.7	 –	 –	 –	 –	 –	 –	 –	 –	 –	 –	 –
Mare	 0.19	 1.64	 0.47	 3.48	 1.67	 2.62	 –	 2.34	 –	 0.99	 –	 0.43	 –
Notes: REE oxides with * are estimated concentrations based on the measured REE values (see text). All values are in wt%. “Mare” is an average of 12 analyses from 
7 zirconolite grains in 10047,11; 10047,227; and 10047,230 (Rasmussen et al. 2008). “12013” is an average of two zirconolite analyses from granitic lunar breccia 
12013 (Haines et al. 1971). The * does not apply to “Mare” or “12013.” “–” means “not reported.”

Table 4b.	 Zirconolite formula calculation
A	 Ca	 0.3220	 0.3179	 0.3455	 0.3441
	 Fe	 0.5449	 0.5456	 0.5065	 0.4999
	 Mn	 0.0055	 0.0059	 0.0066	 0.0048
	 Sum	 0.8724	 0.8694	 0.8587	 0.8487
B	 Y	 0.3665	 0.3676	 0.3549	 0.3316
	 La	 0.0059	 0.0045	 0.0077	 0.0061
	 Ce	 0.0406	 0.0411	 0.0568	 0.0580
	 Pr*	 0.0048	 0.0045	 0.0057	 0.0054
	 Nd	 0.0345	 0.0358	 0.0388	 0.0397
	 Sm*	 0.0126	 0.0130	 0.0137	 0.0137
	 Gd*	 0.0187	 0.0191	 0.0195	 0.0190
	 Tb*	 0.0037	 0.0037	 0.0038	 0.0036
	 Dy*	 0.0260	 0.0263	 0.0261	 0.0249
	 Ho*	 0.0063	 0.0064	 0.0062	 0.0059
	 Er*	 0.0214	 0.0211	 0.0201	 0.0192
	 Tm*	 0.0036	 0.0035	 0.0033	 0.0032
	 Yb	 0.0261	 0.0249	 0.0231	 0.0232
	 Lu*	 0.0043	 0.0041	 0.0037	 0.0038
	 Sum	 0.5753	 0.5757	 0.5834	 0.5573
C	 Zr	 0.9794	 0.9753	 1.0100	 1.0029
	 Hf	 0.0116	 0.0113	 0.0158	 0.0132
	 U	 0.0171	 0.0164	 0.0076	 0.0111
	 Th	 0.0391	 0.0370	 0.0226	 0.0369
	 Sum	 1.0473	 1.0400	 1.0560	 1.0641
D	 Ti	 1.2761	 1.2701	 1.2399	 1.2610
	 Si	 0.0000	 0.0148	 0.0214	 0.0287
	 Nb	 0.2346	 0.2295	 0.2419	 0.2285
	 Ta	 0.0062	 0.0059	 0.0054	 0.0060
	 Al	 0.0104	 0.0190	 0.0088	 0.0139
	 Sum	 1.5272	 1.5393	 1.5175	 1.5380
MI	 A	 0.8724	 0.8694	 0.8587	 0.8487
 	 B	 0.1276	 0.1306	 0.1413	 0.1513
	 Sum	 1.0000	 1.0000	 1.0000	 1.0000
MII	 C	 0.5523	 0.5549	 0.5579	 0.5939
 	 B	 0.4477	 0.4451	 0.4421	 0.4061
	 Sum	 1.0000	 1.0000	 1.0000	 1.0000
MIII	 D	 1.5272	 1.5393	 1.5175	 1.5380
 	 Zr	 0.4272	 0.4204	 0.4521	 0.4090
Sum		  1.9544	 1.9597	 1.9696	 1.9470
MI+MII+MIII		  3.9544	 3.9597	 3.9696	 3.9470
Notes: Methodology follows that of Wark et al. (1973) for four selected analyses. 
Ideally, MI, MII, and MIII should sum to 4. Elements with * are estimated concentra-
tions based on the measured REE values (see text).

lated to form a smooth, chondrite-normalized pattern with 
the measured REE concentrations (Fig. 9). We also assume 
that the Y concentration, normalized to chondrites, plots at a 

point halfway between normalized Ho and Er concentrations 
(Korotev 1996). The full REE component was then used to 
calculate the structural formula of the 12032,366-19 zirconolite 
(Table 4b). The normalized REE pattern is HREE-rich (Fig. 
9) unlike the pattern of REE in the mare basalt occurrence 
reported by Rasmussen et al. (2008). Oxide sums, including 
the REE, for the four analyses with lowest silica range from 
97.4 to 98.7% (Table 4a).

Zirconolite analyses were normalized on the basis of 7 oxy-
gen atoms using the structural formula, (MI)2+(MII)4+(MIII)2

4+O7, 
following the methods of Wark et al. (1973) as described in the 
experimental procedure section. The results are listed in Table 
4b. Four zirconolite analyses included PbO data (Table 4a). 
Using Th, U, and Pb concentrations, we calculated a crystal-
lization age of 3.9 ± 0.3 Ga (error is a 95% confidence interval).

Phosphates. Phosphates are rare in 12032,366-19, as they 
are in most granitic lunar samples (Warren et al. 1983c), and 
account for <0.3 vol% of 12032,366-19, on the basis of image 
analysis of a P X‑ray map of the sample. Quantitative analyses 
reveal that three phosphate phases are present in 12032,366-
19—apatite, REE-rich apatite, and RE-merrillite—all of which 
are anhedral to subhedral. Of the apatite grains we have mea-
sured, the compositions fall into a high-REE group (we refer to 
these compositions as “REE-rich apatite”) and a low-REE group 
(we refer to these compositions as “apatite”); they do not form a 
continuum of REE concentrations. Because the phosphate grain 
sizes are small, commonly <5 µm, we disregarded analyses that 
indicate overlap of the electron beam interaction volume with 
an adjacent phase (e.g., ∼1 wt% Al2O3 from feldspar or ∼5 wt% 
SiO2 from quartz). We measured concentrations of five REEs 
(La, Ce, Nd, Gd, and Yb) and Y in our phosphate analyses (Fig. 
9). La, Ce, Nd, and Y were above detection limits in analyses 
of all three phosphates; Gd and Yb are above detection limits 
in merrillite with 15–22 and 23–32% error, respectively, and 
are above detection limits in about half of the REE-rich apatite 
analyses with 24–52 and 25–47% error, respectively. The (low-
REE) apatite analyses have Gd and Yb below detection limits. 
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On a chondrite-normalized plot (Fig. 9), the analyzed LREE 
form a negative slope that is similar for the three phosphates. 
In merrillite, the analyzed HREEs have an approximately flat 
slope. We used the slopes of the merrillite REEs to interpolate 
the unanalyzed REE3+ concentrations. Although Gd and Yb 
were commonly below detection limits in the apatites, Y (and 
Gd and Yb when detectable) indicates that the apatite and REE-
rich apatite have chondrite-normalized REE patterns that mimic 
the pattern of merrillite. We interpolated the concentrations of 
REE3+ in apatite that were either not analyzed or that were found 
to be below our detection limits using the chondrite-normalized 
REE pattern of merrillite scaled to the concentrations detected 
for the LREE and Y.

The largest grain of apatite in 12032,366-19 is 25 × 15 µm 
and is adjacent to an elongate zirconolite grain and quartz. In 
apatite, the (F, Cl, OH) site is occupied by 0.30–0.56 F and 
0.17–0.23 Cl apfu (atoms per formula unit), and sums range 
from 0.47 to 0.78 leaving open the possibility for a missing 
component, possibly OH (McCubbin et al. 2010). The apatite 
analyses contain 1.91–2.09 wt% SiO2 (0.16 to 0.18 apfu), 
which is more than enough to provide a charge balance for the 
1.25–1.36 wt% (REE,Y)2O3 (0.04–0.05 apfu). We suspect that 
the excess SiO2 was contributed to the analyses by secondary 
fluorescence of Si in adjacent quartz.

The REE-rich apatite (“RE-Ap” in Table 3, Fig. 2) contains 
an average of 7.2 ± 0.4 wt% REE2O3 (error is 1σ). The largest 
occurrence of REE-rich apatite is elongate, 44 × 6 µm (Fig. 
8d), but it has been fractured into segments typically with 
dimensions of ∼5 µm or less. It contains an average of 3.2 ± 
0.2 wt% SiO2 (error is 1σ), which corresponds to 0.29 apfu per 

25 negative charges and provides charge-balance for the REEs 
and Y (0.31 apfu). F and Cl are also present at 0.96 ± 0.11 and 
1.32 ± 0.06 wt% (0.28 and 0.21 apfu), respectively (errors are 
one σ) which, based on apatite stoichiometry, only occupies 
42–54% of the (F, Cl, OH) site, leaving open the possibility 
that this grain contains significant OH.

RE-merrillite is the third phosphate present in 12032,366-
19. Concentrations of F and Cl are below detection limits (<0.02 
and <0.01 wt%, respectively). Only one grain was large enough 
(15 × 5 µm) to provide a good analysis, and it contains 5.24 
wt% FeO, 0.59 wt% MgO, and 15.1 wt% (REE+Y)2O3. On the 
basis of our electron microprobe analyses, the REE-rich apatite 
has a similar chondrite-normalized REE pattern (Fig. 9) to that 
of the RE-merrillite but is about an order of magnitude lower 
in concentration.

Glass inclusions. We observed inclusions of glass and two 
crystalline inclusions in pyroxene in 12032,366-19. The inclu-
sions are rounded and located at or near the center of the pyrox-
ene grains. All of the inclusions are glass except for the largest 
(diameter of 58 µm), which has crystallized to an assemblage 
of K-feldspar, plagioclase, and quartz, and another, which has 
crystallized into K-feldspar and quartz. One of the largest glass 
inclusions has a composition with significantly higher SiO2 than 
the bulk sample (e.g., 78.3 vs. 70.1 wt% SiO2, Table 3). The 
bulk composition of the largest crystalline inclusion has 70.6 
wt% SiO2; this was calculated using a modal recombination 
technique that assumed the inclusion-hedenbergite boundary 
was originally smooth, like all other inclusion-hedenbergite 
boundaries in the section, until the inclusion crystallized addi-
tional hedenbergite onto the boundary. The hedenbergite within 
the assumed boundary is included in the modal recombination.

Bulk composition
The bulk composition of 12032,366-19 as estimated from 

CMR and determined by INAA are listed in Table 1. The 
phase abundances derived from both the image analysis and 
the modal recombination are listed in Table 2. Notable major 
oxide concentrations obtained from INAA include: 4.99 wt% 
FeO (Fig. 10), 2.10 wt% Na2O, and 4.8 wt% K2O (Table 1). 
Only four reported lunar granitic compositions have lower bulk 
FeO (12023,147-10; 14321,1027; 73215,43,3; 73255,27,2; Ap-
pendix 11). Samples 14321,1027 (149 mg); 73215,43,3 (20 mg); 
and 73255,27,3 (2 mg) are granitic clasts and have the lowest 
bulk FeO (2.3, 3.0, and 3.1 wt%, respectively; references are 
in Appendix 11). Sample 12023,147-10 (2.67 mg) is an igneous 
fragment with no evidence of brecciation. It contains 3.1 wt% 
FeO. Clast 14303,204 (70 mg) has a bulk FeO concentration of 
5.6 wt% (Warren et al. 1983c), which is the most similar to that 
of 12032,366-19. Sample 15434,10 (27 mg), which has an igne-
ous texture, has the highest bulk FeO (19 wt%) of any sample 
identified as lunar granite (identified as such from thin section 
15434,10,136; Ryder and Martinez 1991)—likely a sampling 
issue from the coarseness of the texture compared to the size of 
the 39 mg chip analyzed by INAA (Ryder and Martinez 1991). 
The remaining eighteen samples listed in Appendix 11 have bulk 
compositions that range from 6.0 to 14 wt% FeO and have been 
identified as granitic lunar samples. High-bulk FeO is likely a 
result of other lithologies being mixed with granitic lithologies 

Figure 9. REE plots of zirconolite (shaded gray) and merrillite 
(shaded gray with diagonal lines) in 12032,366-19. The gray regions 
are the ranges of concentrations for the four zirconolite analyses with 
the lowest SiO2 and the two merrillite analyses; the black solid lines 
represent the average concentrations. Yttrium is plotted with the REEs 
(Korotev 1996). The analyzed elements are indicated on the horizontal 
axis. Gd* was analyzed on merrillite but not zirconolite. The other 
REE concentrations were estimated (see text). Europium is assumed to 
be present in low concentration assuming the zirconolite and merrillite 
crystallized after plagioclase. Chondrite values are those of Anders 
and Grevesse (1989) for CI chondrites multiplied by a factor of 1.36 
to maintain consistent values with older literature, in which data were 
normalized to ordinary chondrites (Korotev 1996).
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Discussion
Granites are one of the rarest lithologies in the Apollo collec-

tion, implying that rocks of granitic composition make up only 
a small fraction of the lunar crust. However, granitic samples 
are relatively more common among the non-mare components 
at Apollo 12 (five have been characterized thus far) compared 
to the other Apollo sites presumably because the site is located 
in the Procellarum KREEP Terrane (Jolliff et al. 2000), which 
has the highest abundances of K, Th, and U on the lunar surface 
(Lawrence et al. 1998). Given the high concentrations of those 
elements in granite, it logically follows that the source of most 
of the lunar granitic material would be in this terrane as well. 
The Apollo 14 and Apollo 15 sites also lie within the Procel-
larum KREEP Terrane, and both have yielded several granitic 
samples (Ryder 1976; Warren et al. 1983c; Jolliff 1991; Ryder 
and Martinez 1991), whereas we are aware of no granite clasts 
in the Apollo 16 collection from the Feldspathic Highlands Ter-
rane. Moreover, silicic surface compositions associated with 
some of the “red spots” (lunar features characterized by a high 
albedo and a strong absorption in the ultraviolet; Hawke et al. 
2002; Wagner et al. 2010) such as the Gruithuisen domes, Mairan 
domes, and Hansteen Alpha (Hawke et al. 2003; Wilson and 
Head 2003; Glotch et al. 2010), most of which are now known 
to be silica-rich (Glotch et al. 2010), occur within this terrane.

during the formation of granitic breccias (e.g., 12013—6 to 14 
wt% FeO—is a breccia consisting of a mixture of granitic and 
basaltic lithologies, Quick et al. 1981; samples 14001,28.2, 
14001,28.3, and 14001,28.4—9.1 to 12.2 wt% FeO—consist 
of clasts of granitic breccia in a ferropyroxenitic glass, Morris 
et al. 1990). The bulk Na2O (2.10 wt%) of 12032,366-19 is 
the highest of any lunar sample of which we are aware. The 
second most sodic lunar granitic composition is that of breccia 
14001,28.4 (1.90 wt%, Morris et al. 1990), and others have bulk 
Na2O as low as 0.19 wt% (breccia 73215,43,3).

Compared with high-K KREEP (Warren 1989), Ba, Rb, Cs, 
Yb, Lu, Ta, W, Th, and U concentrations are high in 12032,366-
19 (Fig. 11), whereas the LREE are lower by a factor of ∼0.6. 
Iridium and Au are below INAA detection limits (<1.3 and 
<5 ppb, respectively), consistent with an unbrecciated rock 
unaffected by meteoritic contamination. REE abundances and 
relative concentrations are unlike typical Apollo 12 mare and 
nonmare materials, including KREEP, but are similar to other 
granites and felsites, exhibiting a characteristically V-shaped 
chondrite-normalized REE pattern (e.g., Blanchard and Budahn 
1979; Jolliff 1991; Fig. 12). In 12032,366-19, the LREE-rich 
RE-merrillite and REE-rich apatite, and the HREE-rich zir-
conolite (Fig. 9) are the most likely main contributors to the 
V-shaped chondrite-normalized REE pattern.

Figure 10. Compositional diagram for Apollo 12 rock fragments (after Fig. 3 of Korotev et al. 2011). Sample 12032,366-19 is shown by the 
star, plotting at just over 60 ppm Th. The color of each symbol corresponds to the Ba (red channel), Zr (green channel), and Cr (blue channel) 
concentrations. The granites and a few other points that are riched in Ba relative to Zr are readily distinguished from those that have normal 
KREEP-like Ba/Zr (light green). 
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Figure 11. Bulk elemental concentrations of 12032,366-19 compared to high-K KREEP (Warren 1989).

Figure 12. Compared with typical Apollo 12 regolith (Korotev et al. 2011), 12032,366-19 has a “V”-shaped REE pattern common to lunar granitic 
materials (12013, Quick et al. 1977; 12033,517, Warren et al. 1987; 14161,7269, Jolliff et al. 1991; 14303,206, Warren et al. 1983b; 14321,1028, 
Warren et al. 1983a; 15434,10, Ryder and Martinez 1991; and 73255,27, Blanchard and Budahn 1979). 14303,206 (Warren et al. 1983b) has a REE 
pattern similar to the typical Apollo 12 soil. Chondrite values are those of Anders and Grevesse (1989) for CI chondrites multiplied by a factor 
of 1.36 to maintain consistent values with older literature, in which data were normalized to ordinary chondrites (Korotev 1996). The analyzed 
elements are indicated on the horizontal axis; the other REE concentrations were estimated (see text). Samples with “*” include Dy; samples with 
“**” include Dy and Ho. Ce was estimated for 14161,7269.
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12032,366-19 compared to other lunar granites
Granite 12032,366-19 is of lunar origin. It is not a terrestrial 

contaminant or a piece of Earth blasted to the Moon (Chapman 
2002). It contains no petrographic indication of hydrous alteration 
of any minerals (e.g., serpentinization of fayalite, sericitization of 
plagioclase). Micas and amphiboles are absent in 12032,366-19 
(and other lunar samples) but are common in terrestrial granites.

Sample 12032,366-19 is unique among lunar samples. It 
contains no impact-generated glass or brecciated material, unlike 
many other lunar granites (Rutherford et al. 1976; Warren et al. 
1983c; Morris et al. 1990; Jolliff 1991). The graphic intergrowth 
of K-feldspar and silica, commonly described as a granophyre, 
dominates most of the lunar granitic samples (e.g., 12013); how-
ever, significant amounts of plagioclase-silica intergrowths are 
far less common among reported samples. It is also common for 
lunar granites to contain shock-melted glass, but 12032,366-19 
contains none. It is noteworthy that only a quarter or so of known 
lunar granites have pyroxene such that it could be analyzed, and 
the Mg′ (mol% Mg/[Mg+Fe]) of the pyroxene in 12032,366-19, 
essentially end-member hedenbergite, is significantly lower than 
those of other lunar granites (Fig. 13).

Perhaps because all samples are exceedingly small by ter-
restrial sampling and analysis standards, a wide distribution in 
bulk compositions characterizes rocks (and assemblages) that 
have been classified as lunar granites or felsites. Appendix 11 
includes several granitic bulk compositions for comparison with 
12032,366-19. The 12032,366-19 REE concentrations are most 
similar (of those to which it has been compared thus far) to those 
of 12001,912-02; 12013,10,28; 12023,147-10; and 12033,517, 
all from Apollo 12. 12032,366-19 contains the second highest 
concentration of BaO (0.68 wt%) of which we are aware in a 
lunar sample (the highest is in sample 12032,366-07, another 
lithic fragment of granitic composition). The most striking dif-
ference between 12032,366-19 and other lunar granites is that its 
Na2O/K2O is higher by a factor of 2–5, a characteristic reflected 
by both the abundance and sodic nature of its plagioclase. To our 
knowledge, the texture and mineral assemblage of this sample 
is unique among studied lunar samples.

Lunar granites (pristine or otherwise) have U-Pb crystal-
lization ages between 3.88 and 4.32 Ga (from zircon analyses; 
Meyer et al. 1996). Our calculation of a crystallization age of 3.9 
± 0.3 Ga for sample 12032,366-19 is consistent with this range.

Pristinity
Although 12032,366-19 was collected on the immediate sur-

face of the Moon, it is an unbrecciated sample with an igneous 
texture and contains no evidence of any admixed meteoritic or 
regolith material. The bulk rock concentration of Ir is low, <1.3 
ppb, corresponding to <0.2% meteoritic material (H chondrite 
equivalent). Moreover, metallic iron and troilite are absent. 
Metallic Fe, coupled with high Ni concentrations, would also 
indicate a meteoritic source (Papike et al. 1991).

Shock-melted glass is a common occurrence in many lunar 
granitic samples (e.g., 14303,204 is a felsite clast of which half 
is glass; Warren et al. 1983c). It is also common for veins of 
impact glass to cut through portions of granitic samples (e.g., 
12033,507; Warren et al. 1987). The only glass in 12032,366-19 
occurs as inclusions in hedenbergite and does not appear to be 

of shock-melted origin. These glass inclusions are more likely 
to be melt that became trapped within an early forming crystal. 
The granitic composition of the inclusion glass indicates that 
the hedenbergite was in equilibrium with the granitic melt. The 
texture of 12032,366-19 indicates that the rock only experienced 
one episode of crystallization and has not experienced any re-
melting since.

ZrO2–SiO2 phase boundary
In sample 12032,366-19, baddeleyite (monoclinic) is in physi-

cal contact with quartz (Fig. 8a). The ZrO2–SiO2 phase diagram 
generated by Kaiser et al. (2008) indicates that ZrO2 (tetragonal) 
and SiO2 (cristobalite) are only stable together between 1673 and 
1687 °C. At lower temperatures, the phases should react to form 
zircon. Baddeleyite and silica may have crystallized metastably. 
Alternatively, given that in 12032,366-19 baddeleyite always 
occurs in contact with ilmenite, it may have crystallized by the 
diffusion of Zr out of ilmenite. Terrestrially, this process has been 
used to explain zircon rims around ilmenite grains (e.g., Morisset 
and Scoates 2008). It may also be responsible for the intimate 
intergrowth of zircon and ilmenite in the Apollo 12 high-Th 
impact melt beccias (Liu et al. 2012). Although the diffusion of 
Zr out of ilmenite explains the co-occurrence of baddeleyite and 

Figure 13. Mg' of pyroxenes in lunar granites (12032,366-19; 
12033,507; 14303,204; 15405,12; and 15434,10) and two quartz-
monzogabbros (14161,7069 and 14161,7373) plotted against the An 
content of the plagioclase in the same samples. The coexisting pyroxene 
and plagioclase from fractional crystallization modeling is also plotted. 
The earlier crystallization is in the upper-right and crystallization 
proceeds down to the lower-left. The KB starting composition 
produced three pyroxenes; the BAG starting composition produced 
two pyroxenes. The gray rectangle represents the region occupied by 
14303,204; 15405,12; and 15434,10, which each considerably overlap 
each other. 12033,507 and 14303,204 (Warren et al. 1987). 14161,7069 
and 14161,7373 (Jolliff 1991). 15405,12 (Ryder 1976). 15434,10 (Ryder 
and Martinez 1991).
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ilmenite in 12032,366-19, it does not explain why baddeleyite, 
instead of zircon, crystallized in the presence of abundant SiO2.

Petrogenesis
The following three processes of producing granitic com-

positions in the low-fO2, low-pressure conditions near the lunar 
surface have been suggested: 

(1) High SiO2 achieved by fractional crystallization of an 
evolved parent such as KREEP basalt or basaltic andesite glass 
(e.g., Longhi 1990); 

(2) High SiO2 achieved by SLI (silicate liquid immiscibility; 
e.g., Hess et al. 1975; Rutherford et al. 1976; Neal and Taylor 
1989; Jolliff 1991); and 

(3) Partial melting of an enriched crustal protolith (e.g., 
KREEP basalt) by basaltic underplating (e.g., Lawrence et al. 
2005; Hagerty et al. 2006). 

SLI, which does not occur without being preceded by ex-
tensive fractional crystallization, tends to form very high SiO2 
(68–80 wt%), low CaO (1–6.5 wt%), and low FeO (3–7.5 wt%) 
compositions (Table 5; though SLI can produce compositions 
with ∼61 wt% SiO2 at high pressure (3 kbar), Holmberg and Ruth-
erford 1994)—similar to the bulk composition of 12032,366-19 
(Table 1). Process 3, coupled with upward enrichment and erup-
tion of high-silica melt is a common process on Earth, leading 
to the formation of bimodal volcanics, i.e., basalt and rhyolite 
(Cox 1993). We see this situation perhaps reflected in the lunar 
granitic breccia 12013. In the same vein, on the Moon, we do 
not see intermediate compositions (with SiO2 between 52 and 
70 wt%) when there should be more of the intermediate silica 
materials than high silica materials if process 1 were the main 
process. We explore the methods of producing lunar granitic 
material, considering their ability to produce lithologies like 
12032,366-19.

12032,366-19 contains K-feldspar, quartz, alkali-rich plagio-
clase, Fe-pyroxene, and Fe-olivine—a representative mineral 
assemblage consistent with late-stage fractional crystallization. 
These phases have relatively low-crystallization temperatures 
compared to Mg-pyroxenes and Mg-olivine and indicate crystal-
lization from a liquid that had already exhausted most of its Mg 
and was therefore in the extreme late stages of fractionation. The 
incompatible trace elements in 12032,366-19 are high compared 
to KREEP (Fig. 11). The concentrations of these elements in the 
liquid become higher as crystallization continues, and it logically 
follows that 12032,366-19 crystallized from a liquid that was 
at a late stage of fractional crystallization to explain such high 

concentrations of incompatible elements. This indication of the 
late-stage nature of the parent melt is consistent with the near 
absence of phosphates. Phosphorus is an incompatible element, 
and phosphates tend to crystallize late in the fractional crystal-
lization sequence (Hess and Rutherford 1974; Hess et al. 1975; 
Warren et al. 1983c; Jolliff 1991; Jolliff et al. 1999). Because 
phosphate in 12032,366-19 is present at only a trace level, the 
parent melt may have crystallized phosphates as part of a residual 
assemblage that was presumably segregated and left behind 
during gravity separation of the granitic mass, as hypothesized 
by Jolliff (1991). Separation of minerals that concentrated the 
middle REE (merrillite and apatite) explains the V-shaped REE 
pattern as a result of early phosphate crystallization, which would 
impart a middle REE depletion relative to the LREE and HREE 
on remaining residual melt. Alternatively, the parent melt may 
have had low-P content compared to KREEP basalt.

Petrogenetic modeling
The texture of 12032,366-19 shows no direct (relict) evidence 

of liquid immiscibility—except, perhaps, the glass inclusions 
with ∼78 wt% SiO2 within hedenbergite (see below)—such as 
that seen in sample 14161,7373 (a mafic assemblage containing 
rounded segregations of K-feldspar and SiO2; Jolliff 1991, Jol-
liff et al. 1999). We tested whether the bulk composition could 
be achieved simply by fractional crystallization of a melt with 
a KREEP-like composition. We selected KREEP basalt (KB) 
15434,18,199-A (composition compiled by Papike et al. 1998) 
and basaltic andesite glass (BAG) of Zeigler et al. (2006) as 
compositions to represent potential parent melts because both 
compositions (Table 5) represent alkali-rich melts that could 
plausibly have fractionally crystallized to produce felsic final 
assemblages. Compared with the KB composition, the BAG 
composition has higher Fe/Mg (2.8 vs. 1.4) and lower Al2O3 
(12.9 vs. 15.2 wt%), but the SiO2 contents are similar (BAG: 
52.5 wt%; KB: 52.8 wt%). The compositions were modeled using 
MAGFOX (Longhi 1991) by extended fractional crystallization 
reaching 89.4 wt% crystallized (for KB) and 85.4 wt% crystal-
lized (for BAG). The paths followed by the residual liquids for 
KB and BAG and the phases crystallizing at each stage of melt 
evolution are described in detail in Appendix 31 and depicted in 
Appendix Figure 11 of Appendix 31. The compositions, tempera-
tures, and viscosities of the KB and BAG residual liquids at ∼25 
wt% crystallization intervals are given in Table 6. To compare 
the residual melt compositions and crystallizing phases gener-
ated by our fractional crystallization modeling with the results of 
experimental fractional crystallization of KREEP basalt 15386 
(Holmberg and Rutherford 1994), we modeled the fractional 
crystallization of KREEP basalt 15386 (results in Appendix 31).

Both the KB and BAG crystallization models have several 
shortcomings. Neither KB nor BAG produce, upon fractional 
crystallization, residual melt compositions as rich in SiO2 (57.5 
and 55.1 wt%, respectively; Fig. 14 and Fig. 1 of Appendix 31) 
as observed in the granite (70.1 wt%), at least not at a stage when 
there is enough liquid (~15%) left for plausible separation of melt 
from crystals. Low oxygen fugacity relevant to the lunar system 
prevents crystallization of magnetite, which in terrestrial liquid 
compositions occurs early and halts the FeO-enrichment trend, 
and causes the SiO2 concentration of residual melt to increase 

Table 5. 	 KB and BAG, and silicic immiscible liquid compositions
	 KB1	 BAG2 	 SLI3	 SLI4	 SLI4	 SLI5	 SLI6	

SiO2 	 52.8	 52.5	 73.3	 71.8	 79.7	 68.42	 72.18
TiO2 	 2.14	 3.58	 0.8	 0.7	 0.6	 1.55	 0.60	
Al2O3 	 15.2	 12.9	 12.1	 10.2	 10.6	 8.1	 13.38
Cr2O3	 0.29	 0.13	 –	 –	 –	 –	 –
FeO 	 10.1	 13.3	 3.2	 4.0	 3.5	 7.26	 4.10	
MnO 	 0.15	 0.18	 0.0	 0.0	 0.0	 0.06	 0.26	
MgO 	 7.4	 4.82	 0.0	 1.1	 0.6	 1.92	 1.06	
CaO 	 9.4	 9.1	 1.8	 6.5	 1.2	 2.84	 2.90	
Na2O 	 0.89	 0.97	 3.1	 2.2	 2.2	 2.33	 0.75	
K2O 	 0.65	 0.68	 3.3	 3.5	 1.6	 2.84	 1.40	
P2O5 	 0.62	 0.51	 0.07	 0.0	 0.0	 0.0	 0.37	
SUM 	 99.6	 98.7	 97.7	 100.0	 100.0	 95.3	 97.0	
Notes: Units are wt%. 1Compiled by Papike et al. (1998); 2Zeigler et al. (2006); 
3Philpotts (1982); 4Philpotts (1981); 5Krasov and Clocchiatti (1979); 6Ryabov (1989).
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to produce rhyolitic liquid compositions (e.g., Hess et al. 1975). 
Under lunar fO2 and low water content, FeO-rich residual melts 
would typically reach the field of silicate-liquid immiscibility 
prior to onset of Fe-Ti oxide crystallization. Both models drive 
TiO2 to very low levels by the 80–85% solidification stage (this 
may be an artifact of the model), yet in 12032,366-19, ilmenite 
is present and the bulk TiO2 is 1.07 wt%. FeO concentrations in 
the model residual melts at this point are 12.3 wt% (KB) and 15.3 
wt% (BAG), which is roughly three times that of 12032,366-19 
(4.98 wt%). K2O in 12032,366-19 (4.58 wt%) is similar to that 
predicted by the models (5.0 wt%, KB and 3.9 wt%, BAG). KB 
and BAG produce P2O5 of 2.9 wt% (KB) and 3.4 wt% (BAG) 
while that of 12032,366-19 is only 0.052 wt%. Also, the anorthite 
contents of KB (An62.6) and BAG (An62.5) are higher than that 
of 12032,366-19 (An34.9). Most importantly, K-feldspar does 
not saturate in either the KB or BAG models. The crystallizing 
mineral assemblages at the 80–85% solidification stage of the 
KB and BAG models would be tonalitic based on QAPF clas-
sification (Appendix Fig. 1 of Appendix 31); however, if the 
normative K-feldspar from the residual liquid is included in the 

classification, the mineral assemblage for both models is that of 
quartz monzonite with bulk SiO2 of ∼50 wt%.

Silicate liquid immiscibility
As noted above, a key failure of extended fractional crystal-

lization is that it does not generate SiO2 concentrations in residual 
melts as high as observed in the granite (∼70 wt%) while there 
is still a significant proportion (~15%) of residual melt. More-
over the process of extended fractional crystallization should 
produce intermediate evolved compositions in greater volumes 
than granite, yet such compositions are not observed on the 
Moon. In fact, evolved lunar rock compositions generally have 
bimodal distributions with respect to silica content (Hess et al. 
1975; Rutherford et al. 1976). Also, the absence of intermediate 
lunar lithologies, something akin to terrestrial granodiorite (or 
dacite), which would be produced as a melt progressed from 
crystallizing mafic rocks to felsic rocks, implies that another 
process may have occurred (Rutherford et al. 1976).

Silicate liquid immiscibility has long been suggested as a pro-
cess responsible for the production of lunar granites while at the 
same time accounting for the absence of intermediate lithologies 
(e.g., Hess et al. 1975; Rutherford et al. 1976; Neal and Taylor 
1989; Jolliff 1991). SLI is a process that can occur as a melt 
undergoes fractional crystallization. As crystallization proceeds 
and melt becomes progressively richer in Si, Fe, and incompat-
ible elements, the melt can ultimately reach a composition that 
unmixes when the melt enters the field of SLI (Fig. 14). This 
process has been observed in the laboratory (Hess et al. 1975, 
Rutherford et al. 1976) and in nature (e.g., Skaergaard, Jakobsen 
et al. 2005; Bushveld, Lee 1979). One of the liquids is Fe-rich 
and incorporates the REE- and P-rich fraction of KREEP, which, 
if it separates physically from the felsic fraction, crystallizes as 
monzogabbro or monzodiorite. The complementary liquid is rich 
in Si and K, and if it separates physically from the Fe-rich liquid, 
would crystallize to a felsic or granitic assemblage (Rutherford 
et al. 1976; Taylor et al. 1980; Jolliff 1991; Table 5).

SLI could feasibly be combined with the fractional crystal-
lization model to explain the bulk composition of 12032,366-19 
in the following way: a parent melt of composition similar to 
BAG or KB undergoes extensive fractional crystallization until 
it reaches a point where SLI occurs (Fig. 14). As the melt un-
mixes into two liquids, the denser, Fe-rich liquid remains with 

Table 6. 	 Compositions and characteristics of residual liquids in KB and BAG fractional crystallization models
wt% Liquid	 KB	 BAG
	 100	 75.3	 51.3	 26.1	 10.6	 100	 74.69	 50.19	 25.67	 14.58
SiO2	 53.0	 54.3	 54.5	 53.0	 57.6	 53.2	 53.4	 52.2	 53.5	 55.1
TiO2	 2.2	 2.7	 4.0	 3.2	 0.4	 3.6	 4.7	 4.4	 2.1	 0.5
Al2O3	 15.3	 13.9	 12.9	 12.5	 14.6	 13.1	 12.1	 11.7	 12.1	 13.4
Cr2O3	 0.3	 0.1	 0.1	 0.1	 0.2	 0.1	 0.1	 0.1	 0.1	 0.1
FeO	 10.1	 11.3	 12.9	 14.7	 12.6	 13.5	 14.5	 15.9	 17.2	 15.3
MgO	 7.4	 5.8	 3.5	 1.8	 0.4	 4.9	 3.4	 2.5	 1.2	 0.3
MnO	 0.2	 0.2	 0.2	 0.3	 0.4	 0.2	 0.2	 0.3	 0.3	 0.4
CaO	 9.4	 9.0	 8.6	 8.5	 4.2	 9.2	 9.0	 9.5	 7.7	 5.6
K2O	 0.7	 0.8	 1.2	 2.2	 5.0	 0.7	 0.9	 1.3	 2.3	 3.9
Na2O	 0. 9	 1.0	 1.1	 1.4	 1.9	 1.0	 1.1	 1.2	 1.6	 1.9
P2O5	 0.6	 0.8	 1.2	 2.3	 2.5	 0.5	 0.7	 1.0	 1.9	 3.4
T (°C)	 1147	 1122	 1078	 1047	 915	 1092	 1077	 1062	 1036	 1017
ηS	 125	 260	 618	 702	 66700	 285	 412	 365	 864	 2650
ηB–W	 106	 196	 471	 787	 20100	 279	 420	 511	 1120	 3530
Notes: Oxides and temperatures are calculated by the MAGFOX program (Longhi 1991). ηS and ηB-W are the dynamic viscosities calculated using the KWare Magma 
program (Ken Wohletz, version 2.49.0126) by the methods of Shaw (1972) and Bottinga and Weill (1972), respectively.

Figure 14. Ternary diagram illustrating the compositional paths that 
the KB and BAG residual melt compositions follow during fractional 
crystallization. Note that the BAG path barely intersects the field of 
SLI, while the KB path does not intersect it. The granitic compositions 
(natural and experimental) of Table 7 are also plotted. All units are in 
wt%. The field of SLI is an estimation based on the experimental work 
of Roedder (1951).
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the crystallizing (gabbroic) assemblage, and the lower-density 
felsic liquid rises and separates from the gabbroic fraction. 
Finally, the granitic liquid continues to crystallize producing the 
bulk composition of 12032,366-19. However, in our models, as 
the KB composition crystallizes, it does not pass into the field 
of SLI, and BAG only grazes the boundary of the field before 
trending away from it (Fig. 14). This leads us to search for other 
possibilities to explain the petrogenesis of 12032,366-19 and to 
consider the possibility that we do not have the right starting 
composition. We acknowledge that the boundaries of the field 
of immiscibility drawn by Roedder (1951; Fig. 14) are an ap-
proximation of where liquid immiscibility would occur. The 
modeling of KREEP basalt 15386 suggests that the residual 
liquid passes close to the field of immiscibility without entering 
it similar to the KB model (Fig. 14); whereas the experimental 
work of Holmberg and Rutherford (1994) did result in SLI after 
∼70% crystallization, implying that though KB does not enter 
the SLI field of Roedder (1951), fractional crystallization of the 
KB composition may result in immiscible liquids.

Although SLI has been observed to occur on a small (mi-
cro) scale in lunar rocks, including mare basalts (Roedder and 
Weiblen 1970, 1971, 1972) and monzogabbro (Jolliff 1991), it 
is not clear that SLI could or did occur on a scale large enough 
to produce some of the large silicic volcanic constructs on the 
Moon such as the Gruithuisen domes, the Mairan domes, and 
Hansteen Alpha (Glotch et al. 2010). Partial melting produced 
by basaltic “underplating” has been suggested as an alternative 
process that could produce significant amounts of granitic mate-
rial (Lawrence et al. 2005; Hagerty et al. 2006). This process 
involves the injection of basaltic magma into the lunar crust 
and partial melting of the overlying crustal material, which then 
intrudes to a shallow level, forming granite, or extrudes onto the 
surface as a large volume of rhyolitic material without producing 
intermediate lithologies. The efficacy of this process depends on 
the composition of the crust at the point of intrusion of basaltic 
melt and on the rheology and transport of the silica-rich material 
upward from the zone where it is formed. If the crust was anor-
thositic, it is unlikely that basaltic underplating would lead to a 
significant amount of melting because of the high melting point 
of anorthosite. If, however, basaltic melt intruded into a crust of 
KREEP-basalt or similar composition, which has a melting point 
around 1000 °C (Holmberg and Rutherford 1994), and if the crust 
in this region was already hot, then partial melting would have 
been much more likely and more volumetrically significant. A 
lithology like 12032,366-19 could be produced from ∼10–15% 
partial melting of a KREEP basalt.

The glass inclusions with ∼78 wt% SiO2 within hedenbergite 
could be explained as a product of local SLI. A liquid with the 
composition of the glass inclusion combined with a relatively 
small amount of hedenbergite and a liquid with the composi-
tion of hedenbergite combined with the glass inclusion would 
be complementary liquids consistent with the miscibility gap 
of Roedder (1951). However, the glass inclusion composition 
could also be the result of the crystallization of hedenbergite 
from an inclusion with the bulk composition of 12032,366-19 
onto the inner walls of the host hedenbergite grain. A third 
explanation appeals to the vagaries of late-stage fractional 
crystallization.

Figure 15. Illustration depicting a gravity separation model that 
could have produced a mineralogy like that of 12032,366-19 without 
requiring SLI.

Gravity separation of phases
If we take the mineral compositions that are in equilibrium 

with the KREEP basalt and BAG residual melts at the latest stages 
of fractional crystallization as modeled above and adjust the 
proportions by increasing the low-density phases relative to the 
high-density phases, as might occur during gravity-induced sepa-
ration or flow differentiation, we can achieve the compositions of 
the pristine granites without appealing to SLI (Fig. 15; Columns 
10 and 11, Table 7). For this gravity separation model, we add 
the K-feldspar from calculating the normative mineralogy of the 
residual liquid at the final stages of the KB and BAG models to 
the mineral assemblages predicted by the KB and BAG models. 
To obtain the pristine granite compositions, the concentrations of 
K-feldspar and quartz modeled above must be increased by fac-
tors of 1.3 to 1.5 and 4.0 to 4.2, respectively. Accompanying the 
increased K-feldspar and quartz is a depletion of mafic silicates 
and phosphates owing to density differentiation or separation. 
An exception for 12032,366-19 is its high Na2O, which requires 
a more sodic plagioclase and an additional 0.3–0.5 wt% Na2O 
content in either the KB or BAG starting melt composition in 
order for the crystallizing plagioclase to have ∼An33.5 to match 
that contained in the sample.
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The obvious problem for this model is how to separate 
phases after a high degree of crystallization and at relatively 
high silica contents when the viscosity of the system is very 
high. The viscosities of the residual liquids of the KB and BAG 
models, calculated using the KWare Magma program (Ken 
Wohletz, Version 2.49.0126) and the methods of Shaw (1972) 
and Bottinga and Weill (1972), become as high as ∼67 000 and 
∼3500 Pa⋅s, respectively, at the end stages of the KB and BAG 
models. Separation of phases is also a problem in the case of the 
two liquids produced by SLI because the Si-rich phase similarly 
has a very high viscosity. Separation of the mafic and felsic 
phases in the lunar magmatic environment was not assisted by 
tectonic forces and processes involving significant concentra-
tions of magmatic water as it is in terrestrial environments. The 
high-viscosity, silica-rich phase does not need to flow, it simply 
needs to rise through the much lower-viscosity mafic residual 
melt. Perhaps crustal movements related to large impacts that 
occurred during the time of upper-crustal magmatism played a 
role in the segregation of these phases, for example, movement 
along faults or uplifts associated with basin ring formation, or 
movement related to isostatic adjustments following an impact 
and associated flow segregation.

Equilibrium crystallization and SLI
Given that the fractional crystallization of KB and BAG 

produces residual liquid compositional trajectories that do not 
intersect or barely intersect the field of SLI (Fig. 14), we inves-
tigated what effect equilibrium crystallization would have on 
KB. Crystallization modeling done using the MAGPOX program 
(Longhi 1991) indicates that a liquid with the initial composition 
of KB is driven into the field of SLI (Roedder 1951) after 56 
wt% of crystallization in equilibrium with the crystallizing solids. 
Granitic compositions could be produced from the crystallization 
of a liquid of KB composition if the first 50% of crystallization 
occurred in equilibrium with the solids. If the immiscible liquids 
were physically separated, then the silicic liquid would solidify 

to produce a rock with ∼70 wt% bulk SiO2 (terrestrial examples 
include the silicic immiscible liquid compositions in Table 5).

Implications

Remote sensing data, Earth-based (near-IR reflectance 
spectra) and orbital (images from Clementine and LRO; spectra 
from Lunar Prospector γ-ray spectrometer and LRO Diviner 
radiometer), have provided evidence for regions of silicic vol-
canism on the Moon. Sample 12032,366-19 (an igneous rock 
rich with K-feldspar, quartz, and plagioclase, along with near 
Fe end-member mafic minerals) is a candidate to be among the 
lunar samples most similar to the rocks that compose some of the 
lunar “red spots.” Glotch et al. (2010) identified several of the 
red spots as regions of high-SiO2 content from the Christiansen 
Feature in the LRO Diviner data. Perhaps the 12032,366-19 
mineralogy is relevant to interpreting some of the features 
seen at the silicic volcanic complex that lies at the center of the 
Compton-Belkovich Th-anomaly (Jolliff et al. 2011), which 
has been modeled to have a Th concentration of 40–55 ppm 
(Lawrence et al. 2003). This concentration is similar to that for 
the bulk sample of 12032,366-19 (60.6 ppm) as well as other 
lunar granites (Appendix 11).
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