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Silica polymorphs in lunar granite: Implications for granite petrogenesis on the Moon
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ABSTRACT

Granitic lunar samples largely consist of granophyric intergrowths of silica and K-feldspar. The
identification of the silica polymorph present in the granophyre can clarify the petrogenesis of the
lunar granites. The presence of tridymite or cristobalite would indicate rapid crystallization at high
temperature. Quartz would indicate crystallization at low temperature or perhaps intrusive, slow crystal-
lization, allowing for the orderly transformation from high-temperature silica polymorphs (tridymite or
cristobalite). We identify the silica polymorphs present in four granitic lunar samples from the Apollo
12 regolith using laser Raman spectroscopy. Typically, lunar silica occurs with a hackle fracture pattern.
We did an initial density calculation on the hackle fracture pattern of quartz and determined that the
volume of quartz and fracture space is consistent with a molar volume contraction from tridymite or
cristobalite, both of which are less dense than quartz. Moreover, we analyzed the silica in the granitic
fragments from Apollo 12 by electron-probe microanalysis and found it contains up to 0.7 wt% TiO,,
consistent with initial formation as the high-temperature silica polymorphs, which have more open
crystal structures that can more readily accommodate cations other than Si. The silica in Apollo 12
granitic samples crystallized rapidly as tridymite or cristobalite, consistent with extrusive volcanism.
The silica then inverted to quartz at a later time, causing it to contract and fracture. A hackle fracture
pattern is common in silica occurring in extrusive lunar lithologies (e.g., mare basalt). The extrusive
nature of these granitic samples makes them excellent candidates to be similar to the rocks that compose

positive relief silicic features such as the Gruithuisen Domes.
Keywords: Silica, polymorph identification, granite, Moon, granophyre, volcanism, Raman

spectroscopy

INTRODUCTION

Among the Apollo samples and lunar meteorites, lunar gra-
nitic samples, also referred to as “felsite,” are rare. In this paper,
we use the adjective “granitic” to describe lithologies, monomict
or polymict, with a component of granophyric intergrowth of K-
feldspar and silica beyond blebs formed by silicate liquid immis-
cibility in the mesostasis of basalts. We reserve the term “granite”
for igneous lithologies that mostly consist of granophyre with
accessory minerals that have compositions consistent with
extreme fractional crystallization (fayalite, hedenbergite). Only
22 lunar samples have been identified to be granitic, accounting
for less than 100 g total mass (Seddio et al. 2013), <0.03% of
the mass of all Apollo samples. Compared to terrestrial rocks,
silica minerals are rare in lunar samples and most commonly
occur as accessory concentrations of cristobalite or tridymite in
mare basalts (Smith and Steele 1976; Lucey et al. 2006). Silica
has been identified in basalts from all Apollo sites. Silica also
has been identified in gabbro (e.g., Sippel 1971), microgabbro
(Smith et al. 1970; Klein et al. 1971), monzogabbro (e.g., Jolliff
1991), ferroan anorthosite (Stewart et al. 1972), and granite (e.g.,
Seddio et al. 2013, 2014). The low-pressure silica polymorphs,
quartz, tridymite, and cristobalite, have been widely reported in
lunar samples, but the high-pressure silica polymorphs (coesite
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or stishovite) have been reported only rarely (Ohtani et al. 2011).
The near absence of coesite and stishovite is unexpected because
these polymorphs are typically present in impact-related rocks
on Earth, and most of the lunar surface is saturated with craters.
Papike et al. (1997) suggested that absence of high-pressure silica
polymorphs in lunar samples may result from the paucity of silica
minerals in the target rocks and the impact-induced volatilization
of silica in the lunar surface environment.

Soon after the first Apollo samples were brought to Earth,
Dence et al. (1970) and others noted that the silica in the Apollo
samples tended to exhibit a fracture pattern, which has been
described as “curved fractures” and as having a “cracked ap-
pearance” (Smith et al. 1970), or as having a “crinkled texture”
(Neal et al. 1994). In this work, we describe the fracture pattern
of'silica as a “hackle” fracture pattern (Fig. 1). Fracturing within
lunar silica has been used to distinguish the polymorph as cristo-
balite (e.g., Ryder 1976; Jolliff 1991) and as “relict cristobalite”
(Jolliff et al. 1999). The latter identification assumes that the
silica originally crystallized as cristobalite and later underwent
amolar volume contraction to quartz. Fracturing in a silica phase
has been used to identify which polymorph is present; however,
because the silica polymorph in a sample indicates the pressure
and temperature conditions under which the sample crystallized,
it is important to determine the identity of a silica polymorph
using an analytical method, such as laser Raman spectroscopy or
laser Raman imaging, that can directly, and in situ, identify the
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FIGURE 1. (a) Backscattered electron (BSE) image and (b)
secondary electron (SE) image of quartz with a hackle fracture pattern
in 12023,147-10.

structural form of a SiO, polymorph. The laser Raman spectra
of quartz, tridymite, and cristobalite are readily distinguishable
from each other (Downs 2006; Ling et al. 2011).

The identification of the silica polymorph present in the
granophyre can clarify the petrogenesis of the lunar granites.
Robinson and Taylor (2011) noted that if lunar granite crystal-
lized at depth (~10 km; Holmberg and Rutherford 1994), where
the conditions might have been favorable for silicate-liquid
immiscibility, and slow cooling may have allowed for density
separation of the complementary felsic and mafic liquids, the
silica phase crystallizing from the felsic liquid should have cooled
slowly enough for quartz to form. Alternatively, if silicic lava
were to erupt at the lunar surface (i.e., at very low pressure), the
silica should occur as a high-temperature polymorph (tridymite,
870-1470 °C, or cristobalite, 1470—1705 °C; Holleman and
Wiberg 1984; Rykart 1995; Wenk and Bulakh 2003).

A variety of techniques have been used to distinguish or iden-
tify the silica polymorphs present within lunar samples, including
optical petrography (e.g., Dence et al. 1970; Frondel et al. 1970;
Dollase etal. 1971; Sippel 1971; Quick et al. 1981; Warren et al.
1983; Marvin et al. 1991), electron diftraction (Champness et
al. 1971), X-ray diffraction (e.g., Dence et al. 1970; Frondel et
al. 1970; Appleman et al. 1971; Dollase et al. 1971; Champness
et al. 1971), and laser Raman spectroscopy (Jolliff et al. 1999;
Robinson and Taylor 2011; Seddio et al. 2013, 2014). Sippel and
Spencer (1970) and Sippel (1971) identified and distinguished
between silica polymorphs; however, it is unclear whether the
polymorphs were identified using optical petrography or cath-
odoluminescence petrography. From a survey of the literature,
the silica polymorphs in 23 granitic samples have been identified
or distinguished by various means. Quick et al. (1981) identi-
fied quartz and tridymite in granitic breccia 12013 using opti-
cal methods. Marvin et al. (1991) also used optical methods to
distinguish quartz in “potash rhyolite” 12070,102-5. Robinson
and Taylor (2011) identified quartz as the silica polymorph in 19
granitic lunar samples using laser Raman spectroscopy. Seddio et
al. (2013) and Seddio et al. (2014) identified quartz as the silica
polymorph that occurs in granitic fragments 12032,366-19 and
12023,147-10, respectively, using laser Raman spectroscopy.
Here, we identify the silica polymorphs present in four additional,
recently characterized Apollo 12 granitic fragments using laser
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Raman spectroscopy imaging, and we interpret the laser Raman
spectroscopy data in conjunction with the textures of the analyzed
silica polymorphs and trace concentrations of non-Si cations in
the analyzed silica grains.

EXPERIMENTAL METHODS

Samples 12001,909-14, 12032,367-16, 12033,634-30, and 12033,634-34 are
granitic lithic fragments from the 2-4 mm grain-size fraction of the Apollo 12
regolith allocated for the studies of Barra et al. (2006) and Korotev et al. (2011)
along with 354 other lithic fragments. We examined all 358 fragments under a
binocular microscope and analyzed each one individually for concentrations of 26
chemical elements by INAA (instrumental neutron activation analysis; Korotev
et al. 2011), including eight REEs (La, Ce, Nd, Sm, Eu, Tb, Yb, and Lu). Eight
fragments were found to be granitic in composition (high K, low Fe, high Th, and
high U), with 12023,147-10 (Seddio et al. 2014) being the smallest at 2.67 mg.

We identified the silica polymorphs that occur in Apollo 12 granitic fragments
12001,909-14, 12032,367-16, 12033,634-30, and 12033,634-34 by laser Raman
spectroscopy analysis using an inVia Raman System (Renishaw) at Washington
University. We obtained laser Raman spectroscopy data using both spot analysis
mode and Streamline imaging mode (i.e., dynamic line-scanning Raman mapping;
Bernard et al. 2008). The 532 nm line of a diode-pumped solid-state laser was used
as the excitation source. Analyses were done using a 50x long-working-distance
objective (NA = 0.5), which condenses the laser beam into a spot of 1 pm diameter
on the sample in spot analysis mode or into an elliptical spot of 1 x 30 um for the
dynamic line-scanning Raman mapping mode. The objective also collects backscat-
tered Raman photons from the sample, which are sent to a Raman spectrometer
through a width-adjustable slit. A 2400 line/mm holographic grating disperses the
collected Raman photons into a Raman Stokes-shift range of 50 to 1300 cm ™' for
this study, with a spectral resolution of ~1 cm™. Additional details of our laser
Raman spectroscopy analysis methodology can be found in Wang et al. (2014).

We analyzed silica polymorphs for Na, Mg, Al, Si, P, K, Ti, Cr, and Fe by
quantitative wavelength-dispersive spectroscopy electron-probe microanalysis
(EPMA) using the JEOL 8200 electron microprobe at Washington University.
EPMA was done on sample 12023,147-10 (sample petrography and mineralogy
described in Seddio et al. 2014) in addition to the four samples that were analyzed
by laser Raman spectroscopy in this study. Analyses were done using a 15 kV ac-
celerating voltage and a 25 nA beam current. Na, Mg, Al, Si, P, K, Ca, Ti, Cr, and
Fe were counted on peak (Kov) for 52.5, 20, 35, 35, 30, 30, 30, 40, 20, and 30 s,
respectively (results and uncertainties in Table 1). Silica in sample 12032,367-16
has the highest TiO, concentration among our silica-bearing lunar granitic samples.
Many of the analysis spots in 12032,367-16 are within 100 um of an ilmenite grain,
the Ti (and Fe) of which could be fluoresced by Bremsstrahlung X-rays generated by
the electron probe interacting with silica (e.g., Wark and Watson 2006). However,
because the TiO, concentration is not correlated with distance from the ilmenite
grain, we are confident that the TiO, in the analyses is representative of the SiO,
phase in sample 12032,367-16.

To investigate whether the hackle fracture pattern (e.g., Fig. 1) present in some
silica occurrences formed by a molar volume contraction caused by a lower density
polymorph (tridymite or cristobalite) changing to a higher density polymorph
(quartz), we used secondary electron (SE) images to calculate fracture area and
silica area (4., and Aq,,, respectively). We assume that the fracture and silica areas
in the images are representative of the fracture and silica volumes (V. and Vo,
respectively). The density of the higher temperature polymorph—the silica poly-
morph that originally crystallized—can be calculated using the following method:

p =p VQ!Z ~ D Ale =p AQlZ
HighT — FQtz = FQtz — Fotz
VHighT AHighT Ale + AFrac

which we refer to hereafter as the initial density calculation. We used backscattered
electron (BSE) images to confirm the location of boundaries between silica and
other phases. Images were made using an accelerating voltage of 15 kV and a probe
current of 1 nA to minimize spot size. In addition to the aforementioned granitic
lunar samples, we used the initial density calculation to calculate the initial density
of the quartz exhibiting a hackle fracture pattern in Apollo 12 granite fragment
12032,366-19 (characterized in Seddio et al. 2013).

We determined modal abundances for four granitic fragments. Phase abun-
dances were determined using image analysis of BSE mosaics and X-ray maps
to essentially count all pixels of each phase, which we then divided by the total
number of pixels (background subtracted) to obtain the area fraction, which we take
to be proportional to the volume fraction. Based on counting statistics, the error
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associated with the modal abundances of major and accessory phases is typically
<1%; the error associated with the modal abundances of trace phases is typically
<30%. The error associated with trace phases is high because, in the BSE images
and X-ray maps, these phases are represented by as few as 12 pixels each (the total
sample areas are represented by millions of pixels).

Sample 12001,909-14

Sample 12001,909-14 is a 7.01 mg complex polymict granitic breccia (Fig. 2). We
describe the petrography of sample 12001,909-14 in terms of seven areas (Fig. 3) on
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the basis of textures and mineral compositions. The modal abundances of the phases
within the seven areas are in Table 2. The ranges of end-member compositions and
average compositions for the major minerals in Areas 1 and 2, Areas 3 and 4, Areas
5and 6, and Area 7 are in Tables 3, 4, 5, and 6, respectively. Individual analyses for
the major minerals in all areas of sample 12001,909-14 are in Appendix 1'. Area

! Deposit item AM-15-75058, Appendices. Deposit items are free to all readers
and found on the MSA web site, via the specific issue’s Table of Contents (go to
http://www.minsocam.org/MSA/AmMin/TOC/).

TaBLE 1. Quantitative analyses of silica phases in granitic fragments from Apollo 12
Sample 12001, 12001, 12023, 12032, 12033, 12033,
Fragment 909-14 909-14 147-10 367-16 634-30 634-34
Phase Quartz Amorphous silica Quartz Cristobalite Quartz Quartz
wt% o wt% o wt% o wt% o wt% o wt% o
Sio, 99.6 1.55 98.4 1.49 99.3 1.27 955 3.59 979 041 97.2 1.58
TiO, 0.15 0.06 0.20 0.02 0.10 0.02 049 0.3 0.16  0.06 0.11 0.06
AlL,O; 0.41 0.26 1.38 0.99 0.24 0.23 217 0.82 092 0.28 1.16 1.27
Cr,05 <0.02 - <0.02 - <0.02 - <0.02 - <0.02 - <0.02 -
FeO 0.13 0.05 0.04 0.02 0.07 0.03 0.50 031 0.09 0.07 0.09 0.03
MgO <0.01 - <0.01 - <0.01 - <0.04 - <0.01 - <0.01 -
Cao 0.08 0.09 0.15 0.13 0.09 0.09 0.57 1.10 0.07 0.01 022 024
Na,O <0.02 - 0.14 0.09 <0.02 - 0.177 017 0.07 0.02 0.07 0.08
K,0 0.06 0.07 0.40 0.59 0.03 0.02 033 034 0.28 0.20 0.27 0.38
P,0Os <0.02 0.04 <0.02 0.01 <0.02 0.02 0.21 0.30 <0.02 0.02 <0.01 0.01
Sum 100.4 100.7 99.8 99.9 99.5 99.1

Note: “0"is one standard deviation.

12001,909-14

Plagioclase

Pyroxene

K-feldspar v"

Ilmeni‘e/

Amorphous Silica/

200 pm

FIGURE 2. BSE image of 12001,909-14. In order of brightness
from darkest to brightest, minerals (or phases) are quartz, amorphous
silica, plagioclase, K-feldspar, high-Ca pyroxene, low-Ca pyroxene,
ilmenite, and zircon. Zirconolite and monazite also occur but the grains
are too small to resolve in this image. The white rectangle highlights the
zoned 0.15 x 0.2 mm high-Ca pyroxene grain (core: En.;gWo.4Fs_y,
rim: En_3;Wo_3Fs_»;). See Figure 4 for a high-resolution BSE image,
X-ray maps, and a laser Raman image of the zoned pyroxene grain.

FIGURE 3. Locations of seven areas in sample 12001,909-14 that
were identified based on petrographic similarities.

TABLE2. Modal abundances of 12001,909-14 areas

Area 1 2 3 4 5 6 7
Silica 4.8 4.5 23 34 22 27 37
K-feldspar 13 29.5 27 29 15 24 46
Plagioclase 37 34 30 26 41 30 15
High-Ca pyroxene 16 11 53 3.4 8.0 10 Trace
Low-Ca pyroxene 27 19 13 5.0 9.5 3.6 0.8
limenite 1.1 20 1.0 0.5 0.9 3.8 0.4
Ca-Phos. 1.1 - 04 0.3 24 1.1 -
Zircon Trace - Trace 1.2 0.1 Trace Trace
Zirconolite - - - - Trace - -
Monazite - - - - - - Trace

u_n

Notes: All values are in vol%. “Ca-Phos refers to apatite and/or RE-merrillite.
means that the phase is not present in the area. Areas are depicted in Figure 3.
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TABLE 3. Average compositions of major minerals in Areas 1 and 2 of sample 12001,909-14

Area 1 Area 2
Phase Kfs Pl High-Ca Px Low-Ca Px Kfs Pl High-Ca Px Low-Ca Px
End-member ANy 115Ab g9 Anso_gsAb;s 45 Ensqs7FSys30 Engo-42FSa053 Anz7_56Ab;5 24 Anzs g6Ab;3 40 En_siFs.; Enyy 43FSso-s1
composition  Ores 5CNysas Oro4-18CN<o09 W0,5 3 Woe3 9, Orys.45CNog 18 Oros.47/Cns Wo_so Woso.79

N 17 22 2 6 7 5 1 5

wt% o wt% o wt% o wt% o wt% o wt% o wt% o wt% o
Sio, 649 158 518 244 51.8 057 51.0 038 620 141 51.1 467 51.1 - 51.2 0.95
TiO, 0.08 0.03 0.05 0.02 0.71 0.08 037 0.04 0.10 0.06 0.08 0.04 0.79 - 039 0.13
Al,O, 202 135 313 193 095 0.17 061 058 206 225 319 41 1.80 - 054 0.15
Cr,0, n.a. - na. - 0.34 0.02 0.20 0.03 n.a. - n.a. - 0.41 - 0.20 0.02
FeO 045 0.05 0.66 0.23 203 46 304 0.84 0.84 0.66 0.47 0.15 16.0 - 30.1 048
MnO <0.03 - <0.03 - 033 0.01 045 0.02 <003 - <0.03 - 0.24 - 0.44 0.03
MgO <0.01 - 0.07 0.11 121 0.64 13.8 0.24 031 041 0.06 0.05 11.5 - 143 0.18
Ca0 149 138 138 1.95 146 5.02 3.71 056 4,04 3.00 134 542 18.0 - 3.16 037
BaO 0.75 0.08 <006 - na. - na. - 0.60 0.28 032 022 na. - na. -
Na,O 1.77 038 353 1.02 0.09 0.03 <0.02 - 248 145 260 1.63 0.21 - 0.05 0.03
KO 13.1 1.75 0.15 0.08 n.a. - <0.01 - 9.77 4.53 1.77 3.66 n.a. - 0.05 0.04
P,0s n.a. - na. - <003 - <004 - na. - na. - 0.06 - 0.17 0.8
Sum 102.7 - 1014 - 101.2 - 1005 - 100.7 - 101.7 - 1001 - 1006 -

Notes: Areas 1 and 2 refer to the areas shown in Figure 3.“N”refers to the number of analyses averaged. “Kfs" refers to K-feldspar.“PI” refers to plagioclase.“Px" refers
to pyroxene.“Cn” refers to celsian—the Ba-feldspar end-member.“n.a”" means “not analyzed.”

TABLE4. Average compositions of major minerals in Areas 3 and 4 of sample 12001,909-14

Area 3 Area 4
Kfs Pl High-Ca Px Low-Ca Px Kfs Pl High-Ca Px Low-Ca Px

An,;.14Aby 5, Angg_g;Ab; 33, En_ssFs.ps En_4Fs.s; Ang7_11AD g 5 Ang,_goAb;g 34 En_s;Fs 5 En_sFssis;

Ore3.76CNa4 30 Oro4-12CNoy Wo .39 Wo.;, Ores-71CNagay Oros-13CNcos Wo_4 Wo; ;.57
N 3 5 1 1 2 5 1 2

wt% o wt% o wt% o wt% o wt% o wt% o wt% o wt% o
Sio, 63.1 1.07 49.2 1.68 507 - 50.1 - 635 134 494 267 509 - 499 0.28
TiO, 0.09 0.02 0.08 0.03 086 - 046 - 0.07 0.07 0.06 0.03 083 - 036 0.01
Al,0, 207  1.10 333 132 1.03 - 041 - 20.7 0.28 328 2.00 084 - 036 0.01
Cr,05 n.a. - n.a. - 037 - 015 - <0.04 - <0.04 - 028 - 0.18 0.02
FeO 0.18 0.03 041 0.07 171 - 309 - 0.15 0.06 030 0.03 167 - 30 0.14
MnO <0.04 - <0.02 - 029 - 048 - <005 - <0.06 - 025 - 043 0.02
MgO <0.01 - <003 - 111 - 136 - <0.01 - 0.03 0.02 109 - 135  0.21
Ca0 1.73 112 158 1.36 182 - 358 - 1.79 059 155 2.04 187 - 377 04
BaO 145 0.8 <006 - <0.09 - <0.08 - 132 030 <0.08 - <0.08 - <0.08 -
Na,O 224 031 240 0.71 009 - <0.03 - 228 0.16 265 1.15 014 - 0.03 0.01
KO 120 1.32 0.13  0.06 0.04 - <0.01 - 11.8 0.64 0.14 0.06 007 - 0.05 0.04
P,0s n.a. - n.a. - <0.05 - <0.05 - <003 - 0.05 0.01 <0.04 - <0.04 -
Sum 101.5 - 1013 - 998 - 99.7 - 1016 - 1009 - 996 - 98.6 -

Notes: Areas 3 and 4 refer to the areas shown in Figure 3.”N"refers to the number of analyses averaged. “Kfs" refers to K-feldspar.“Pl" refers to plagioclase.“Cn" refers
to celsian—the Ba-feldspar end-member. “Px" refers to pyroxene.“n.a” means “not analyzed.”

TABLE5. Average compositions of major minerals in Areas 5 and 6 of sample 12001,909-14

Area 5 Area 6
Kfs Pl High-Ca Px Low-Ca Px Kfs PI High-Ca Px Low-Ca Px

Ango.13Ab;g 0 An;_g;Ab; 5 5 Enss_seFsye s EnsossFssys, An;5.5,Ab; 5, Anss oAby 14 Enyo_3sFsy7a0 Enyo43FSa7-s4

Ores-76CNagoas Oro2-51CNeos Wo0333 Wo,5.1, Ors3:CNyoao Oro.1-16CNcos Wos7_4, Wo0s3.13
N 3 15 8 1 12 21 52 6

wt% o wt% o wt% o wt% o wt% o wt% o wt% o wt% o
Sio, 640 097 49.0 262 51.3 095 50.7 0.86 63.6 221 49.0 243 499 134 51.1 097
TiO, 011 0.02 0.05 0.02 0.79 0.22 046 0.15 0.13 0.12 0.21 0.15 0.85 0.10 041 0.12
Al,0; 208 0.72 336 212 112 044 059 024 203 136 334 1.84 090 0.14 0.81 0.99
Cr,0; n.a. - n.a. - 0.38 0.10 0.23 0.08 n.a. - n.a. - 021 0.13 0.17 0.05
FeO 029 0.04 0.26 0.10 17.0 148 295 1.25 023 0.17 034 0.15 209 4.20 29.7 16
MnO <0.03 - <0.03 - 0.26 0.03 0.44 0.03 <0.03 - <0.04 - 0.29 0.05 0.45 0.05
MgO <0.01 - 0.03 0.01 11.6 0.32 13.9 038 0.10 0.10 0.03 0.01 8.07 297 13.7 0.73
Ca0 1.87 0.68 162 214 176 1.50 421 0.68 162 1.82 16.0 1.83 185 043 338 136
BaO 1.19  0.07 <0.06 - na. - na. - 139 053 0.07 0.01 na. - na. -
Na,O 203 0.19 224 1.07 0.12 0.01 0.05 0.04 182 034 234 098 0.10 0.02 <0.02 -
KO 121 0.90 0.14 0.20 n.a. - <0.01 - 126 177 0.11 0.07 0.08 0.12 n.a. -
P,0s n.a. - n.a. - 0.03 0.02 <0.02 - n.a. - n.a. - 0.03 0.02 0.03 0.02
Sum 102.4 - 1015 - 100.2 - 100.1 - 101.8 - 1015 - 998 - 998 -

Notes: Areas 5 and 6 refer to the areas shown in Figure 3.”“N”refers to the number of analyses averaged. “Kfs" refers to K-feldspar.“PI” refers to plagioclase.“Px" refers
to pyroxene.“Cn" refers to celsian—the Ba-feldspar end-member.“n.a”” means “not analyzed.”

lis a1 x 0.75 mm rounded clast of basaltic impact melt and accounts for 23% of ~ granophyre matrix. Area 4, 15% of the sample, is similar to Area 3 but contains less
the section. Area 2 accounts for 2.4% of sample 12001,909-14 and comprises four ~ pyroxene. Area 5 accounts for 26% of the sample, and Area 6 represents 19%. Most
rounded basaltic impact melt clasts, the largest of which is 0.2 x 0.4 mm. The most  of the high-Ca pyroxene in Area 6 occurs as a 0.15 x 0.2 mm zoned grain (core:
distinct difference between Areas 1 and 2 is that Area 2 contains more K-feldspar.  En_;qWo_yFs_4, rim: En;,Wo_5Fs_»;; Figs. 2 and 4). Area 7 accounts for 8% of
Area 3 accounts for 6.6% of the section and comprises mineral fragments in a  sample 12001,909-14. A trace amount of high-Ca pyroxene is present in Area 7, as
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TABLE6. Average compositions of major minerals in Area 7 of sample
12001,909-14
Kfs Pl Low-Ca Px
Angs13Ab5 1 Ang;_46ADs; g3 En_soFs.s3
Ors3_64CN3151 Ory957CNaos Wo_76
N 10 4 1
wt% o wit% o wt% o
Sio, 64.5 1.06 584 074 50.3 -
TiO, 0.06 0.02 0.04 0.01 0.35 -
Al,O; 199 0.62 272 021 0.39 -
Cr,0; n.a. - n.a. - 0.17 -
FeO 0.05 0.02 0.16  0.02 309 -
MnO <0.03 - <0.03 - 0.49 -
MgO <0.01 - 0.04 0.02 13.0 -
Ca0 0.63 0.71 9.20 0.21 3.49 -
BaO 230 034 0.1 0.06 <0.09 -
Na,O 1.69 023 589 0.03 <0.03 -
K,0 134 0.79 0.58 0.31 0.07 -
P,O; n.a. - n.a. - <0.05 -
Sum 1025 - 101.6 - 99.2 -

Notes: Area 7 refers to the area shown in Figure 3. “N” refers to the number of
analyses averaged. “Kfs" refers to K-feldspar.“Pl" refers to plagioclase.”Px" refers
to pyroxene. “Cn" refers to celsian—the Ba-feldspar end-member. “n.a”" means
“not analyzed.”

fine (~1 pm) exsolution lamellae in the low-Ca pyroxene. We are unable to analyze
the exsolution lamellae of high-Ca pyroxene without sampling the adjacent low-Ca
pyroxene, but we presume that the composition of the Area 7 high-Ca pyroxene is
similar (Ens, 3,Wo_30Fsy4 43) to that in the rest of sample 12001,909-14 (except the
large zoned high-Ca pyroxene in Area 6) because the high- and low-Ca pyroxene
compositions are homogenous throughout the sample.

The granophyre in Area 7 is different from that found in the rest of the sample.
The Area 7 silica is not fractured, whereas the silica in the other areas exhibits
a hackle fracture pattern (e.g., Fig. 5). The intergrowths of K-feldspar and silica
in Area 7 are approximately twice as wide as the intergrowths in the other areas.
Additionally, the K-feldspar in Area 7 has the highest Cn content (“Cn” refers to
celsian—the Ba-feldspar end-member) in the sample (as high as Cns,); whereas
Area 6 K-feldspar has Cn.,, and the rest of the K-feldspar in sample 12001,909-
14 has Cn.,.

Sample 12032,367-16

Sample 12032,367-16 is a 7.80 mg friable, strongly fractured granitic breccia
consisting of 41.8% plagioclase, 24.3% silica, 18.7% low-Ca pyroxene, 14.1%
K-feldspar, 0.6% apatite, 0.3% ilmenite, and 0.2% zircon with trace amounts of
zirconolite. The ranges of end-member compositions and average compositions
for the major minerals in sample 12032,367-16 are in Table 7. Individual analyses
of the major minerals in sample 12032,367-16 are in Appendix 2'. In the portions
of the sample where the granophyre occurs, it consists of K-feldspar intergrown
with fracture-free silica occurring in the interstices between blocky plagioclase
grains (Fig. 6 inset).

Sample 12033,634-30

Sample 12033,634-30 is a 7.50 mg monomict granitic breccia (Fig. 7) con-
sisting of 31.3% plagioclase, 20.6% silica with a hackle fracture pattern, 18.4%
high-Ca pyroxene, 16.5% K-feldspar, 8.3% low-Ca pyroxene, 2.0% RE-merrillite,
1.5% apatite, 1.1% ilmenite, 0.2% zircon, and trace amounts of olivine (one grain)
and troilite (two grains). The ranges of end-member compositions and average
compositions for the major minerals in sample 12033,634-30 are in Table 8. In-
dividual analyses of the major minerals in sample 12033,634-30 are in Appendix
3'. The sample is composed of angular and sub-rounded mineral fragments in a
granophyric matrix of K-feldspar and silica. One corner of the section (right corner
of the fragment in Fig. 7) contains a significantly higher proportion of granophyre
compared to the rest of the sample. This area also contains the only occurrence of
fayalitic olivine. The largest pyroxene grain is intergrown with apatite.

Sample 12033,634-34

Sample 12033,634-34 is a 6.96 mg granite (Fig. 8) comprising 30.3% ternary
feldspar, 24.0% silica, 21.1% K-feldspar, 8.7% pyroxene, 7.1% fayalitic olivine,
4.0% apatite, 3.9% RE-merrillite, 1.0% ilmenite, and trace amounts of plagioclase,
zirconolite, zircon, and baddeleyite. The ranges of end-member compositions
and average compositions for the major minerals in sample 12033,634-34 are in
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FIGURE 4. Images of the zoned high-Ca pyroxene grain in Area 6
of 12001,909-14. The core has a composition of En;yWoy Fs,; the rim
has a composition of Ens;;WosFs,;. (a) Backscattered electron image
in which zoning is evidenced by brighter core and darker rim. (b) Ca,
Mg, and Fe X-ray maps merged into an RGB image. The purple core
indicates hedenbergite, and the yellow-green rim is the more magnesian
high-Ca pyroxene. Teal is low-Ca pyroxene—a reaction product of
fayalite with surrounding quartz and the magnesian lithology. Fayalite
occurs with quartz and K-feldspar in an inclusion that crystallized from
late-stage melt. Inclusions of fayalite+K-feldspar+quartz also occur in
hedenbergite in lunar granite 12032,366-19 (Seddio et al. 2013). Blue
specks are ilmenite. Teardrop-shaped inclusion is K+Si glass surrounding
Ca-phosphate (red speck). (¢) Laser Raman image in which white, yellow,
and green represent pyroxene: white-yellow tones represent areas with
spectra most like hedenbergite; green-gray tones represent areas with
spectra most like diopside. Red areas have spectra that match K-feldspar.
Blue areas have spectra matching quartz. Magenta areas have spectra
matching orthopyroxene (low-Ca pyroxene in “X-ray”). Black areas have
spectra with no Raman peaks (holes or fractures) or spectra that do not
match pyroxene, quartz, or K-feldspar. (Color online.)
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FIGURE 5. BSE images of typical occurrences of quartz with a hackle
fracture pattern (a) and amorphous silica (b) in sample 12001,909-14.
The K-feldspar in b is noticeably brighter in contrast compared to the
K-feldspar (a) owing to its higher Ba content. The brightest phase in a
is zirconolite; the brightest phase in b is monazite.

TABLE7. Average compositions of major minerals in sample
12032,367-16
Kfs Pl Low-Ca Px

AN, 55Ab15 Angy_szAb 115 Ens; soFs31 35

Ores-72CNs 56 Oro2-56CNos Wos5.17
N 2 8 6

wt% o wt% o wt% 9
Sio, 638 0.78 46.8 1.31 529 057
TiO, 0.14  0.01 0.07 0.02 0.51 0.11
Al,O; 209 163 344 0.58 0.59 0.16
Cr,0; <0.05 - n.a. - 0.25 0.05
FeO 0.13 0.01 022 0.10 224 159
MnO <0.05 - <0.03 - 033 0.02
MgO <0.02 - 0.03 0.02 194 0.99
Ca0 118 0.54 172 0.58 415 229
BaO 273 042 <0.08 - <0.08 -
Na,O 2.01 0.01 1.64 0.29 0.03 0.02
K,O 10.8 1.56 022 032 <0.01 -
P,Os <0.05 - <0.04 - <0.05 -
Nb,Os n.a. - na. - n.a. -
Sum 101.7 - 100.6 - 100.6 -

Notes: “N" refers to the number of analyses averaged. “Kfs" refers to K-feldspar.
“PI" refers to plagioclase. “Px" refers to pyroxene.“Cn” refers to celsian—the Ba-
feldspar end-member.“n.a” means “not analyzed.”

Table 9. Individual analyses of the major minerals in sample 12033,634-34 are in
Appendix 4'. Some grains of fayalite, K-feldspar, ternary feldspar, and, quartz are
large enough to be visible with the unaided eye and are all irregularly shaped. The
large fayalite grain in Figure 8 is strongly fractured. Three silica grains are >0.1 mm
and have curved boundaries. Pyroxene is typically zoned and elongate with parallel
fractures oriented perpendicular to the direction of grain elongation. The remainder
of sample 12033,634-34 consists primarily of granophyric intergrowths of silica and
K-feldspar, the grains of which are in some cases <I mm in maximum dimension.

RESULTS

Using laser Raman spectroscopy, we identified quartz in
samples 12001,909-14, 12033,634-30, and 12033,634-34;
cristobalite in sample 12032,367-16; and amorphous silica in
sample 12001,909-14. Examples of Raman spectra from quartz-
bearing samples are shown in Figure 9, and peak positions used
to identify phases are listed in Table 10. Figures 10 and 11 show
examples of Raman spectra from a cristobalite-bearing sample
and the amorphous SiO,-bearing sample, respectively. In sample
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FIGURE 6. BSE image mosaic of 12032,367-16 with high-resolution
BSE image inset (white rectangle). In order of brightness from darkest
to brightest, minerals are cristobalite, plagioclase, K-feldspar, low-Ca
pyroxene, apatite, ilmenite, and zircon. Zirconolite is the brightest phase
but is only visible as bright specks in the inset image.

Apatite ved Pyroxene

RE-merrillite

~Plagioclase

Olivine
Quartz

K-feldspar

200 pm

Ilmenite— 12033,634-30

FIGURE 7. BSE image mosaic of 12033,634-30. In order of brightness
from darkest to brightest, minerals (or phases) are quartz, plagioclase,
K-feldspar, high-Ca pyroxene, low-Ca pyroxene, apatite, RE-merrillite,
olivine, ilmenite, zircon, and troilite.
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TABLE8. Average compositions of major minerals in sample 12033,634-30
Kfs PI High-Ca Px Low-Ca Px ol llm

Ang7-14Ab;3_35; AN 65Ab34 53 ENys 20FS33 38 Enso_3:FSo-63 Mg'20.42 FOx2

Ors; 65CNy3 49 Orog-30CNo02 Wo0s6.35 Wo0s;-10
N 17 22 2 6 6 5

wt% o wt% o wt% o wt% o wt% o wt% o
Sio, 63.1 1.23 54.4 212 505 1.16 498 0.68 31.7 0.3 <0.02 -
TiO, 0.07  0.02 0.05 0.02 095 05 048 0.21 028 0.03 526 0.92
AlL,O; 19.9 0.93 29.2 1.39 0.75 0.2 0.28 0.1 <0.02 - <0.02 -
Cr,05 na. - n.a. - 0.05 0.01 0.03 0.01 <0.02 - 0.08 0.03
FeO 0.18  0.12 0.27 0.1 225 165 347 1.88 59.0 026 449 024
MnO <0.03 - <0.03 - 034 0.05 0.54 0.05 0.58 0.03 042 0.04
MgO <0.01 - <0.01 - 8.96 0.51 10.1  0.56 8.89 0.27 1.04 0.09
Ca0 0.96 091 1.4 1.57 165 1.76 489 225 0.05 0.01 0.06 0.03
BaO 1.81 0.38 <0.06 - n.a - n.a. - n.a. - n.a. -
Na,O 2.05 0.62 4.92 0.85 0.1 0.02 0.04 0.01 <0.03 - <0.03 -
K,0 127 163 0.21 0.08 <0.01 - <0.01 - 0.03 0.01 n.a -
P,Os n.a. - n.a. - n.a - n.a - n.a - n.a. -
Nb,O; n.a. - n.a. - n.a. - n.a. - n.a. - 068 04
Sum 100.8 - 100.5 - 1007 - 1009 - 1005 - 99.8 -

Notes: “N" refers to the number of analyses averaged. “Kfs” refers to K-feldspar. “Pl” refers to plagioclase. “Px” refers to pyroxene. “Ol” refers to olivine.“llm” refers to

ilmenite. “Cn" refers to celsian—the Ba-feldspar end-member.”

n.a’ means “not analyzed.”

12033,634-34

K-feldspar\

High-Ca Pyroxene

Quartz\

RE-merrillite

200 pm

Ternary Feldspar

FIGURE 8. BSE image mosaic of 12033,634-34. In order of brightness
from darkest to brightest, minerals (or phases) are quartz, plagioclase,
ternary feldspar, K-feldspar, high-Ca pyroxene, apatite, RE-merrillite,
fayalite, ilmenite, and zircon. Zirconolite and baddeleyite are the brightest
phases and occur as elongate grains and specks, respectively.

12001,909-14, Areas 3, 4, 5, and 6 contain quartz, all of which
have a hackle fracture pattern; however, Area 7 contains amor-
phous silica that does not have a hackle fracture pattern. Sample
12032,367-16 contains cristobalite without a hackle fracture pat-
tern. Samples 12023,147-10, 12033,634-30, and 12033,634-33
contain quartz with a hackle fracture pattern.

Because, compared to quartz, the relatively more open crystal
structures of tridymite and cristobalite can better accommodate
cations other than Si (Papike and Cameron 1976; Smith and
Steele 1984), the measurement of trace or minor concentrations
of other cations can aid with the identification of the silica poly-
morph present. The results of the EPMA for minor elements (Ti,
Al, Cr, Fe, Mg, Ca, Na, K, and P) in silica of lunar granite are
summarized in Table 11 and Figure 12. Because the silica grains
in the lunar granitic samples of this study are typically only a
few micrometers wide, most of the Na,O, Al,O;, K,O, and CaO
present in the analyses are attributable to overlap of the electron
probe interaction volume with adjacent feldspar (yielding Na,
Al, K, and Ca) or the secondary fluorescence from characteristic
Si X-rays (yielding Na and Al).

The results of the initial density calculation of the quartz
with a hackle fracture pattern are summarized in Table 11. The
initial silica densities that we calculate from quartz (density: 2.65
g/cm?; Will et al. 1988) with a hackle fracture pattern in the six
(including samples 12023,147-10 and 12032,366-19) granitic
lunar samples that we have studied are similar to the densities
of the high-temperature, low-pressure silica polymorphs (tridy-
mite, density: 2.18-2.28 g/cm?®; Kihara 1978; and cristobalite,
density: 2.32-2.36 g/cm?; Schmahl et al. 1992). The initial silica
densities are most consistent with tridymite, except in sample
12033,634-34, which has an initial density calculation most like
that of cristobalite.

DISCUSSION

In lunar granitic lithologies, the silica polymorphs quartz,
cristobalite, and tridymite, as well as amorphous silica, have
been identified (Quick et al. 1981; Robinson and Taylor 2011;
Seddio et al. 2013). Typically, quartz is the silica polymorph
intergrown with K-feldspar or plagioclase in lunar granite. In
granitic lunar samples, all silica that has been identified as quartz
using laser Raman spectroscopy has a hackle fracture pattern.
Moreover, all silica with a hackle fracture pattern in the samples
that we have studied has been found definitively to be quartz. In
granitic lunar samples, cristobalite and amorphous silica have
not been observed to occur with the distinctive hackle fracture
pattern. Tridymite has only been reported in granitic breccia
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TABLE9. Average compositions of major minerals in sample 12033,634-34
Kfs Tfs Pl High-Ca Px ol lIm
AN, 18Ab;5 5 Anyg_5Abo3 5 ANy 51Ab7 49 ENig_20FSa0-43 Fogo-13 Mg'og-11
Ors1-80CNy3.50 Ory5-51Cnigise Or1217,Cng Wo0,0.41

N 15 26 2 6 6 5

wt% o wt% o wt% o wt% o wt% o wt% o
Sio, 633 1.01 555 2.28 54.0 1.56 489 042 309 032 <0.02 -
TiO, 0.05 0.02 0.04 0.02 0.05 0.02 1.27 0.08 0.14 0.10 518 027
AlL,O; 19.2 0.75 256 1.38 27.5 0.68 138 0.18 <0.02 - <0.02 -
Cr,0; na. - na. - na. - 0.03 0.01 <0.02 - <0.02 -
FeO 058 035 1.56 1.92 0.79 0.09 243  0.69 648 1.20 46.2  0.80
MnO 0.03 0.00 0.08 0.04 <0.04 - 035 0.02 0.76  0.08 0.39 0.01
MgO <0.02 - <0.02 - <0.03 - 576 0.44 427 0.62 0.25 0.03
Cao 148 0.89 7.92 1.55 10.3 0.32 183 0.12 0.20 0.08 0.06 0.01
BaO 246  0.66 0.87 0.79 0.09 0.03 n.a. - n.a. - n.a. -
Na,O 1.85 047 2.60 0.31 5.50 0.16 0.10  0.02 <0.03 - <0.03 -
K,O 106  1.68 4.63 0.44 0.25 0.07 <0.02 - <0.02 - n.a. -
P,Os n.a. - n.a. - n.a. - n.a. - n.a. - <0.02 -
Nb,Os n.a. - n.a. - n.a. - n.a. - n.a. - 0.53* 0.04°
Sum 99.6 - 98.8 - 98.5 - 100.3 - 101.1 - 99.2 -

2Nb,0s was measured for only two of the analyses.“N" refers to the number of analyses averaged. “Kfs” refers to K-feldspar.“Tfs" refers to ternary feldspar. “PI" refers

to plagioclase.“Px" refers to pyroxene. “Ol” refers to olivine.“llm” refers to ilmenite. “Cn” refers to celsian—the Ba-feldspar end-member. ”

n.a.’means “not analyzed.”
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FIGURE 9. Laser Raman spectra of quartz identified in samples
12001,909-14, 12023,147-10 (Seddio et al. 2014), 12033,634-30, and
12033,634-34. K-feldspar peaks are present in quartz spectra obtained
from samples 12023,147-10 and 12033,634-30. We include quartz,
orthoclase (K-feldspar), cristobalite, and tridymite standard spectra from
the RRUFF database (Downs 2006) for comparison with our analyses.

12013 (optically identified by Quick et al. 1981). Appendix 5'
contains a survey of all lunar samples that contain silica and
what polymorphs have been identified therein.

The fractured nature of lunar silica has been interpreted to
result from a molar volume inversion. Dence et al. (1970) and
Smith et al. (1970) attributed fractures in cristobalite—identified
optically and by X-ray diffraction—to an inversion from high to
low cristobalite. However, because quartz is the silica polymorph
typically found in granitic lunar samples, we attribute the hackle
fracture pattern of quartz in granitic lunar samples to a molar
volume inversion from cristobalite (density: 2.32-2.36 g/cm?,
Schmahl et al. 1992) or tridymite (density: 2.18-2.28 g/cm’;
Kihara 1978) to quartz (density: 2.65 g/cm?; Will et al. 1988) on

TABLE 10. Raman peak positions for identified phases

Sample Phase Peaks used for
identification (cm™)
12001,909-14 Quartz 463 353
K-feldspar 512 472
12023,147-10 Quartz 463 -
K-feldspar 513 -
12032,637-16 Cristobalite 415 229
Plagioclase 508 481
12033,634-30 Quartz 462 -
K-feldspar 513 476
12033,634-34 Quartz 460 -
Reference spectra Quartz 464 358
Cristobalite 418 230
K-feldspar 513 474
Plagioclase (oligoclase) 508 480

Notes: We include quartz, orthoclase (K-feldspar), and cristobalite standard
spectra from the RRUFF database (Downs 2006; Ling et al. 2011) for comparison
with our analyses.

the basis of the initial density calculation. Inverting from a lower
to a higher density phase would produce isotropic tensional stress
within the quartz, causing it to fracture (i.e., the hackle pattern).
This process of fracturing is similar, but greater in magnitude,
to that fracturing that can occur with the transition of - to
a-cristobalite (e.g., Carpenter et al. 1998; Damby et al. 2014).
Inversion of tridymite or cristobalite to quartz is a reconstruc-
tive phase transition (e.g., Lakshtanov et al. 2007), requiring
reconfiguration of Si—O bonds. Although this inversion might
be constrained (as opposed to a displacive transformation), we
think that transformation of a high-temperature silica polymorph
to quartz is the best explanation for the hackle fracture patterns
observed in the quartz of granitic lunar samples. Perhaps this
transformation was aided by impact-induced heating events
experienced by granitic samples resulting in their excavation
and possibly other impact events during their >3 Ga history.
The Raman spectra collected from lunar quartz all have peaks
that are shifted to lower positions from the typical quartz peak
positions (Table 10; Fig. 9). This red shift is a result of stress
within the SiO, structural framework and has been attributed to
shock metamorphism (McMillan et al. 1992; Ling et al. 2011).
A result of the experiments of McMillan et al. (1992) is that the
major peak position of unshocked quartz (464 cm™) is shifted
down to 455 cm™! after shock to a peak pressure of 31.4 GPa.
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FIGURE 10. Laser Raman spectrum of cristobalite identified in sample
12032,367-16 that also contains a contribution from nearby plagioclase.
We include cristobalite, plagioclase (oligoclase), tridymite, and quartz
standard spectra from the RRUFF database (Downs 2006) for comparison
with our analyses.
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FIGURE 11. Laser Raman spectrum of amorphous silica identified
in sample 12001,909-14 that also contains a contribution from nearby
K-feldspar. We include orthoclase (K-feldspar), quartz, cristobalite, and
tridymite standard spectra from the RRUFF database (Downs 2006) for
comparison with our analyses.
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FIGURE 12. Concentrations of FeO and TiO, measured in silica by EPMA. Error bars represent the “% error” calculated from counting statistics.

Additionally, the magnitude of the peak shift in the quartz Raman
spectrum is directly, but not linearly, related to the magnitude
of shock pressure experienced by a sample (McMillan et al.
1992). Based on this relationship, the granites in this study,
which exhibit a maximum peak shift down to 460 cm™ (sample
12033,634-34; Table 10) from unshocked quartz (464 cm™),
should not have experienced shock pressures greater than ~25
GPa. An alternative explanation of the peak shift of the Raman

spectra of quartz in this study is that the fracturing of the quartz
after inversion from a phase of higher density did not perfectly
relieve the stress within the silica. Perhaps this remnant stress
may be responsible for the observed shift of the peaks in the
Raman spectra of quartz with a hackle fracture pattern.
Compared to quartz, tridymite and cristobalite can incor-
porate greater amounts of cations other than Si—typically, Na,
Al, K, Ti, and Fe (Fig. 12)—into their relatively open crystal
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TaBLE 11. Initial density calculation

Sample 12001, 12023, 12032, 12033, 12033,
Fragment 909-14 147-10 366-19 634-30 634-34
Phase Quartz Quartz Quartz Quartz Quartz
Pq 2.65 2.65 2.65 2.65 2.65
Pi 221 217 2.18 2.23 243
o 0.01 0.02 0.05 - 0.04
Puia. 2.18-2.28

Pcrist. 2.32-2.36

Notes: Results of the initial density calculation (see text) for quartz with a hackle
fracture pattern.”p,"refers to the assumed density of quartz used in the calcula-
tion.“p;" refers to the calculated initial density for the silica in each sample and
is an average of calculated initial densities from multiple secondary electron
images for all samples except for 12033,634-30, from which only one high-
resolution secondary electron image was taken. “c” is one standard deviation
of the initial densities calculated from multiple secondary electron images of
each sample. Densities of tridymite (Kihara 1978) and cristobalite (Schmahl et
al. 1992) are given for comparison. All values are in g/cm®.

structures (Papike and Cameron 1976; Smith and Steele 1984).
In tridymite and cristobalite, Si substitution typically involves
AP replacing Si*" with charge balance maintained by the
introduction of Na* or K" into interstitial vacancies (Papike and
Cameron 1976). Smith and Steele (1984) reported Na, Al, K,
and Ti abundances in samples of terrestrial quartz, tridymite,
and cristobalite samples (5, 4, and 1 samples, respectively).
Because our Na, Al, and K data likely include a contribution
from neighboring feldspars, we are only confident comparing
our Ti data to the data of Smith and Steele (1984), who re-
ported 0.06—0.22 wt% TiO, in tridymite, and <0.01 wt% TiO,
in quartz. In the lunar granitic samples containing quartz and
amorphous silica, TiO, concentrations are within the range of
concentrations that Smith and Steele (1984) report for tridymite.
However, the cristobalite we identified in sample 12032,367-16
contains 0.30-0.67 wt% TiO, (Fig. 12).

The occurrence of quartz as the silica polymorph in lunar
granite has been interpreted to mean that quartz-bearing lunar
granite crystallized at depth (Robinson and Taylor 2011). If
crystallization occurred at a depth where the pressure was
sufficiently high, the parent magma could have crystallized
quartz. Alternatively, if crystallization occurred at depth but
at pressures low enough and temperatures high enough for the
primary crystallization of tridymite or cristobalite, perhaps slow
cooling may have permitted orderly transformations from high-
temperature polymorphs to quartz. However, in those lunar
granite samples that contain quartz with a hackle fracture pat-
tern, it is more likely that the melts crystallized rapidly at high
temperature, with primary crystallization and preservation of
tridymite or cristobalite as the silica polymorph until a structural
inversion occurred at some later time, causing a reduction in
molar volume. The petrographic evidence for the crystalliza-
tion of silica as a high-temperature polymorph—tridymite or
cristobalite—is supported by high TiO, concentrations. Fur-
thermore, the small (<1 mm) grain sizes that typically occur
in lunar granites indicate rapid crystallization, in comparison
to other lunar primary igneous rocks that exhibit coarser grain
sizes. Sample 15405,12 is an exception, with grain sizes >1 mm,
silica with a hackle fracture pattern, and is interpreted to have
crystallized in a pluton (Ryder 1976). In sample 12033,634-34,
some grain sizes are >1 mm, but irregular grain sizes and ternary
feldspar are indicative of rapid crystallization.
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IMPLICATIONS

The silica polymorph contained in lunar granite is most
commonly quartz. These quartz grains typically exhibit a hackle
fracture pattern indicating that they inverted from a high-temper-
ature, low-pressure polymorph, either tridymite or cristobalite.
The preservation of high-temperature silica polymorphs, before
a molar volume contraction to quartz at some point later, and
the fine-grained textures of most granitic lunar samples indi-
cate that that the samples experienced relatively rapid cooling
(e.g., rhyolitic volcanism). Laser Raman spectroscopy is very
sensitive to the differences in structure and symmetry of the
silica polymorphs and is thus a well-suited method to identify,
unambiguously and in situ, the silica polymorph(s) present in
granitic lunar samples. The laser Raman spectra, coupled with
textural and compositional data, provide a clear indication of the
crystallization of the silica polymorphs and a firm constraint on
crystallization conditions.

The Apollo 12 granitic samples of this study contain silica
that we identified using laser Raman spectroscopy to be cristo-
balite, amorphous silica, or quartz with a hackle fracture pattern.
The EPMA measurements of the silica in the Apollo 12 granitic
samples are consistent with analyses of high-temperature silica
polymorphs. The initial density calculations of quartz with a
hackle fracture pattern in Apollo 12 granites indicate that the
silica crystallized as a high-temperature polymorph. We conclude
that the Apollo 12 granitic samples must have crystallized at a
temperature above 870 °C and that they did so rapidly enough
to preserve the high-temperature polymorph. The fine-grained
nature of the granitic samples also indicates rapid crystallization.
Rapid crystallization from high temperature suggests that the
Apollo 12 granitic samples are a product of extrusive magmatism.

Granitic lunar samples are silicic and have the highest Th
concentrations among known lunar lithologies (e.g., Seddio et al.
2013). Some locations on the Moon are also known to be silicic
based on orbital radiometry (Glotch et al. 2010) and rich in Th
based on orbital y-ray spectroscopy (e.g., Lawrence et al. 2003;
Hagerty et al. 2006; Jolliff et al. 2011), such as the Gruithuisen
Domes and the Mairan Domes. This compositional similarity
has led to the interpretation that granitic lunar samples might
represent volcanic exposures similar to these domes.
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