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Abstract 15 

Apatite and merrillite are the most common phosphate minerals in a wide range of planetary materials 16 

and are key accessory phases for in situ age dating, as well as, for determination of the volatile 17 

abundances and their isotopic composition. Despite the fact that most lunar and meteoritic samples 18 

show at least some evidence of impact metamorphism, relatively little is known about how these two 19 

phosphates respond to shock loading. In this work we analysed a set of well-studied lunar highlands 20 

samples (Apollo 17 Mg-suite rocks 76535, 76335, 72255, 78235 and 78236), in order of displaying 21 

increasing shock-deformation stages from S1 to S6. We determined the stage of shock deformation of 22 

the rock based on existing plagioclase shock-pressure barometry using optical microscopy, Raman 23 

spectroscopy and SEM-based panchromatic Cathodoluminescence (CL) imaging of plagioclase. We 24 

then inspected the microtexture of apatite and merrillite through an integrated study of Raman 25 

spectroscopy, SEM-CL imaging and Electron Backscatter Diffraction (EBSD).  26 

EBSD analyses revealed that microtextures in apatite and merrillite become progressively more 27 

complex and deformed with increasing levels of shock-loading. An early shock-stage fragmentation at 28 

S1 and S2, is followed by sub-grain formation from S2 onwards, showing consistent decrease in sub-29 

grain size with increasing level of deformation (up to S5) and finally granularization of grains caused 30 

by recrystallization (S6). Starting with 2-3° of intra-grain crystal-plastic deformation in both phosphates 31 

at the lowest shock stage, apatite undergoes up to 25° and merrillite up to 30° of crystal-plastic 32 

deformation at the highest stage of shock-deformation (S5). Merrillite displays lower shock impedance 33 
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than apatite, hence it is more deformed at the same level of shock-loading. We suggest that the 34 

microtexture of apatite and merrillite visualized by EBSD can be used to evaluate stages of shock 35 

deformation and should be taken into account when interpreting in situ geochemically relevant analyses 36 

of the phosphates, e.g. age or volatile content, as it has been shown in other accessory minerals that 37 

differently shocked domains can yield significantly different ages. 38 

Keywords: Apollo samples, shock stage, plagioclase, apatite, merrillite, electron backscatter 39 

diffraction, cathodoluminescence 40 

Introduction 41 

Apatite Ca5(PO4)3(F,Cl,OH) is a mineral belonging to the phosphate group, crystallizing in hexagonal 42 

6/m symmetry (Hughes 2015; Hughes and Rakovan 2002). In lunar samples, apatite is found among all 43 

major lithologies, except in anorthosites (Heiken et al. 1991), both in Apollo collections and lunar 44 

meteorites. Composition of apatite from mare basalts is close to pure fluorapatite (e.g. Jolliff et al. 1993) 45 

with minor amounts of OH and Cl, whereas apatite in highlands samples can contain significantly more 46 

Cl (e.g. Barnes et al. 2014). Merrillite is a nominally anhydrous phosphate mineral with an ideal 47 

composition of Ca9Na(Fe,Mg)(PO4)7 crystallizing in trigonal R3c symmetry (Hughes et al. 2006; Xie 48 

et al. 2015), but it has been found to contain a small amount of volatile species in some meteorites (e.g. 49 

McCubbin et al. 2014). In lunar rocks merrillite is found to accommodate significant amounts of REEs 50 

in its structure, resulting in a very complex stoichiometric formula (Hughes et al. 2006; Jolliff et al. 51 

2006). Merrillite is an anhydrous endmember of the merrillite – whitlockite solid solution series, and 52 

whitlockite is described as its hydrous isostructural counterpart (Hughes et al. 2008). Due to this 53 

structural similarities, merrillite was misinterpreted as lunar whitlockite for several decades (Jolliff 54 

2014; Jolliff et al. 2006). Merrillite can form by dehydrogenation of whitlockite (Hughes et al. 2008) 55 

and it has recently been shown that this transformation can be shock-induced (Adcock et al. 2017). The 56 

high-pressure polymorph formed at an even higher compression regime is tuite (Xie et al. 2002, 20035), 57 

which can also form by compression of apatite (Xie et al. 2013).  58 

Apatite and merrillite are the most common phosphate minerals in a wide range of planetary materials 59 

(Heiken et al. 1991; Hughes 2015; Jones et al. 2014, 2016; McCubbin and Jones 2015) that are often 60 

found in textural association with each other. They are the main host of phosphorous, REEs and volatiles 61 

(F, Cl, OH) in lunar and meteoritic samples (Jolliff et al. 1993; McCubbin et al. 2014). As common 62 

accessory minerals in lunar rocks and other planetary materials, apatite and merrillite are being 63 

increasingly exploited to gain insight into key planetary processes. For example, these accessory 64 

minerals are often analysed to obtain the absolute ages of planetary materials, and the number of studies 65 

employing routine protocols for Pb-Pb and U-Pb age determinations of phosphates has been growing 66 

over the past two decades (e.g., Chew and Spikings 2015; Göpel et al. 1994; Merle et al. 2014; Snape 67 

et al. 2016; Terada et al. 2005, 2007; Thiessen et al. 2017). Recent technical advancements in secondary 68 
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ion mass spectrometry (SIMS) have further facilitated in situ studies of abundances and isotopic 69 

composition of volatiles (mainly in apatite) and in situ age dating of phosphates (Merle et al. 2014; 70 

Snape et al. 2016; Terada et al. 2005, 2007; Thiessen et al. 2017). After discovery of water in lunar 71 

volcanic glasses (Saal et al. 2008), apatite became the target mineral for investigating the origin and 72 

history of volatiles in the lunar interior (Anand 2014; Anand et al. 2014; Barnes et al. 2014, 2016; Boyce 73 

et al. 2010, 2014; Greenwood et al. 2011; McCubbin et al. 2010, 2015; Tartèse and Anand 2013; Tartèse 74 

et al. 2013, 2014). Lunar apatite is preferred for volatile studies over merrillite because the latter is 75 

essentially anhydrous in lunar samples (Jolliff et al. 2006). Likewise, apatite and merrillite became a 76 

common target for studying volatiles in the meteoritic record, including Martian meteorites  (Bellucci 77 

et al. 2017; McCubbin et al. 2014) and meteorites thought to have originated from Vesta (Barrett et al. 78 

2016; Sarafian et al. 2013). Recently, apatite has also been recognized as a potential oxybarometer 79 

(Economos et al. 2017; Konecke et al. 2017). In terrestrial samples, apatite is considered a versatile 80 

mineral to provide insights into various geological characteristics and processes, ranging from 81 

magmatic (Webster and Piccoli 2015) to metasomatic processes (Harlov 2015), to geochronology 82 

(Chew and Spikings 2015) to understanding the magma source regions based on apatite trace-element 83 

compositions (Bruand et al. 2017; Mao et al. 2016). Although the anhydrous whitlockite has been 84 

previously reported in rocks from Siberia (Ionov et al. 2006), mineral merrillite is not generally reported 85 

in terrestrial samples. In terrestrial samples hydrous whitlockite is common, but merrillite occurs only 86 

as a minor solid solution with whitlockite. (Hughes et al. 2008).  87 

Despite the fact that most lunar and meteoritic samples show at least some evidence of impact 88 

metamorphism, relatively little is known about how microtexture of apatite and merrillite develop in 89 

response to shock loading. Terrestrial apatite from several different impact structures is observed to 90 

display planar microstructures (Cavosie and Centeno 2014; McGregor M. et al. 2018) or granular, 91 

recrystallization features (Alwmark et al. 2017, Kenny et al. 2019). In addition to naturally shocked 92 

grains, experimentally shocked apatite has also been shown to display planar microstructures (Sclar and 93 

Morzenti, 1972). Our study was designed to understand microstructural deformation of apatite and 94 

merrillite in response to variable shock loading. It is assessed based on deformation observed in 95 

coexisting plagioclase, a well-established shock barometer in planetary materials (e.g. Fritz et al.  2017; 96 

Rubin et al. 1997; Stöffler et al. 1991).  97 

 98 

The shock-pressure barometry 99 

To estimate the extent of shock-induced deformation experienced by a host rock, various shock-100 

barometers are used. However, the application of the most refined shock barometer – quartz (e.g. 101 

Stöffler and Langenhorst 1994) – is limited to terrestrial and more felsic rocks that are scarce in lunar 102 

and meteoritic samples. Therefore, different shock-barometers were employed to study quartz-free 103 

planetary materials, relying on other major minerals, e.g. feldspar solid-solution series, and in particular 104 
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plagioclase (Fritz et al. 2017; Jaret et al. 2014; Pickersgill et al. 2015; Johnson 2012; Johnson et al. 105 

2002; Pernet-Fisher et al. 2017; Rubin et al. 1997; Stöffler et al. 1991). At the highest observed shock-106 

deformation, for example, in Martian and other meteorites, assemblages of high-pressure mineral 107 

polymorphs are used to estimate peak-shock conditions (e.g. in Tissint, Baziotis et al. 2013; Walton et 108 

al. 2014). Although the feldspar solid-solution series has been recognized as a useful proxy for shock 109 

deformation, due to the lack of experimental data at pressures below ~10 GPa, there is only a rough 110 

classification for feldspar deformation at lower pressures, with the higher-pressure end, above 111 

plagioclase isotropisation (>20 GPa), being substantially more refined (e.g. Fritz et al. 2005). Several 112 

recent studies have targeted natural samples in the need to better constrain the lower end of the shock 113 

scale for quartz-free samples, and feldspar and plagioclase series were proven to be an excellent proxy 114 

(Jaret et al. 2014; Pickersgill et al. 2015). This is of particular importance for studies of the early lunar 115 

crust, because the shock state of the lunar anorthosites is estimated to be on average <15 GPa, with only 116 

rare presence of highland rocks exposed to shock pressures exceeding 30 GPa (Pernet-Fisher et al. 117 

2017). This implies that most of the plagioclase was exposed to shock pressures insufficient to cause 118 

solid state transformation to plagioclase diaplectic glass (>20-24 GPa for anorthitic composition). 119 

Microstructural studies of accessory minerals that are used as reliable geochronometers - zircon, 120 

baddeleyite, xenotime or monazite - have provided an entirely new approach to assess shock 121 

deformation at µm-scale (e.g. Darling et al. 2016; Erickson et al. 2015; Moser et al. 2013; White et al. 122 

2017). In particular, xenotime and baddeleyite were observed to have undergone significant 123 

deformation at lower-shock pressures (Cavosie et al. 2016; White et al. 2018b). Importantly, these 124 

studies highlighted the importance of understanding the microstructure of targeted geochronometers 125 

when interpreting their complex U-Pb and Pb-Pb ages. Due to their grain size that is often smaller than 126 

~100 µm, accessory minerals cannot be inspected by conventional techniques used to assess the shock 127 

state of major minerals, such as optical microscopy or even in-house X-ray diffraction (µ-XRD) 128 

(Pickersgill et al. 2015). Hence, their microtexture is best inspected by EBSD - a non-destructive, time 129 

and cost-efficient technique. Similar to Secondary Electron- (SE) and Backscatter Electron (BSE) 130 

microscopy, an electron beam is rastered across an entire grain to create an image. However, in addition 131 

to surface and compositional imaging, EBSD can retrieve crucial textural information stored at sub-µm 132 

scale that is not affected by surface effects or chemical composition, and is therefore omitted by SE and 133 

BSE imaging (e.g. White et al. 2017).  134 

For the purpose of this work, we chose a set of well-studied lunar highlands samples collected by the 135 

Apollo 17 mission, most of which have not been previously assigned a shock level (see below). Optical, 136 

SE and BSE microscopy of plagioclase, as well as the EBSD microstructural analysis of apatite and 137 

merrillite, were complemented with Raman spectroscopy and CL imaging. The stage of shock 138 

deformation of samples was established based on existing plagioclase shock-pressure barometry (Fritz 139 

et al. 2017; Jaret et al. 2014; Rubin et al. 1997; Stöffler et al. 1991). The results demonstrate an easy-140 

to-quantify deformation scale sequence of lunar apatite and merrillite that can be of particular use when 141 
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dealing with low-shock deformation. The type of work presented here has a great potential to aid in 142 

interpretation of complex in situ geochemical studies of apatite and merrillite, such as volatiles budget, 143 

crystallisation age or timing of impact resetting. 144 

 145 

Selection of samples 146 

Whilst about one third of lunar basaltic meteorites contain plagioclase diaplectic glass, (Rubin 2015), 147 

it is generally rare amongst Apollo samples. Therefore, the Apollo rocks might seem unqualified for 148 

shock investigation of minerals. However, a significant advantage of the Apollo samples is that they 149 

have not been exposed to terrestrial weathering, to which phosphate minerals could be very sensitive 150 

(Morton 1986). Five different lunar samples of Mg-suite norite and troctolite were selected for this 151 

study from the Apollo 17 collection, based on the increasing level of shock deformation: troctolite 152 

76535, anorthositic troctolite 76335, Civet Cat norite fragment from the 72255 impact-melt breccia, 153 

and heavily shocked norites 78235 and 78236. All studied samples represent coherent rock specimens 154 

rather than polymict impact breccias, thus, avoiding complex shock histories and limiting the 155 

heterogeneity of shock distribution among fragments. At the same time, all of the selected samples 156 

above were previously characterized as compositionally pristine according to classification scheme of 157 

Warren (1993), meaning that they survived the meteoritic bombardment with sufficiently limited 158 

brecciation and melting such that their bulk compositions and in particular highly siderophile elements 159 

(HSE) content are representative of individual, unmixed, endogenously igneous rocks. 160 

The unshocked troctolite 76535 is one of the best studied samples within the Apollo collection, 161 

commonly referred to as "the least shocked rock from the Moon". It resembles an equilibrium cumulate 162 

texture of olivine, plagioclase and clinopyroxene represented by smooth grain boundaries and 120° 163 

triple junctions. Abundant accessory minerals – apatite, merrillite and baddeleyite – show the KREEP 164 

(K-potassium, REE – Rare Earth Elements, P – phosphorous) affinity of this rock. Plagioclase is highly 165 

anorthitic (An96). It is a coarse-grained plutonic rock, with evidence of extensive annealing and re-166 

equilibration indicative of the rock emplacement at shallower depth (e.g. Dymek 1975; Warren 1993). 167 

U-Pb ages suggest crystallization took place 4236 ± 15 million years ago (Ma; Premo and Tatsumoto, 168 

1992). More recent geochronological studies report concordant Rb-Sr (4279 ± 52 Ma), 147Sm-143Nd 169 

(4307 ± 11 Ma), and 146Sm-142Nd (4299 +29/-35 Ma) according to Borg et al. (2017) and older Pb-Pb 170 

ages (4375 ± 1 Ma) (Borg et al. 2013). Detailed discussion on the ages of Mg-suite rocks is given in 171 

(Carlson et al. 2014). 172 

The cataclastic troctolite 76335 is petrogenetically related to troctolite 76535. The rock is comprised of 173 

plagioclase (An96) and orthopyroxene, with abundant accessory minerals (apatite, merrilite, chromite, 174 

baddeleyite, keiivite-Y, etc.) (Edmunson et al. 2010). It is heavily fractured, containing large 175 

undeformed mineral clasts, surrounded by very fine-grained monomineralic matrix, but no occurrence 176 

of impact melt has been reported. It is not a polymict impact breccia, as the original magmatic textures 177 
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can be still recognized in the section. A shock stage has not been assigned to this sample. The rock has 178 

been dated as 4278 ± 6 Ma as defined by Sm-Nd isotopic system, but it shows significant disturbance 179 

in Rb-Sr systematics (Edmunson et al. 2007). A detailed summary on geochronology of this sample is 180 

provided in Carlson et al. (2014). 181 

Civet Cat norite is a 2 cm clast within 72255 aphanitic impact-melt breccia (Stoeser et al. 1974). The 182 

fragment contains equal amount of plagioclase and orthopyroxene (Bersch 1991). The rock shows 183 

evidence of severe shock deformation, in the form of kink-bands in pyroxene and formation of 184 

plagioclase diaplectic glass. However, the composition of the rock is preserved as pristine (Warren 185 

1993). The age of this fragment is estimated at 3990 ± 30 Ma by Ar-Ar technique (Leich 1975), and 186 

4080 ± 50 Ma by Rb-Sr (Compston 1975). No shock stage has been previously ascribed to the rock.  187 

The heavily-shocked norites 78235 and 78236 are extensively studied samples (e.g. Steele 1975; 188 

Hinthorne et al 1977; Edmunson et al. 2009, and references therein). They appear to be an igneous 189 

orthopyroxene-plagioclase cumulate with little intercumulus accessory minerals and minor 190 

clinopyroxene (Winzer et al. 1975), covered by a brown glass coating and intruded by glass veins 191 

derived by the shock melting of the whole rock (Sclar and Bauer, 1975; El Goresy et al. 1976; Jackson 192 

et al. 1975). The composition of this brown glass corresponds to 50% orthopyroxene and 50% 193 

plagioclase of the whole norite. The extent of shock deformation has been assessed since the earliest 194 

studies (Sclar and Bauer 1975 and 1976; El Goresy 1976), with the peak shock-pressure estimated to 195 

be in excess of 50 GPa. The orthopyroxene is heavily brecciated and displays mosaicism, undulatory 196 

extinction and shock lamellae. The plagioclase shows different stages of shock metamorphism, 197 

indicative of inhomogeneous distribution of shock pressures and post-shock temperatures. These range 198 

from mostly crystalline, birefringent cores, which grade into diaplectic glass and further towards the 199 

grain boundaries against pyroxene into rim of melted plagioclase glass. Crystalline plagioclase, 200 

diaplectic plagioclase glass and plagioclase melted glass have identical compositions (An93-96), but 201 

different refractive indices. This rock with strong KREEP signature contains abundant accessory 202 

minerals, including apatite, merrilite, Nb-rutile, baddeleyite and zircon (Edmunson 2009). Recent study 203 

found that the crystallization age of the shocked norite based on Pb-Pb systematics is 4333 ± 59 Ma, 204 

and it is concordant with Sm-Nd age of 4334 ± 37 Ma (Edmunson 2009). However, the same study 205 

found significant disturbance in Rb-Sr isochron that is explained by the heavy shock history of the rock. 206 

Interestingly, the Ar-Ar age of 4188 ± 13 Ma (Fernandes et al. 2013) does not show any disturbance of 207 

the Ar-Ar systematics at an earlier date. The shocked norite was subjected to numerous 208 

geochronological studies in the past and a detailed summary is given in Carlson et al. (2014).  209 

 210 

Analytical techniques  211 
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Polished thin-sections of all Apollo samples studied in this work were prepared at NASA Johnson Space 212 

Center in a water-free medium, and mounted onto a glass slide using araldite epoxy (see Tartèse et al. 213 

2013 for further details). 214 

Secondary Electron Microscopy and panchromatic Cathodoluminescence imaging 215 

The polished thin-sections were carbon coated and examined using a Quanta 3D Focused Ion Beam 216 

Scanning Electron Microscope (FIB-SEM) at the Open University, equipped with an Oxford 217 

Instruments INCA energy dispersive X-ray detector. The same instrument includes a Deben Centaurus 218 

CL panchromatic detector with Hamamatsu Photo Multiplier Tube (model R316), with a spectral 219 

response in 400-1200 nm region. The electron beam generated with an acceleration voltage of 15-20 220 

kV and a current of 0.52 to 0.62 nA, under a working distance of 15 mm was used for generation of SE 221 

and BSE images, as well as for acquisition of energy dispersive spectra (EDS). The phosphate grains 222 

were located in each thin-section using elemental EDS X-ray mapping, which revealed P-hotspots. In 223 

this way, we were able to locate even the grains that are as small as a few micrometers. A dwell time 224 

of 100 ms per step was used. To distinguish between apatite and merrillite based on presence of F and 225 

Cl in apatite, Mg in merrillite and relative Ca signal, as well as to evaluate the petrographic context of 226 

the phosphates, we used point analysis (Point and ID) with ~20 seconds live-time spectrum acquisition 227 

per point. SEM-based CL imaging is sensitive to internal textures, defects, trace-element distribution 228 

and zoning in plagioclase and phosphates (Götze and Kempe 2008). In this study it was applied to 229 

investigate the microtexture of minerals in order to estimate their shock level. CL imaging was 230 

performed on selected phosphate and plagioclase grains, using a working distance of ~13 mm, 7-10 kV 231 

and 0.7-1.2 nA.  232 

Electron Backscatter Diffraction (EBSD) 233 

Lattice orientation, internal microtexture, and structural disorder of selected apatites and merrillites 234 

were studied by EBSD. After SEM analyses, isopropanol and, if needed, 0.25 µm diamond paste were 235 

used for removing carbon coat from the samples. Subsequently, the thin-sections were lightly polished 236 

for approximately 10 minutes using either 50 nm alumina or colloidal silica of 0.06 µm water 237 

suspension with a Buehler Vibromat II vibratory polisher (University of Portsmouth) or LabPol-5 238 

system with a LabForce-1 head and an automated doser at the Open University, to ensure the removal 239 

of surface defects. This process minimises scatter of the electron beam due to surface interaction and is 240 

a critical step for accurate microstructural analysis by EBSD. 241 

Target phosphate grains were identified using X-ray elemental maps of the thin section. Micro- to nano-242 

scale structural analysis was conducted by EBSD using an Oxford Instruments Nordlys EBSD detector 243 

mounted on a Zeiss EVO MA10 LaB6-SEM housed at the University of Portsmouth. Diffracted 244 

electrons were collected at a tilt angle of 70 º, at 100-300 nm step size with collection times < 120 ms 245 

per step (e.g. White et al. 2017). Generated apatite diffraction patterns were matched to a hexagonal 246 
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unit cell using crystal lattice parameters of (Wilson et al, 1999) a=9.4555, b= 9.4555, c= 6.8836, and 247 

α=90º, β=90º, γ=120º. Merrillite was indexed against a trigonal symmetry of (Xie et al. 2015), with 248 

parameters of a=10.3444, b=10.3444, c= 37.0182, α=90º, β=90º, γ=120º. The interaction volume for 249 

diffracted electrons using these parameters is estimated to be a few tens of nanometers in width and 250 

depth (Darling et al., 2016). Diffraction patterns were automatically captured and indexed every 50 to 251 

200 nm across a manually defined area. Raw patterns are automatically background corrected during 252 

acquisition, removing an averaged 64 frames of ‘noise’ from each pattern. Wild spike reduction was 253 

conducted on all dataset, though no other form of raw data correction was conducted. Complete 254 

instrument parameters are presented in Supplementary Table A1. A total of ~30 apatite and merrillite 255 

grains were analysed in this study, and the representative grains are presented in Figures 3, 4, 5, and 256 

A3.  257 

Raman spectroscopy 258 

Internal structural disorder of plagioclase, apatite and merrillite was also investigated by Raman 259 

spectroscopy. Analyses were performed at the Open University using a HORIBA Jobin Yvon HR800 260 

system equipped with 473 nm (blue diode), 514 nm (green Ar+), and 632 nm (red HeNe) excitation 261 

lasers. Because of re-polishing of the samples, it was relatively easy to locate the grains under the 262 

reflected light, thus, the optical focus was used for optimizing analyses. Individual point spectra were 263 

collected using 632.8 nm excitation wavelength, choosing 150 µm slit and 300 µm hole size, with a 600 264 

g/mm grating and 800 mm focal length spectrometer, achieving a spectral resolution of approximately 265 

3 cm-1. Spectra were accumulated as 3 sets of 20-60 s integrations to improve the signal-to-noise ratio. 266 

Low laser power of up to ~5 mW at the sample surface when using 50% filters, was aimed throughout 267 

all measurements, to minimize thermal damage to the sample. However, it was decreased to 10% filter 268 

when analysing the most heavily shocked and deformed minerals, when it was needed to better resolve 269 

spectral features due to the high background (fluorescence). An estimated minimal spatial resolution of 270 

~1.54 µm of the laser beam was achieved on the sample’s surface when using 50x objective with 0.5 271 

numerical aperture, calculated based on equation of Spectral resolution = 1.22*λ / numerical aperture, 272 

as given in Horiba manufacturer’s manuals (www.horiba.com). The spectral range was calibrated using 273 

a silicon standard (520.7 ± 0.5 cm-1) at the beginning of each analytical session, in order to determine 274 

the accuracy of the spectral position and the intensity of the scattered beam. The calibration file is 275 

automatically used by the acquisition software LabRam software v. 6.  when acquiring the spectra. 276 

Characteristic peaks in the spectra were processed in the range 200–1200 cm-1, corrected for a 277 

polynomial baseline in LabRam software v. 6. and fitted assuming Lorentzian peak shapes.  278 

Results 296 

Estimates of shock-level stages in samples based on plagioclase deformation  297 
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In this study we focused on mafic rocks, comprised of plagioclase and orthopyroxene as the main 298 

mineral constituents. Plagioclase is readily deformed by shock and is a useful mineral to evaluate stages 299 

of shock deformation using existing calibration (Fritz et al. 2017; Rubin et al. 1997; Stöffler et al. 1991). 300 

Based on optical properties, progressive stages of plagioclase shock deformation were categorized 301 

following the scale revised and modified by Fritz et al. (2017), initially proposed by Stöffler et al. (1991) 302 

and extended by Rubin et al. (1997). The optical observations were then complemented using SEM-CL 303 

panchromatic imaging and Raman spectroscopy, as they were recently shown to be useful tools in 304 

recognizing shock-induced features (Fernandes et al. 2013; Pernet-Fisher et al. 2017; Russell et al. 305 

2014). We also inspected shock stages of orthopyroxene, as it is the only other major mineral in these 306 

rocks.  307 

Troctolite 76535. Optical investigation of plagioclase in the polished section 76535,51 shows pristine 308 

magmatic texture and twinning, with sharp optical extinction. Orthopyroxene in this rock also shows 309 

no signs of shock deformation. SEM-CL images (Figs. 1A and 1B) and accompanying Raman spectra 310 

(Fig. 2), in accordance with the optical images, do not reveal any signs of microstructural complexities 311 

in plagioclase. All major peaks of anorthite are present (283, 487, 506 and 560 cm-1), in agreement with 312 

literature data (e.g. RUFF anorthite X050020, Xie et al. 2017). Hence, this troctolite is assigned a 313 

deformation stage equivalent to S1 (<5 GPa) following existing calibrations.  314 

Anorthositic troctolite 76335. Within the polished section of cataclastic anorthositic troctolite 315 

(76335,60) both plagioclase and orthopyroxene show signs of shock deformation. Plagioclase is 316 

mechanically fragmented and fractured, with no evidence of dynamic recrystallization. However, three 317 

apparent forms (Figs. 1C and 1D) of plagioclase displaying different stages of deformation are observed 318 

in this sample: 1) coarse irregular fragments showing very good crystallinity; 2) less-coarse plagioclase 319 

fragments that show decrease in birefringence, possibly indicating early stages of amorphization (e.g. 320 

Jaret et al. 2014); these fragments mostly surround the larger crystalline clasts, possibly marking the 321 

original grain size. The size of these plagioclase fragments gradually decreases towards the very-fine 322 

grains in the matrix; 3) very-fine grained (<1 µm) plagioclase in the matrix of this rock, that appears 323 

darker in plane polarized light and remains consistently dark under crossed polars. The less-coarse and 324 

the very-fine-grained plagioclase appear mottled and smeared under reflected light. Orthopyroxene is 325 

heavily fractured too, however, not fragmented to the same extent as plagioclase, showing only initial 326 

signs of undulatory extinction. SEM-CL imaging of large crystalline plagioclase fragments shows 327 

mostly undisturbed interior and good crystallinity (Fig. 1D). The CL signal of smeared plagioclase and 328 

the fine-grained matrix is much brighter, most likely reflecting the surface effect and enhanced grain 329 

boundaries rather than intracrystalline defects. SEM-based CL imaging is very sensitive to the fine-330 

scale surface appearance, and despite the fact that depth of beam penetration is commonly 2-8 µm 331 

(Reed, 2005), the variations may arise from atypical surfaces (Kempe et al. 2000, 2002). However, the 332 
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mechanically crushed plagioclase could also host a number of crystalline defects that would contribute 333 

to higher CL response (Gucsik et al. 2005).  334 

Raman spectroscopy does not indicate any difference in crystallinity between three different forms of 335 

plagioclase, depicting that even the fine-grained matrix shows a well-developed Raman spectrum that 336 

likely indicates well homogenized powder of randomly oriented small plagioclase crystallites. Also, the 337 

overall quality of the Raman spectrum does not indicate any significant drop in the number of prominent 338 

peaks, nor in their shape or intensity, revealing that the crystallinity of cataclastic plagioclase in 339 

76335,60 is comparable to that of plagioclase in 76535,51 troctolite. Interestingly, the alternating 340 

magmatic twins within large crystalline fragments of plagioclase, evident under crossed polars, depict 341 

differences in the CL signal. These twins do not show any difference in composition, as both show 342 

equally low Na content. Closer inspection of the twins does not reveal obvious signs of selective 343 

deformation, no differences in optical relief, and no differences in birefringence or in the Raman signal, 344 

as described before (Jaret et al. 2014). Moreover, the darker set of twins display short inclusions that 345 

are aligned along the twin plane (Supplementary Material Fig. A1), as opposed to inclined lamellae in 346 

alkali feldspar, which are found to be perpendicular to the twinning plane (Jaret et al. 2014). The 347 

phenomenon of variable CL intensity in differently oriented crystals (twins) was earlier reported in 348 

studies on lunar minerals by Sippel and Spencer (1970) and reviewed by Götze (2009). According to 349 

the comparative barometry of major phases (Stöffler et al. 1991; Rubin et al. 1997, Fritz et al. 2017) the 350 

troctolite 76335 is deformed at stage S2 (~5 to 10 GPa), as evident from the lack of progressive 351 

plagioclase deformation.  352 

Civet Cat norite fragment 72255. The major constituents in the polished section of Civet Cat norite 353 

(72255,100) display evidence of severe shock deformation (Figs. 1E and 1F). In plane polarized light, 354 

both plagioclase and orthopyroxene appear mottled. We find that most of the plagioclase grains are still 355 

partially birefringent and only rarely completely isotropic (Fig. 1E), interpreting it to be evidence of 356 

partially diaplectic plagioclase and the onset of isotopisation. Orthopyroxene is fractured, displaying 357 

mosaicism and patchy extinction, occasionally also kink-bend structures. Anorthite endmember of 358 

plagioclase is expected to transform to diaplectic glass at ~20-24 GPa (Fritz et al. 2005). The Ca-359 

endmember requires lower shock pressure to transform to diaplectic glass than the alkali-feldspars, most 360 

likely due to the fact that it contains more Al-O bonds, which are weaker and can endure less confining 361 

pressure than Si-O bonds (Stöffler et al. 1986; Fritz et al. 2005, 2017). This is in contrast with the fact 362 

that anorthite has a higher bulk modulus (0.94 Mbar) than alkali-feldspars (e.g. albite 0.7 Mbar), which 363 

reflects its higher incompressibility (Angel et al. 1988). CL imaging of the partially isotropic plagioclase 364 

returns strong signal and displays spongy appearance of plagioclase grains (Fig. 1F). Most grains 365 

display textural zoning, with very bright rims and darker cores. Similar rim features were earlier 366 

documented in plagioclase form Dhofar 081 meteorite (Russell et al. 2014). The dominant CL activator 367 

in lunar plagioclase is Mn2+ (560 nm in M site) due to its common substitution with Ca2+ (Götze 2009; 368 
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Götze et al. 2015). It was reported that the CL response in this spectral region increases with increasing 369 

An content of plagioclase (Götze 2009), which conforms well with the fact that the plagioclase of Civet 370 

Cat is highly anorthitic (Bersch et al. 1991). Another intense source of CL activation arises from the 371 

substitution of Al3+ and Si4+, causing a local Al-O--Al defect. A contributor to CL activation in 372 

plagioclase, in the 400-900 nm region can also be rare earth elements. Due to the limitation of 373 

panchromatic SEM-CL imaging, we could not determine the exact wavelength of the CL spectrum, 374 

however we can conclude that the zoning in Civet Cat plagioclase could be related either to trace 375 

element content of plagioclase (e.g. REEs) or to higher density of defects in the rim region, or a 376 

combination of both. We exclude the possibility of variable An content, based on previous studies that 377 

showed homogeneity of minerals in this clast (Ryder et al. 1975; Bersch et al. 1991). A reaction rim in 378 

the form of absorbed grain boundaries can be observed towards associated orthopyroxene grains, 379 

indicating possible post-shock re-equilibration of the rock that could have triggered trace element 380 

mobility. Also, a high number of µm-sized metal droplets are concentrated in plagioclase rim and grain 381 

boundary region, highlighting a possible reaction front. A slight decrease in the intensity of most Raman 382 

peaks is observed, however, the most prominent Ag doublet does not show any signs of intensity drop 383 

or peak broadening. This is similar to the previous observation by Fritz et. al (2005) for partially 384 

birefringent plagioclase that experience deformation at a pressure slightly below that needed for 385 

diaplectic glass formation (26-32 GPa). The norite fragment 72255,100 has experienced shock levels at 386 

stages S3-S4 (15-35 GPa) as evident from an incomplete diaplectic glass formation.  387 

Shocked norites 78235 and 78236. Shock features in 78235,43 and 78236,22 norite were extensively 388 

studied since the earliest work on Apollo samples (El Goresy et al. 1976), and were found to display 389 

different grades of shock metamorphism, indicating an inhomogeneous distribution of shock pressures 390 

and post-shock temperatures. Plagioclase records deformation stages ranging from subordinate 391 

birefringent cores, to formation of plagioclase diaplectic glass to regions of melted plagioclase glass in 392 

the grain rim and particularly in relation to grain boundaries with orthopyroxene (Figs. 1G and H), in 393 

agreement with early observations (Sclar and Bauer, 1975; El Goresy et al. 1976; Jackson et al. 1975). 394 

The orthopyroxene is heavily brecciated and displays mosaicism, undulatory extinction, and shock 395 

lamellae. We observe moderate CL response of the diaplectic glass, and very strong CL activation of 396 

plagioclase melted glass in the form of very bright patches and flow features (schlieren) (Fig. 1H). This 397 

is in contrast to the observation by Pernet-Fisher et al. (2017), who reported no activation of diaplectic 398 

glass in the CL spectrum. However, our finding is in agreement with other studies (e.g., Kayama et al. 399 

2012). The very bright CL response is most likely caused by high density of defects within diaplectic 400 

glass and plagioclase melted glass, as it was previously reported that no chemical zoning was observed 401 

within them. The Raman spectra of diaplectic and melted plagioclase glass were recorded in this study 402 

(Fig. 2). Due to high luminescence, it was not possible to collect Raman spectra of the brown impact 403 

melt. The changes in the spectral features that occur in the diaplectic glass compared to plagioclase are 404 
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in agreement with Fritz et al. (2005), Fernandes et al. (2013) and Xie et al. (2017). General degradation 405 

of the spectra quality, decrease in number of peaks and their intensity, as well as increased luminescence 406 

evidence the S5 deformation stage. The most prominent doublet in the 480-505 cm-1 region is barely 407 

visible, resulting from a loss of the long-range periodicity in the structure of diaplectic glass (Fig. 2, 408 

S5). A broad peak at ~650 cm-1 and a doublet as 900-1000 cm-1 of the spectra sampling melted 409 

plagioclase glass, are in agreement with Xie et al. (2017) and indicate the highest S6 stage of shock-410 

induced deformation (Fig. 2). This rock has undoubtedly experienced an overall exposure to shock 411 

pressures >35 GPa (S5) due to broad conversion of plagioclase to diaplectic glass, with local maxima 412 

reaching >60 GPa (S6), where incipient melting of plagioclase occurred and melt veins are formed.  413 

CL, Raman spectroscopy, and EBSD characterization of shocked lunar apatite and merrillite  414 

The size of the phosphate minerals (commonly <100 µm), requires high-resolution techniques for 415 

inspection of their microstructures. In this study two SEM-based techniques, EBSD and CL imaging, 416 

were coupled with Raman spectroscopy to provide complementary structural analysis of the phosphates. 417 

All investigated grains are apatite and merrillite of primary origin, preserved in the pristine, albeit 418 

shock-metamorphosed, Mg-suite mineral assemblages (primarily plagioclase and orthopyroxene with 419 

subordinate clinopyroxene, silica, baddeleyite, and other accessory minerals). Apatite and merrillite are 420 

commonly spatially associated. EDS mapping revealed ~5 to 10 suitable apatite in each thin-section, 421 

with the largest grains having ~50 µm in the longest dimension. All apatite and merrillite have anhedral 422 

grain shape, mostly showing sub-equant crystal habit.  423 

Merrillite appears brighter in most of the SEM-CL images than apatite (Fig 1. and Fig. A4). The main 424 

activator of the CL in apatite is Mn2+, visible as a broad peak in 500-600 nm region (Götze 2009). Trace 425 

amounts of REEs can also activate CL in the region from 300 to 900 nm (e.g. Aldave et al. 2011; Götze 426 

2009). On the other hand, Fe2+ is reported as the main quencher of the CL signal in most lunar minerals 427 

(Götze and Kempe 2008; Götze et al. 2009). Most of the investigated apatite contain trace amounts of 428 

FeO (e.g. Barnes et al. 2014, 2016), that could be contributing to the duller signal of apatite. Although 429 

EPMA cannot reveal the speciation of iron, it is reasonable to suspect that at least a portion of it in lunar 430 

apatite is Fe2+, due to very low oxygen fugacity on Moon. Merrillite in the studied rocks contains ~12 431 

wt% of REEs (Barnes et al. 2014), which are the main contributor to the CL signal in this mineral. 432 

Higher CL activation in merrillite over apatite has been reported previously (Aldave et al. 2011; 433 

Ashcroft et al. 2017).  434 

The Raman spectra of apatite and merrillite collected in the region 200-1200 cm-1, indicate generally 435 

good crystallinity of the grains at all stages of shock deformation, however, with significant weakening 436 

of the bands at stages S5 and S6 (Fig. 2). The strongest Raman band in apatite is located at 963 cm-1 437 

(see Table 2. in SM for peak fitting parameters), in agreement with literature values for dominantly but 438 

not pure fluorapatite composition (e.g. Rruff database R040098), and also in agreement with anion 439 
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composition reported for highlands Mg-suite apatite (~ 3 wt% F and ~1 wt% Cl; Barnes et al. 2014). 440 

This bend corresponds to the ν1 symmetric stretch of the PO4 tetrahedra. Other minor bending modes 441 

are visible in the 400-600 cm-1 region. The most intense ν1 symmetric stretch in merrillite is present as 442 

a weak doublet of peaks located at 953 cm-1 and 972 cm-1. The Raman spectrum of merrillite from other 443 

planetary samples show well-defined doublet (e.g. Aldave et al. 2011; Jolliff et al. 2006; Xie et al. 444 

2002), however, all reported Raman spectra of lunar merrillite contain a weak doublet or a highly 445 

asymmetric single peak (Jolliff et al. 2006, 1996). The difference in the peak shape of the ν1 vibration 446 

is attributed to the high REE content unique to lunar merrillite (Jolliff et al. 2006). Other Raman bands 447 

in merrillite are well developed, too, but are of significantly lower intensity. The bands with frequencies 448 

in the 1080-1100 cm-1 region correspond to the ν3 asymmetric-stretching vibration; the bands recorded 449 

at frequencies in the 400-500 cm-1 and 550-660 region correspond to the ν2 and ν4 bending modes, 450 

respectively. The vibrations and fluorescence related to REEs are expected at frequencies higher than 451 

1200 cm-1, outside of the spectral region collected in this study.  452 

EBSD dataset includes high-resolution (100-500 nm step size) maps of 15 apatite and 11 merrillite 453 

grains. Data are analysed and displayed as band contrast (BC) images, texture component (TC) maps 454 

and as Inverse Pole Figures (IPF). BC images account for the overall state of crystallinity, TC maps 455 

reveal internal misorientation of individual grains, and IPFs reproduce the crystallographic orientation 456 

of the individual crystals. 457 

Shock-induced microtextures in apatite and merrillite  458 

Shock stage S1: Troctolite 76535 experienced minimal shock loading. Two apatite and two merrillite 459 

grains were inspected in this sample. Apatite and merrillite are in contact with plagioclase and 460 

orthopyroxene, which show no evidence of shock metamorphism. Both types of phosphates form large 461 

single crystals in this rock and seem undisturbed in CL images (Fig. 1). The CL signal of merrillite is 462 

much brighter than that of apatite and also that of the surrounding plagioclase, most likely activated by 463 

the high content of REEs (~12 wt %; Barnes et al. 2014). Content of Mn, an important CL activator in 464 

apatite in this sample is reported to be very low, below detection limits (Barnes et al. 2014), therefore 465 

probably not contributing to the CL activation. However, as this rock contains a significant KREEP 466 

component, apatite is enriched in REEs, which are probably causing the CL signal in apatite. Barnes et 467 

al. (2014) reported low Ce and high Y content of apatite, whereby the latter can be considered as a 468 

proxy for HREE due to their similar ionic radii. 469 

The Raman spectrum of apatite and merrillite indicates well crystallized grains, with no signs of 470 

structural disorder (Fig. 2). The ν1 symmetric stretching bend in merrillite is rather a weak doublet at 471 

953 cm-1 and 972 cm-1 than an asymmetric single peak reported for other lunar lithologies (Jolliff et al. 472 

2006). Merrillite in the studied polished section (76535,51) probably contains slightly more HREEs, as 473 

indicated by high Y2O3 content (Barnes et al. 2014) and less Ce2O3 and other LREEs compared to the 474 
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merrillite studied before (Jolliff et al. 2006). A difference in REE content may cause the difference in 475 

the ν1 peak shape (Jolliff et al. 2006). See Table 2 in SM for the apatite and merrillite Raman spectra 476 

peak fitting parameters. As revealed by BC maps (Fig. 3 and 4), apatite and merrillite at S1 stage show 477 

very high crystallinity, with no signs of microscopic deformation. Apatite displays mechanical 478 

fragmentation into large individual fragments that are slightly misoriented to each other, as can be seen 479 

on the IPF panel with highlighted grain-boundaries (GB) (Fig. 3). Individual fragments are large (~20-480 

50 µm), separated by long and slightly curved GBs that are indicating < 20° misorientation between 481 

individual fragments, thus, retaining the overall orientation uniform across the apatite grain (see IPF). 482 

Merrillite does not show any fragmentation, with some local aggregation of low angle (>1° but <10°) 483 

GBs (Fig. 4). Individual fragments of apatite and the merrillite grain show no more than 2-3° of internal 484 

crystal-plastic deformation (CPD), as revealed by the TC maps (Figs. 3 and 4, TC panel), and also 485 

demonstrated in pole figures (Figs. 3 and 4, pole figures panel).  486 

Shock stage S2. Shock deformation displayed in the polished section of troctolite 76335,60 involves 487 

cataclastic deformation, mechanical breaking and crushing of all the minerals, including apatite and 488 

merrillite. Seven apatite and three merrillite grains were inspected in this sample. BC imaging shows 489 

that both apatite and merrillite underwent early-stage, sub-grain formation of several µm in size, with 490 

typically irregular sub-grain boundaries (Figs. 3 and 4, BC panel). Whilst apatite mostly shows low 491 

angle GBs (>1° but <10°), merrillite appears more prone to sub-grain formation and often displays sub-492 

grains of random relative orientation with either a lobate or a grid-like network of sub-grain boundaries 493 

that can reach >60° (Fig. 4, IPF panel with GB). Merrillite sub-grain size visibly decreases and the 494 

density of low-angle GBs increases with increasing mechanical deformation of the merrillite grain (Fig. 495 

4, IPF panel with GB). The either lobate or grid-like texture of the sub-grains suggests that the sub-496 

grain formation is more likely a response to general crushing of the rock rather than an intrinsic 497 

microtexture of the mineral and therefore difficult to separate from fragmentation. It is potentially 498 

triggered by increased heating provided by the impact. However, individual fragments or sub-grains 499 

remain minimally deformed (2-3° of CPD), as revealed by the texture component maps (Fig 4., TC 500 

panels). CL imaging of apatite and merrillite does not resolve any sub-grains or microtextural 501 

complexities. CL signal of merrillite is much stronger than that of apatite, and its brightness is similar 502 

to that of the surrounding plagioclase (Fig. 1). Raman spectra of apatite and merrillite at S2 deformation 503 

stage do not look any different from those at S1 (Fig. 2), revealing well crystalline material with no 504 

signs of structural disorder (Table 2. in SM).  505 

Shock stage S3-4. Apatite and merrillite within Civet Cat clast are mostly surrounded with anorthitic 506 

plagioclase, and only sporadically in contact with orthopyroxene. Three apatite and one merrillite grain 507 

were inspected in this section. The BC of both phases appears darker than at S1 and S2, suggesting a 508 

decrease in crystallinity. At this stage, sub-grain formation is very prominent in both apatite and 509 

merrillite (Figs. 3 and 4., BC panel), with the size of individual sub-grains being 1-5 µm, and increased 510 
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density of irregular low-angle GBs. Only occasionally, GBs reach >20° and are associated with 511 

differently oriented fragments. In case of apatite, the high-angle GBs are mostly associated with the 512 

fragmentation of apatite into the top and the bottom half, which can be best understood by looking at 513 

TC and pole figures (Fig. 3). In case of merrillite, the high-angle GBs are associated with few external 514 

sub-grains (Fig. 4). Internal deformation across domain of sub-grains separated by low-angle GBs 515 

yields up to ~10° of CPD in apatite and up to ~12° in merrillite, a sign of significant lattice deformation 516 

of individual crystals, visible in the pole figures, too (Figs. 3 and 4, TC and pole figure panels). 517 

Interestingly, CL signal of merrillite is very similar to that of apatite and appears dull compared to the 518 

bright signal of surrounding plagioclase (Fig. 1E and F). CL signal in apatite indicates weak irregular 519 

zoning with areas inside the grain showing slightly brighter CL signal, possibly arising from an 520 

increased density of low-angle GBs and defects. CL image of merrillite indicates very homogenous 521 

interior. Raman spectra of phosphates at shock stage S3-S4 imply weakening of the signal and an overall 522 

quality decrease (Fig. 2). In both minerals, the main ν1 symmetric stretch is less intense, albeit the full 523 

width at half maximum (FWHM) does not indicate any peak broadening (Table A2. in Supplementary 524 

Material), and therefore represents no significant reduction in crystallinity.  525 

Shock stage S5. Apatite and merrillite are in contact with both diaplectic plagioclase and melted 526 

plagioclase glass, but also with minerals that have higher shock impedance than plagioclase, i.e. are less 527 

prone to deformation (orthopyroxene, clinopyroxene). Five apatite and three merrillite grains were 528 

imaged at S5 stage. BC imaging of an apatite in contact with orthopyroxene and clinopyroxene (S5) 529 

reveals an interior dominated by sub-grains that are <1 µm and appear poorly diffracting at the length 530 

scales of EBSD (~tens of nm), surrounding ~10 µm sized clasts of preserved crystallinity (Fig. 3, BC 531 

panel). The preserved clasts record significant crystal plastic deformation, as evident from increased 532 

density of very short (sub-µm) low-angle GBs, accumulated mostly towards the rim of the clasts and in 533 

contact with poorly diffracting material (Fig. 3, IPF panel with GBs). High-angle GBs >20° are 534 

uncommon, and those <20° but >10° are occasionally present. Texture component maps show up to 25º 535 

of misorientation across what appears to be one single grain of apatite in BSE image and across the 536 

indexed portions of the grains, evidence of severe crystal-plastic deformation (Fig. 3, TC and pole figure 537 

panels). While these grains are heavily deformed, no signs of recrystallization of apatite are obvious at 538 

this scale. All apatites and merrillites observed in 78235 and 78236 samples show equally extreme 539 

deformation (Fig. A3). Merrillite associated with orthopyroxene and subordinate clinopyroxene (S5) 540 

also appears dominated by poorly diffracting sub-grains surrounding highly-deformed clasts. Extensive 541 

crystal lattice deformation of up to 30º across the entire indexable grain is observed (Fig. 4, TC and 542 

pole figure panels). In both minerals, CL features show lighter cloudy regions in the areas indexed with 543 

lower crystallinity by EBSD, indicating a high density of defects (Fig. A4). Raman spectra of 544 

phosphates associated with orthopyroxene and clinopyroxene complement the EBSD pattern by 545 

indicating that material is mostly well crystallized despite poorly diffracting EBSD patterns, albeit 546 
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showing evidence of structural disorder and overall signal weakening compared to lower deformation 547 

stages. Apatite and merrillite associated with orthopyroxene and clinopyroxene are assigned with S5 548 

stage of deformation, as they show evidence of severe shock deformation, with no evidence of melting 549 

or recrystallization at this scale.  550 

Shock stage S6. Within heavily shocked norite 78235 and 78236 we also find phosphates associated 551 

with diaplectic plagioclase glass and impact melt (Fig. 1G and H). The grains found in contact with 552 

diaplectic and melted plagioclase glass show more pervasive shock deformation than the phosphates 553 

"protected" by the high-impedance phases such as orthopyroxene and clinopyroxene. Four apatite and 554 

three merrillite grains were inspected at S6 stage. Apatite found in contact with diaplectic glass, melted 555 

plagioclase and impact melt shows very weak diffraction in EBSD, such that no successful indexing of 556 

any such grain was possible. The Raman spectrum of apatite related to diaplectic glass and impact melt 557 

(Fig. 2, S6) shows further weakening compared to S5 that, albeit very weak, still preserves the ν1 band, 558 

indicating that at least a portion of the grain retains its crystallinity. On the other hand, EBSD imaging 559 

of merrillite associated with diaplectic glass, melted plagioclase and impact melt revealed a very 560 

complex and granular interior (see BC, TC maps and the pole figure in Fig. 5), much coarser than the 561 

interior of the grain at S5 (Fig. 4). The BC maps of the granular interior of merrillite imply that at least 562 

a portion of it has a very good crystallinity and that at least partial recrystallization of the grain could 563 

have taken place. High-angle GBs (Fig. A5) associated with the granular interior are more common 564 

than in previously described grains, however the low-angle GBs are dominant and there appears to be 565 

a prevailing crystallographic orientation in the TC map and pole figures (Fig. 5), suggesting that the 566 

recrystallization was following the crystallographic orientation of the precursor grain. The EBSD 567 

pattern additionally revealed very fine-grained crystallites surrounding merrillite that can be indexed as 568 

anorthite, suggesting that plagioclase melt and diaplectic glass form very fine crystallites, too (Fig. A5). 569 

The Raman spectrum of this particular melt also suggests that recrystallization is taking place (Fig. 5). 570 

Raman spectra of merrillite associated with diaplectic glass and/or plagioclase melt look very similar 571 

to S5, suggesting that they are of the same crystallinity. Interestingly, EBSD indexing of re-crystallized 572 

merrillite was equally successfully performed when using unit cell parameters of the high-pressure 573 

polymorph tuite, however, no such polymorph was confirmed by Raman spectroscopy. Apatite and 574 

merrillite grains associated with diaplectic glass, melted plagioclase and impact melt are assigned with 575 

S6 stage of shock deformation as they record the highest level of deformation observed in this sample.  576 

Discussion and implications  577 

Shock-barometry based on major minerals  578 

More-energetic impacts were required to launch rocks off the Moon (and Mars), than off Vesta, so about 579 

30% of lunar basaltic meteorites are rich in diaplectic glass and melted plagioclase glass (Rubin 2015). 580 

However, diaplectic glass and melted plagioclase glass are very rarely found amongst Apollo samples, 581 
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which qualifies them as suitable candidates for studying deformation induced by lower shock-pressures. 582 

Moreover, in the context of studying effect of shock-loading, Apollo rocks are ideal because they are 583 

unaffected by terrestrial alteration which could potentially modify indigenous lunar signatures. Direct 584 

assessment of shock deformation in plagioclase and other major minerals using optical microscopy is 585 

well documented in the literature, and provides proven and refined shock-deformation scales (Goresy 586 

et al. 2008; Jaret et al. 2014; Pickersgill et al. 2015; Rubin et al. 1997; Stöffler 1971; Stöffler et al. 1986, 587 

1991). However, Raman spectroscopy is not as straight-forward in this respect, especially in the lower-588 

end pressure regime (e.g. Fritz et al. 2005). The Raman spectroscopy measurements carried out in this 589 

study are in agreement with previous study (Fritz et al. 2005), showing a slight overall decrease in the 590 

quality of the Raman spectra and peak fitting parameters with increasing pressure (table A2. in 591 

Supplementary Material). The differences are most striking at pressures at which diaplectic glass and 592 

plagioclase melted glass form (S4 and higher, >20 GPa), however, they remain negligible in spectra 593 

from the lower stages (Fig. 2). This sets the limits on the applicability of Raman spectroscopy in shock-594 

deformation assessment at lower pressures, which are particularly prevalent among Apollo samples. 595 

The Raman spectroscopy can only be used as comparative means in the assessment of shock-596 

deformation, provided that samples which experienced a range of deformation stages are available for 597 

investigation. Unlike Raman spectroscopy, the panchromatic SEM-CL imaging is sensitive to internal 598 

textures, defects, trace element distribution and zonal growth of plagioclase (Götze and Kempe, 2008). 599 

The depth of penetration of the luminescence effect is commonly 2-8 µm (Reed, 2005) but variations 600 

may arise from atypical surface appearance (Kempe et al. 2000), which is very useful for studying 601 

brecciated shocked rocks (e.g. cataclastic troctolite 76335). SEM-CL imaging obtained in this study 602 

demonstrated high practicality of the method for assessing shock stages of plagioclase deformation. 603 

SEM-CL imaging is an excellent complementary tool to assess the level of shock deformation in 604 

plagioclase, additionally allowing an insight into the internal structure, as well as into the relation with 605 

surrounding minerals. Although orthopyroxene is a useful coexisting mineral for shock assessment of 606 

Mg-suite lunar rocks using optical microscopy, it does not exhibit any CL activation, presumably 607 

because of CL quenching effect on account of its high iron content (Götze 2009).  608 

Accessory mineral shock-barometry and its implications 609 

Apatite and merrillite are often small accessory phases that cannot be optically inspected for evidence 610 

of shock deformation. However, the microtextural state of the two minerals may play an essential role 611 

when interpreting in situ age data, as previously demonstrated for other accessory minerals (e.g. 612 

Erickson et al. 2015, Kovaleva et al. 2017a,b). However, phases such as titanite (Papapavlou et al. 2018) 613 

and monazite (Erickson et al. 2017) display only local domains of age resetting, making them useful 614 

though situational impact chronometers. For the mineral zircon (ZrSiO4), complete resetting of the U-615 

Th-Pb systematics only occurs in recrystallized neoblastic domains (Cavosie et al. 2015; Kenny et al. 616 

2017, 2019), the formation of which appears to be restricted to the high temperature impact melt sheet 617 
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environment. The formation of micrometre scale {112} twins, indicative of shock pressures in excess 618 

of ~18 GPa (Moser et al. 2011), induce only partial disturbance of Pb (Cavosie et al. 2015), while planar 619 

deformation features, formed at ~10 GPa, do not facilitate Pb loss (Moser et al. 2011). As a result, 620 

zircon is a less-than-ideal shock chronometer, with only the most extreme P-T conditions yielding fresh 621 

impact age subdomains. Given the large variations in closure temperatures for Pb diffusion in apatite 622 

(450-550 °C; Cherniak et al. 1991; or as high as 620 °C in larger grains, Krogstad and Walker 1994) 623 

and zircon (> 900 °C; Cherniak 2010), and the relatively high intensity of CPD observed here in 624 

phosphate minerals, the phase should be particularly susceptible to Pb diffusion and loss during post 625 

impact annealing and crater modification, as previously observed at the Nicholson Lake impact 626 

structure (McGregor et al. 2018). Due to the elevated (~400 °C) closure temperature of Pb in apatite, 627 

the resetting of the Pb-Pb geochronometer is to expect in rocks that have experienced at least mild 628 

heating, for example rocks that are in contact with impact melt but not necessarily affected by high-629 

temperature modifications. Hence, the resetting is likely to occur also in rocks that do not undergo 630 

plagioclase modification to diaplectic glass. We, thus, suggest based on our microtextural study that 631 

apatite is likely to be a particularly sensitive impact chronometer and should be a target of future efforts 632 

to date bombardment events in planetary materials and terrestrial impact structures.  633 

Although BSE imaging provides a good scale for observation of these minerals, it does not reveal any 634 

signs of internal textural complexities and, therefore, cannot be used to assess microtexture of the grains. 635 

Our EBSD analyses of apatite and merrillite reveal a well-developed record of microtextural changes 636 

in course of increasing shock-loading that can discriminate S1 to S6 stages of shock deformation in 637 

lunar samples. These changes involve sub-grain formation without an apparent decrease in the 638 

crystallinity of the mineral at lower shock stages, followed by decrease in sub-grain size and increase 639 

in crystal-plastic deformation (up to > 25° at S6), accompanied by a decrease in crystallinity. It should 640 

be noted, however, that the extreme CPD observed in lunar apatite and merrillite is associated with 641 

shock deformation solely based on the nature and the history of the sample but it can be expected to 642 

occur in other geologic settings, as well. For example, a high CPD was documented in zircon from a 643 

shear zone (Kovaleva et al. 2017a,b). Based on the texture components maps, it was suspected that an 644 

intermediate level of deformation between stages S2 and S3 (expected CPD 3-8°) exists, however, it 645 

was not present in the studied samples. Furthermore, we did not observe any deformation twin lamellae, 646 

that occur as a result of shock-deformation in many terrestrial accessory minerals (xenotime, zircon or 647 

monazite), in either of the phosphates. We did, however, observe planar fractures in apatite at S6 648 

deformation (in 78235), that are similar to those described earlier in apatite from terrestrial impact 649 

structures (Cavosie and Centeno 2014, McGregor et. al. 2018). Also, the apatite observed in Civet Cat 650 

norite (S3-4) shows granular microtexture similar to that reported by Kenny et al. 2019.  651 

Raman spectroscopy and SEM-CL imaging of phosphates proved to be a useful tool for targeting best 652 

grain candidates for further EBSD inspection, however it demonstrated significant limitations. 653 
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Comparable to that of plagioclase, Raman signal of apatite and merrillite shows abrupt change at S4 654 

and higher, but it remains almost undisturbed at lower-pressure scale. Equally, the panchromatic CL 655 

signal of apatite and merrillite indicate first signs of intergranular complexities at very high pressures. 656 

Among all applied techniques, we find EBSD to yield the most diagnostic and quantitative measure of 657 

microtextural changes related to the shock induced deformation of lunar phosphates. A summary of 658 

different diagnostic features of plagioclase, apatite and merrillite obtained using three different 659 

techniques is outlined in Table 1. For comparison, at S3-S4, both merrillite and apatite show significant 660 

microtextural response to shock loading that can be well-quantified (Figs. 3 and 4), whereas plagioclase 661 

deformation at the same stage can only be observed optically and inferred from the weakening of the 662 

Raman mode.  663 

Merrillite shows lower shock impedance than apatite, i.e. more deformation at the same shock level. 664 

This behaviour could be a reflection of the compressibilities of the two minerals. The zero-pressure 665 

isothermal bulk modulus of apatite of comparative composition is KT0=91.5(38) GPa (Matsukage et al 666 

2004). The KT0 of merrillite rich in REEs has not been reported so far, but it can be compared to that of 667 

synthetic whitlockite of pure Ca3(PO4)2 composition, which is reported to be slightly lower than that of 668 

apatite KT0=79(2) GPa (Zhai and Wu 2010). In this respect, it is expected that merrillite compression is 669 

more compared to that of apatite at the same pressure. Neither of these minerals were observed to 670 

undergo any phase transformations below ca. 15 GPa (Xie et al. 2003). 671 

The evidence of microstructural changes in response to shock metamorphism of these widely used 672 

accessory minerals should be taken into account when interpreting their crystallization ages, as it was 673 

shown in other accessory minerals that differently shocked domains can yield significantly different 674 

ages (e.g. Erickson et al. 2015; Darling et al., 2016; Kovaleva et al. 2017a). For example, a complex set 675 

of phosphate ages measured in Chelyabinsk meteorite could be related to the fact that the phosphates in 676 

this meteorite are clearly different in terms of their microtextures, which suggests their non-synchronous 677 

formation or deformation (Walton et al. 2018). Future research should focus more on the effects of 678 

complex apatite microstructures on the distribution and abundance of volatile species. If volatile species 679 

and their isotopes vary on the same order of magnitude as age reservoirs, then such features could 680 

substantially alter water abundance and D/H isotopic ratios, important aspects of understanding the 681 

origin of water in the Solar System.  682 

Conclusion 683 

Stages of deformation ranging from S1 (no shock deformation) to S6 are described in a set of Apollo 684 

17 Mg-suite samples, based on the level of shock-deformation of the associated plagioclase. 685 

Microtextures in apatite and merrillite are progressively more complex and deformed with increasing 686 

levels of shock-loading. An early shock-stage fragmentation at S2, is followed by sub-grain formation 687 

at S3-S4, further decrease in sub-grain size with increasing deformation (S5) and finally with 688 
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granularization (recrystallization) at the S6 (Table 1). Starting with 2-3° of intragrain crystal-plastic 689 

deformation in both phosphates, apatite undergoes up to 25° and merrillite up to 30° of crystal-plastic 690 

deformation at the highest stage of shock-deformation (S5), before recrystallization takes place (S6). 691 

Merrillite displays lower shock impedance than apatite, hence it is more deformed at the same level of 692 

shock-loading.  693 

EBSD technique is demonstrated to be a reliable, non-destructive technique that provides a direct 694 

insight into the microtexture of the phosphates, delivering maps that are easy to quantify. In the case of 695 

phosphates, EBSD can be guided or complemented, but not replaced by Raman spectroscopy or SEM-696 

CL imaging due to the insufficient insight provided by the latter two techniques. However, SEM-CL is 697 

demonstrated to be particularly useful for visualization of shock-deformed plagioclase. 698 

We suggest that the microtexture of apatite and merrillite visualized by EBSD should be routinely 699 

inspected when asserting the overall stage of shock deformation of the rock, particularly when 700 

interpreting in situ geochemically relevant information obtained from the phosphates, such as age or 701 

volatile content, as it has been shown in other accessory minerals (e,g, zircon, monazite, xenotime and 702 

baddelyite) that differently deformed domains can yield significantly different ages.  703 
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 1068 

Figure 1. Optical (upper panels) and Cathodoluminescence (lower panels) images of analysed rocks, 1069 
showing plagioclase, apatite and merrillite at different stages of shock deformation (S1-S6). All scale 1070 
bars are 50 µm, including the white bars in C and D, which are also extended to 200 µm for better 1071 
clarity. Yellow dots indicate position of the acquired Raman spectra are presented with yellow dots in 1072 
the CL panel of Figure 2.   1073 
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 1074 

  1075 

  1076 

Figure 2. Raman spectra of plagioclase, apatite and merrillite obtained for samples 
displaying different shock stages and indicated by yellow dots in Figure 1. Main 
vibration modes are annotated. Peak fitting parameters of all individual spectra except 
for plagioclase at S5 and S6 are given in Supplementary Material Table A2. They are 
labelled by individual mineral and its shock stage.  
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  1077 

  1078 

Figure 3. Backscatter Electron (BSE), Band Contrast (BC), Inverse pole figures (IPF) including grain boundaries, and 
Texture Component (TC) maps of apatite grains that have experienced deformation from S1 to S5 stages. The lowest 
panel shows pole figures corresponding to the TC maps. Yellow dashed line in BSE and BC panels is outlying studied 
apatite grain. BSE images clearly indicate individual fragments of apatite (e.g. S1) but do not reveal any internal 
complexities of the apatite structure that occur as response to increasing shock-loading (S2 and higher), easily picked-
up by BC maps. BC maps show that sub-grain formation becomes more prominent, reducing the sub-grain size with 
increasing shock-loading. The IPF figures that indicate severity of internal deformation at stages >S2, are colour – coded 
based on the guide in the bottom right corner. Grain boundaries are presented along with IPF. TC maps can be used to 
quantify internal, crystal-plastic deformation (CPD) of individual grains i.e. fragments (two individual fragments in case 
of S3-4) of apatite and show up to 25°CPD at S5. 
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 1079 

Figure 4. Backscatter Electron (BSE), Band Contrast (BC), Inverse pole figures (IPF) including grain 1080 
boundaries, and Texture Component (TC) maps of merrillite grains that have experienced deformation 1081 
from S1 to S5 stages. The lowest panel shows pole figures corresponding to the TC maps. Yellow 1082 
dashed line in BSE and BC panels is outlying studied merrillite grain. BSE images clearly indicate 1083 
individual fragments of merrillite (e.g. S2) but do not reveal any internal complexities of the that occurs 1084 
due to the shock-loading (S2 and higher). BC maps, on the other hand, show that sub-grain formation 1085 
becomes more prominent at S2 and higher, reducing the sub-grain size with increasing shock-loading. 1086 
The IPF figures indicate severity of internal deformation at stages >S2 and are colour – coded based on 1087 
the guide in the bottom right corner. Grain boundaries are presented along with IPF. TC maps are used 1088 
to quantify internal, crystal-plastic deformation (CPD) of individual grains i.e. fragments (e.g. at S2) of 1089 
merrillite and show up to 30 °CPD at S5.  1090 
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 1105 

Figure 5. Recrystallization of merrillite at S6 surrounded by melted plagioclase glass and maskelynite (78236,22). 
Forward-scatter diffraction (FSD) image enhances surface features revealing low relief of the phosphate, high and 
granular surface of the plagioclase melt in contrast to the flat surface of maskelynite. Band contrast (BC) image yields 
very good crystallinity of granular merrillite, and lower crystallinity of surrounding fine-grained plagioclase (see 
Supplementary Material for TC map). Raman spectra collected at annotated yellow spots depict weak ν1 stretching 
mode in both phases. Inset above the Raman spectrum represents a TC map of the recrystallized merrillite and the 
corresponding pole figure. The recrystallization is not entirely random and it most likely follows the original crystal 
orientation.  
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Table 1. Summary of shock-induced features at different shock stages, as revealed by different analytical techniques. 
Mineral S1 S2 S3-4

Method:

Raman wel l -developed wel l -developed s l ight weakening

CL
homogenous

surface enhanced 
contrast

spongy - texture

Raman wel l -developed wel l -developed s l ight weakening

CL homogenous homogenous s l ight zoning

EBSD
homogenous ; wel l -
di ffracting; 2-3° CPD

wel l -di ffracting; 
sub-gra in 

formation;  2-3° 
CPD

enhanced sub-gra in 
fromation; severe CPD 

up to 10°

Raman
wel l -developed wel l -developed s l ight weakening

CL
homogenous homogenous s l ight zoning

EBSD
homogenous ; wel l -
di ffracting; 2-3° CPD

wel l -di ffracting; 
sub-gra in 

formation;  2-3° 
CPD

enhanced sub-gra in 
fromation; severe CPD 

up to 12°

evident 
recrysta l l i zation

weakening

i rregular zoning

enhanced sub-gra in 
fromation; severe 

CPD up to 25°

 weakening

i rregular zoning

Plagioclase 

Apatite

Merrillite

S5 S6 

weakening

patches  & flow 
features

loss

patches  & flow 
features

enhanced sub-gra in 
fromation; severe 

CPD up to 30°

weakening

homogenous

no di ffraction

weakening

homogenous


