
Figure 1: BSE, SEM-CL, 

and OM-CL imaging for poly-

crystalline clasts within Apollo 

16 breccias 61175,108 and 

60016,95.  Mafic minerals 

(bright intensities in BSE) do 

not luminesce due to high-Fe 

content. The complex crystal-

line nature of these clasts are 

clear in the CL images. Clast in 

sample 61175,108 displays 

predominantly green/yellow 

emission characteristic of an 

unshocked plagioclase.  Sam-

ple 60016,95 clast displays 

predominantly blue emission 

characteristic of highly 

shocked plagioclase. 
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Introduction: Understanding how minerals are 

modified during impact related shock represents an 

important ‘first-order’ question that has implications 

for understanding impact structures on all terrestrial 

bodies within the Solar System.  Here, we characterise 

the shock history of anorthositic clasts within a suite of 

Apollo 16 and lunar-meteorite regolith breccias to un-

derstand the formation and impact modification history 

of the ancient lunar highlands.   

Clasts within regolith breccias provide critical geo-

logical insights into lunar bedrock lithologies, such as 

the highland anorthosites and Mg-suite lithologies 

[e.g., 1,2].  This is particularly pertinent for lunar me-

teorite breccias, which are currently our best means of 

directly sampling highland material from outside of the 

Apollo and Luna landing sites.  It is, therefore, im-

portant to establish whether these clasts are chemically 

‘pristine’ (i.e., unmodified since crystallisation), or 

whether they have had their chemistry altered by sec-

ondary processes such as shock-metamorphism prior to 

subsequent geochemical interpretations.  Indeed, it has 

been suggested that shock-metamorphism can signifi-

cantly modify, to varying extents, both major- and 

trace-element mineral chemistry [3]. 

To characterise effects of impact shock in highland 

lunar samples, we report cathodoluminescence (CL) 

imaging and FTIR spectra for plagioclase crystals with-

in polymineralic clasts and as individual mineral frag-

ments contained within regolith samples.  We focus 

specifically on plagioclase as it is a good shock indica-

tor mineral due to the significant crystalline structural 

modification that occurs during shock compared with 

other igneous minerals [4].   

Methods: The SEM-CL images (and BSE images) 

were acquired using a JEOL JSM-6400 SEM with an 

Oxford cathodoluminescence system. The optical mi-

croscope-CL imaging (OM-CL) was acquired using a 

CITL 8200 mk 3 cold CL system coupled to a transmit-

ted-light microscope.  The FTIR spectra were acquired 

using a Perkin-Elmer FTIR microscope in reflectance-

mode equipped with a liquid nitrogen cooled MCT 

array detector.  A spectral range from 650 to 4000 cm-1 

was acquired using a spatial resolution of 25 μm inte-

grating measurements over 64 measurements.  Plagio-

clase major-element chemistry was determined on the 

same FTIR spots using a Cameca SX100 electron mi-

croprobe following the same procedure as detailed by 

[5]. 

CL imaging: During impact, shock will distort and 

disorder plagioclase lattice structures, resulting in the 

emission of characteristic colours during OM-CL imag-

ing and variable luminescence during SEM-CL imag-

ing.  Green-yellow emissions (e.g., large clast at left; 

Fig. 1c) generally represents unshocked plagioclase; 

variation in the intensity of these emissions in terrestri-

al plagioclase is controlled by Mn substitution within 

the M site [6].  By contrast, blue (e.g., Fig. 1f) and 

orange/red emissions (e.g., plagioclase fragment at 

lower right; Fig. 1c) are interpreted to reflect structural 

modification of plagioclase.  Specifically, blue emis-

sions results from disordered Al-O-Al clusters reflect-

ing extensive lattice defects [7]; whereas, orange/red 

emission have been reported to reflect vitrification of 

plagioclase into maskelynite [8].   
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Within all samples studied here, individual plagio-

clase mineral fragments and polycrystalline plagioclase 

clasts are typically characterised by green-yellow and 

orange emissions during OM-CL imaging coupled with 

relatively darker and less variable intensities during 

SEM-CL imaging, commonly lacking zoning (Fig. 1a-

c).  For the most part, crystals within polymineralic 

clasts (i.e., plag + ol + cpx bearing clasts) are charac-

terised by strong blue emissions during OM-CL imag-

ing and bright variable intensities during SEM-CL im-

aging.  CL zoning is more common within these clasts, 

typically ranging from orange/dull cores and 

blue/bright rims in individual minerals (Fig, 1d-f).  Red 

emissions are rarely observed within the suite of sam-

ples investigated here.  Only two polymineralic clasts 

from 61175,108 contain crystals that display dark red 

emissions. 

In order to quantify to what extent structure defects 

(i.e., blue emissions) are controlled by impact shock 

and to what extent orange/red emissions reflect 

maskelynisation, FTIR reflectance spectra can be used 

to further quantify the maximum shock-damage experi-

enced by individual plagioclase crystals.    

FTIR spectra: The mid-IR reflectance spectra of 

plagioclase display systematic changes with increasing 

shock pressure [4; Fig. 2].  Thus, well-defined correla-

tions between FTIR spectral features (such as band 

depths) of experimentally shocked plagioclase chips 

and their known peak shock pressure intensities can be 

used as to estimate shock pressure in natural mineral 

systems [4].  Here, we use the relationship of decreas-

ing band depth between ~940 cm-1 and ~1100 cm-1 and 

increasing shock from the dataset of [4] (see [10] for 

further details).   

The FTIR spectra for plagioclase crystals that dis-

play green/yellow OM-CL emissions confirm the un-

shocked nature of these crystals, yielding calculated 

shock pressures < ~5 GPa (scale of S1 according to the 

meteorite shock classification scheme of [9]). By con-

trast, measured spectra for known maskelynite crystals 

yield shock pressures > ~30 GPa (scale of S5 accord-

ing to the classification scheme of [9]), and display red 

OM-CL emissions, consistent with the observations of 

[8].  Plagioclase crystals that display orange and blue 

OM-CL emissions display FTIR spectra that are inter-

mediate between ‘unshocked’ plagioclase and 

maskelynite spectra.  Shock-pressure estimates of these 

samples suggest that the orange OM-CL emission re-

flects lesser degrees of shock compared to plagioclase 

crystals that display blue OM-CL emission.  This indi-

cates that a fundamental structural change occurs to 

plagioclase which has witnessed ~15 GPa of shock 

pressure, resulting in a change of OM-CL emissions. 

Conclusions: Plagioclase bearing clasts within 

Apollo 16 regolith breccias typically display smaller 

ranges of shock pressures (<4 GPa to ~15 GPa) com-

pared to lunar meteorite regolith breccia samples (~5 to 

~30 GPa, [4]).  Importantly, this study has identified 

ferroan anorthosite clasts in some regolith breccias that 

have been classified as being ‘pristine’ (e.g., 66035; 

[11]), do display some evidence for shock damage.   

Overall, we highlight FTIR and CL-imaging techniques 

as important tools during the characterisation of lunar 

breccias, particularly when determining whether geo-

chemically ‘exotic’ clasts such as Mg-anorthosite clasts 

[12] (purported to represent a key component of the 

farside lunar highlands), are indeed geochemical pris-

tine or if they have undergone significant shock modi-

fication and compositional equilibration [1, 13].   
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Figure 2: FTIR reflectance spectra for a select range of pla-

gioclase crystals within different planetary materials (Moon 

and Mars), illustrating the differences in reflectance spectra 

with increasing shock pressure. Increasing shock is evi-

denced by a general smoothing of spectrum (e.g. in martian 

meteorite LAR 12095, which contains extremely shocked 

‘maskelynitised’ mineral). 
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