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Abstract — Studies okhock metamorphism of feldspar typically rely oralijative petrographic
observations, which, while providing invaluabledamhation, can be difficult to interpret.
Shocked feldspars, therefore, are now being studigceater detail by various groups using a
variety of modern techniques. We apptysitu micro-X-ray diffraction (uWXRD) to shocked lunar
and terrestrial plagioclase feldspar in order totgbute to the development of a quantitative
scale of shock deformation for the feldspar gradmdesine and labradorite from the Mistastin
Lake impact structure, Labrador, Canada, and ameftom Earth’s moon, returned during the
Apollo program, were examined using optical petaptwy and assigned to subgroups of the
optical shock level classification system of S&ff{1971). Two-dimensional uXRD patterns
from the same samples revealed increased peakdmogdn the chi dimension) due to
strain-related mosaicity, with increased opticghsiof deformation. Measurement of the full
width at half maximum along (FWHMy) of these peaks provides a quantitative way tosonea
strain-related mosaicity in plagioclase feldspar.



INTRODUCTION

Studies of shocked minerals from meteorites, teredsmpact craters, and returned lunar
samples have answered many questions regardirgxputsion history of meteorites, the
formation of impact craters, and processes tha¢ laffected not only the surface of the Moon,
but the surface of the other rocky planets as Welierrestrial samples, the “go-to” mineral for
shock barometry is quartz (e.g., Schneider and étoamn 1976; Ferriére et al. 2009; French and
Koeberl 2010; Fritz et al. 2011), as it is optigaimple, resistant to alteration, and present in
many common crustal rocks. As a result, the effetshock metamorphism on quartz have been
extensively studied and it is an excellent tooildtych to determine pressure history of shock-
metamorphosed rocks. However, in many of the systested above, such as meteorites, the
surface of the Moon, and the surface of Mars, guamnuch less prevalent than it is on Earth.
One of the most promising but understudied mindmalshock barometry, in the absence of
quartz, is the feldspar group, particularly thegpdalase series, which is nearly ubiquitous in
most planetary systems.

Thus far, studies of shock effects in the feldgpaup have been limited, due to their
relatively complex crystal structures and the rapi@ at which they weather, making them
difficult to study using conventional optical tedfpues (e.g., French and Koeberl 2010;
Pickersqill et al. 2015). As a result, the effemftshock on feldspar are being increasingly
investigated using a wider range of investigate@hhiques such as Raman spectroscopy (e.g.,
Fritz et al. 2005; Jaret et al. 2014), cathodolwsaence (e.g., Gucsik et al. 2004; Kayama et al.
2012), and now micro-X-ray diffraction (WXRD). In-pay diffraction (XRD) studies, increased
strain causes peak broadening in the 2-théadjPection (Fig.1) due to progressive deformation
of the crystal lattice and the resultant variaiiod-spacing of the crystal. At pressures lower
than those that cause peak broadeningjm&formation of the crystal as a result of norfam
pressure is also seen through the existence oipteutiosely related diffracting subdomains,
termed strain-related mosaicity. Strain-related anmty is evidenced in micro- and single-
crystal XRD studies as an extension or streakingg@pattern along the Debye rings (ghi (
direction) (Fig. 1). Lengthening along thelirection progresses from single equant spots
(undeformed), to short streaks, to longer stretakshort rows of spots (asterism) with increasing
pressure, ultimately to full rings (polycrystallidee to pulverization) or amorphous bands (due
to pressure-related amorphization) (H6rz and Quag¥s; Flemming 2007; Izawa et al. 2011;
Vinet et al. 2011)ln-situ micro-X-ray diffraction (L XRD) has immense valuao destructive
techniques for examining precious planetary materiis contribution adds to the growing
body of knowledge about shock in feldspars, usiK&P to quantify the level of strain-related
mosaicity experienced by shock-metamorphosed piiage feldspar through measurement of
the full-width-at-half-maximum (FWHWN) of streaks in degrees chij‘and correlation with
optically derived signs of shock metamorphism. Tifia technique that has been previously
applied successfully to study strain-related masaic enstatite (Izawa et al. 2011) and olivine
(McCausland et al. 2010; Vinet et al. 2011), buiesg applied to plagioclase for the first time
in this work.
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GEOLOGICAL SETTING
Mistastin Lake impact structure

The Mistastin Lake impact structure is locatedentcal Labrador, Canada (55°53'N;
63°18'W). It is a complex crater structure of appnoately 28 km diameter (Grieve 2006). Mak
et al. (1976) provide a whole rot¥Ar/3°Ar age of 36 + 4 Ma. Its hypervelocity impact anig
was confirmed by Taylor and Dence (1969) throughdiscovery of planar deformation features
(PDFs) in quartz and feldspar, diaplectic quariz fidspar glasses, and poorly developed
shatter cones. The structure is located withirMigtastin Lake batholith, which is composed of
three main lithologies: anorthosite, granodior@ed a pyroxene-rich quartz monzonite
(sometimes called mangerite) (Currie 1971; Emsilig &tirling 1993). While all three lithologies
are feldspar rich, both the granodiorite and th@zoaite are heavily weathered and prone to
alteration, while the anorthosite has remainedikaly unaltered. It is the presence of this large
anorthosite body that makes the Mistastin Lakecsire an excellent scientific lunar analogue,
as anorthosite is also the main constituent oftther highlands.

Apollo Landing sites

Earth’s moon is our nearest planetary neighbor,paderves a rich and extended
geological history, due to minimal erosion and la€krustal recycling. It is a primary
exploration target for space agencies the world emnd the only planetary body, other than
Earth, from which samples have been purposefullgcied and returned. Between 1969 and
1972, six Apollo missions returned 2196 individsaimples (381.7 kg) from the near-side
surface of the Moon (Hiesinger and Head 2006). $asrfpom five of these missions (11, 12,
15, 16, and 17) were used in this study. A briehsary of the geological setting of each
mission’s landing site is given below.

Apollo 11 (July 1969) landed at Mare Tranquilitglis7°N, 24.3°E) and largely collected
basalt samples but also included pieces of anatéhibet are interpreted to be from the nearby
highlands. The majority of samples collected &t thcation are interpreted to be ejecta from
West Crater (Beaty and Albee 1978).

Apollo 12 (November 1969) landed in southeastereadas Procellarum (3.2°N,
23.4°W), near the Surveyor 3 landing site. This Etinterpreted to be younger than the Apollo
11 site, based on the relative abundance of craiethis location there is a relatively thin layer
of basalt over non-mare lithologies (Head 1977 shliger and Head 2006). Non-volcanic rocks
here originate from a prominent ray from Copernictager, which crosses the landing site. The
majority of the samples collected from this site basalts (Hiesinger and Head 2006).

Apollo 15 (July-August 1971) landed in the Hadlegehnine region (26.1°N, 3.7°E).
Samples were collected from the massifs and higlslaf the Imbrium rim, and mare of Palus
Putredinis (Hiesinger and Head 2006). The sitangdly basalts, overlain by rays from
Autolycus and Aristillus craters. Both mare and-maare rocks were collected here, including
two types of lava, anorthosites, plutonic rockspatt melt rocks, granulites, and regolith
breccias.

Apollo 16 (May 1972) landed near Descartes Cr&&8,(15.5°E) in the lunar highlands,
the only true highland landing site of the Apollmgram (Hiesinger and Head 2006). There are
numerous overlapping craters at this site. As altieall of the returned samples are impactites,
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most are impact melt rocks or fragmental breceidi$, some anorthosite samples. Samples from
this site are largely interpreted to be ejecta fthenlmbrium, Serenitatis, and Nectaris basin
forming events (e.g., Spudis 1984; Haskin et 80220

Apollo 17 (December 1972) landed at the Taurus<itValley (20.2°N, 30.8°E). This
site is at the highland/mare boundary near thehgastern rim of the Serenitatis basin. Samples
collected from this site include basalts, impacttmoeks (either from Serenitatis, or Imbrium),
and plutonic rocks (Head 1974; Haskin et al. 20d@i2singer and Head 2006; Spudis et al.
2011).

METHODS AND SAMPLES

Thirty-one polished thin sections from Mistastirkkavere selected from samples
collected during three field seasons (2009-201itképsgill et al. 2015). The selected samples
are mainly anorthosite or monomict anorthosite cieedGrains selected for uXRD were
purposely chosen to display the widest possiblgeari shock metamorphic effects based on the
petrographic study outlined in Pickersgill et 2015).

Twenty-two polished thins sections from lunar saaepliere selected from those returned
from Apollo missions 11, 12, 15, 16, and 17. Sansglection was based on proportion of
plagioclase contained within each thin sectiorjetermined from a literature review, review of
the lunar sample catalogue, and inspection of s samples at the NASA Johnson Space
Centre. The samples are mainly anorthosite, buesgabbro, basalt, impact melt rock, and
breccia are also included (see Table 1). Samples specifically selected to collect the widest
possible range of optical deformation (shock effect

All lunar plagioclase grains observed were perééieictural matches for anorthite by
UXRD, an observation which agrees with reportedmusitions of Agg.gofor these samples
(e.g., Steele and Smith 1973; Dixon and Papike 1@&5ren and Wasson 1977, 1978; Warren
et al. 1982). Plagioclase grains from Mistastinahatl pXRD patterns of andesine and
labradorite, with composition confirmed by EPMA bis&s of Ani.49 (andesine) and Apss
(labradorite) (Pickersgill et al. 2015).

Polished thin sections were examined for microscepock metamorphic effects, using a
Nikon Eclipse LV100POL compound petrographic micagse, as described in Pickersgill et al.
(2015). Micro-X-ray diffraction (UXRD) analyses vegperformed on individual grains in
polished thin sections at the Department of Eadbr&es at The University of Western Ontario,
Canada, using a Bruker D8 Discover diffractometith theta-theta instrument geometry, which
enabled the sample to remain horizontal and st@atyowhile the source and detector were
rotated. The geometry of the machine results ig ceflected X-rays being detected. It has a
sealed Cobalt source (CaK\ = 1.7889 A), Gobel mirror parallel beam optics gachangeable
pinhole collimator (100 or 300 um), and two-dimemsil (2-D) General Area Detector
Diffraction System (GADDS). Omega scans were uséarein the source and detector were
rotated simultaneously, both clockwise, througlpecgied number of degrees (Omega angle,
°w) to simulate rotation of the sample. Counting tiweess 30 minutes for GADDS frame 1
(601=14.5°,0,=16°, ®=6°) and 45 minutes for GADDS frame @%30°,0,=40°, ®=23°). The
fraction of the totaj-ring detected varies with the settings for eaelme, resulting in a
detection limit of 104y for Frame 1 and 49%or Frame 2. Beam diameter was nominally 300
pm for the majority of samples, and 100 pm forrgraainder. Where the same spots were run
using each beam diameter, there was no signifaiffierence in the resulting FWHM
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measurements. Large grains of plagioclase (geyerad0 um) were selected for analysis in
order to ensure that the X-ray beam was interaetitig only (or mainly) the chosen grain,
enabling optically observed signs of strain-relatemsaic spread (undulose extinction) to be
directly correlated with uXRD patterns. This allaer observation of the same effect with two
different techniques, enabling quantification oficgl observations of strain-related mosaicity.

Using 2-D GADDS images, spots or streaks were rated along the length of the
Debye rings (chi dimension). The resulting lineshapes had their backgroutdraated and
were smoothed by a factor of 0.15 using a SaviZkiay algorithm (Savitzky and Golay 1964)
to reduce interference of the noise on measuriaduhwidth at half maximum along
(FWHMy) (Fig. 1). Streak length was quantified by measyfFWHMy of each peak using
Bruker AXS DiffracPLUS EVA software (Bruker-AXS 20}1in the manner of Izawa et al.
(2011). In cases of asterism, the FW}idf each individual peak along the Debye ring was
measured and then the individual values for a sisgt were summed to reconstruct the width of
the original peak prior to subdomain formationagsoxy for the original strain-related mosaic
spread, in the manner of Vinet et al. (2011). Bat@othing and FWH} measurement
functions are built-in operations of the Bruker AR8fracPLUS EVA software. Further details
on the uXRD and FWHtechnique and are given by Flemming (2007), Izatel. (2011),
and Vinet et al. (2011).

Error in the FWHM value comes from a systematic measurement err£0.61 %,
based on the measurement resolution of the sofhaadefrom the signal to noise ratio, based on
the crystallinity of the sample and the diffractimm-time. Signal to noise error was calculated
by measuring the FWHwith the baseline at three different locationg thp of the noise, the
middle of the noise, and the bottom of the noides difference between the maximum/minimum
measured FWHNand the middle FWHIMwas taken for the positive/negative error,
respectively. Error is reduced to near O with lsginal to noise ratio, as observed with high-
intensity spots or streaks. However, intensity dases with increased strain-related mosaicity
(increased streak length), so that longer streai to have a lower signal to noise ratio and,
therefore, greater error associated with the measemt of the FWHM. The average error is
less than 0.5°, with the maximum error being 2.5°.

Observed lattice planes were indexed using thevatig ICDD cards: 01-079-1148 (C)-
Andesine; 00-041-1486 (*)-Anorthite; and 01-083-14C)-Labradorite. Eight Miller indices

(equal to unique values oéPwere analyzed in totaleZ) = 25.6° B, (004) = 32.7° @, (1_5
2)=47.2°D, (53 6)=74.7°D, (314) = 41.8° B, (42 4) =55.4° B, (0 64) = 58.4° B, and

(2_7 3) = 73.9° B, these peaks were chosen because they occur stdreguently among all of
the collected data.

RESULTS

A wide variety of optical signs of shock were obserin both Mistastin and Apollo
samples, ranging from uniform extinction to fubbigopism (diaplectic plagioclase glass).
Individual crystals of andesine, labradorite, andr¢hite were divided into five groups (A-E)
based on common optical indicators of strain (Fig$8). Letters assigned to the groups
intentionally increase from A to E in order of iresing apparent degree of deformation.

The FWHMy of streaks from the eight most-commonly-detecteéiieMindices of
andesine, labradorite, and anorthite grains wem@sared to quantify shock-induced strain-
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related mosaic spread in a similar manner to timgi@yed for enstatite by Izawa et al. (2011).
The results of these measurements are summarizéd.id and Tables 1 and 2. As there is
significant overlap in each group compared, we repaly average values, not upper or lower
boundaries for each group (Table 2). Measuremeants fhe four most commonly occurring
Miller indices are exhibited in Fig. 4.

Group A — Uniform Extinction

Grains exhibiting uniform extinction are characted by the entire grain becoming
extinct at the same time on rotation of the stageu cross-polarized light (Fig. 2A). All grains
in this group showed low degrees of fracturingtidetly less than those of other groups.
GADDS images of grains in this group clearly shodividual spots (Fig. 2A). The average
FWHMy was 0.67 { for Mistastin Lake, and 0.7 for Apollo.

Group B — Slight Undulose Extinction

Grains exhibiting slightly undulose extinction atearacterized by rotation of the stage
by only 1 to 2°, causing a wave of extinction tepthrough the entire grain (Fig. 2B). Most
grains in this group show irregular fracturing. GBS images of grains in this group show spots
which are beginning to streak out into ‘lozengégittare slightly longer in thedimension than
they are in the2dimension. The average FWHMvas 0.89 § for Mistastin Lake, and 0.93°
for Apollo.

Group C — Undulose Extinction

Grains exhibiting undulose extinction are charazggl by a wave of extinction passing
through the grain on rotation of the stage by ~8ad(Fig. 2C), typical of ‘classic’ undulose
extinction. The upper limit to this group is grathat are beginning to show signs of mosaic
extinction or ‘mosaicism’, in which waves of extiiun pass through different parts of the grain
in different directions (appearing ‘patchy’). Thejarity of these grains exhibit irregular
fracturing; approximately half show bent and/osefftwins. GADDS images of grains in this
group clearly show streaks, which are much lonigen they are wide, and some have begun to
show asterism, in which the streaks have resolwedshort rows of spots (Fig. 2C). The average
FWHMy was 1.07 § for Mistastin Lake, and 2.5§ for Apollo.

Group D — Partially Isotropic

Grains that have become partially isotropic areattarized by only part of the crystal
being optically isotropic, while the remainder rensabirefringent under cross-polarized light. In
the Apollo samples for this group, there appeaitsetoo crystallographic control on which parts
are isotropic (Fig. 3A), meaning that the isotrogieas are not confined by linear or planar
elements. In the Mistastin samples, there is gdgera apparent crystallographic control on
which part of the grain becomes isotropic. Occaalignhowever, it is only the alternate twins
that are amorphized, leaving the remainder of tigstal birefringent. In these cases, no
appreciable difference in chemical composition leetwtwin lamellae was observed (Pickersgill
et al. 2015). These grains exhibit irregular fracty and undulose extinction in the remaining
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birefringent part. GADDS images of grains in thisugp show clear streaks (Fig. 3A), very
similar to those exhibited by Group C. The averaBgéHMy was 2.54 { for Mistastin Lake, and
3.14 % for Apollo.

Group E — Diaplectic Glass (Fully Isotropic)

Grains that have become fully isotropic were noiiin any of the Apollo samples
examined for this study, but were present in mé&rthe Mistastin thin sections (Fig. 3B). They
are characterized by continuous extinction ofdtitere grain on rotation under cross-polarized
light, the production of an amorphous X-ray pattemd a homogenous chemical composition
matching that of plagioclase feldspar (Pickersgilhl. 2015). Due to the amorphous pattern
produced by uXRD, no streaks or spots occur ingkalting GADDS image (Fig. 3B); as a
result no measurementyns possible for these samples.

FWHM y Measurements

As seen in Fig. 4, there is significant overlap-iWHMy between the various groups;
however, the maximum values, and the average vatlesch optical group, form a general
upward trend in both the Apollo and Mistastin ssiit®ptical groups have been purposely
arranged in order of increasing apparent deformgti@ased on petrographic observations). A
deviation in the trend of maximum values is cleaGroup C of the Apollo suite, in which the
maximum value is nearly twice the maximum valu&odup D. However, the average values
for Groups C and D are the same within error. Ichezptical group, the maximum streak length
is higher in the Apollo suite than in the Mistasiunte, though the difference is so slight as to be
dwarfed by the measurement error in all but Grouplre is significant scatter in Group C in
both suites.

The biggest variation in streak length with optigedup is apparent in these Miller

indices: ( 202), (004), (1 52), and (53 6) (20 = 25.6°, 32.7°, 47.2°, and 74.7°, respectively).

The Miller indices displayed in Fig. 4 were cho®ased on their occurrence in all optical
groups. These also showed the widest range irkdeagths (e.g., these indices varied over >1—
2° FWHMy across optical groups). Some indices were noeptéas every optical group, and

these were commonly those with higher integersagisgb their Miller index (e.g., (?B),

(42_4) (20 = 73.9°, 55.4° respectively)). They have beendaftof Fig. 4, but included in the

calculations of average FWHMalues. The paucity of reflections at these pameddressed
further in the discussion section.

The average values for FWHMre very similar between the Apollo and Mistastiites
(Table 2). There is an overall correlation betwreneased strain-related mosaicity and
increased average streak length {frig. 4). The variations between sample suitéSrioups A
and C, however, suggest that further study is redub constrain the significance of these
values, including the effects of orientation of tmgstal relative to the X-ray beam which is
currently under investigation.

Due to the large beam size, relative to the widtimost polysynthetic twins, it is
apparent that several GADDS images picked up betthaf twins. This is evidenced by
repetition of the pattern at lower intensity slighdffset from the higher intensity spots or streak
from the twin occupying the majority of the areahaivhich the beam interacted. In these cases,
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or when adjacent twins were both analyzed inteaflgrfin order to determine if alternate twins
deform differently from each other under shock ¢tods), the GADDS images indicate that
alternating sets of twins typically exhibit the saamount of strain-related mosaicity as one
another. Notable exceptions to this are cases iohmditernate twin deformation is optically
apparent such as preferential isotropization @fraite twin sets. Preferential alteration of
alternate twin lamellae to a zeolite phase haslaenm observed in samples from Mistastin Lake,
and is discussed in detail in Pickersgill et aD1(2).

DISCUSSION

As evidenced by Fig. 4, FWHMmeasurements along the Debye rings_om)z (004),

(1_52), and (53_6) (20 = 25.6°, 32.7°, 47.2°, and 74.7°, respectivelyvsla general upward
trend with optically observed indicators of increasshock. Other Miller indices (those which
had higher integers as part of their index sucqﬁaém), (42_4), (0_64), (2_73) (20 = 41.8°,

55.4°, 58.4°, and 73.9°, respectively)) sometimdadt occur in all optical groups, and were
most frequently lacking in group D, particularlytime Apollo suite. As a result they graphically
appear to have less variation, but this is likalg tb the aforementioned fact that several Miller
indices are missing entirely from one or more @tgroups, and variation between two groups
is less apparent than variation between many graAga result, only those indices appearing in
all (or most) optical groups in both suites haverbshown in Fig. 4. We hypothesize that the
lack of high Miller indices measured in Group aisesult of eradication of these planes at
lower pressures due to increasing destructionraj-@nge order, as seen by HOrz & Quaide
(2973).

The minimum values observed for strain-related noggashow similarly-shaped trends
of increasing mosaic spread with increasing sheegesacross all Miller indices. However, very
high ‘outlier’ strain-related mosaicities are oolyserved for low @ reflections (low Miller

index), e.g. (_2)2) and (004), which are more readily detectibiagithis technique. This is

because at highoZhe detector is restricted to sampling a smadage ofy angles (The 6 inch
detector samples a smaller angular proportion®ttne of diffraction, which has a larger
circumference at higheO® Therefore long streaks, as produced by highbckéd samples, will
trend outside of the perimeter of the detectorwiichot be measurable and therefore will be
systematically omitted. To minimize this effect)ypoamall 2 angle lattice planes should be
used, where the detector samples a larger proparfithey angle and therefore a greater
proportion of the streaks will be fully observedhimn the limit of the detector. Alternatively,
reported mosaicity could be considered to be amum.

Comparisons of FWHIyImeasurements of neighboring twins indicate thgtcaeht twin
sets generally deform in a similar fashion, as ev@d by matching streak lengths from each
twin. This suggests that the difference in latbcentation relative to the shockwave, that allows
some twins to isotropize or develop planar deforomafeatures (Taylor and Dence 1969;
Stoffler 1966; Jaret et al. 2014; Pickersgill et2f15), while leaving others crystalline, occurs
over a very narrow range of orientations.
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Scatter in FWHMy measurements

There is a high degree of scatter in FWjdileasurements from groups B to D. Scatter
seems to increase with increasing apparent oggizatk level. There are two possible
explanations for this: subjectivity of optical gmpdetermination, and orientation of the sample.

Subjectivity of optical group determination: The optical groups created for this study
were based on observations of commonly occurrirggagteristics across the 189 grains
examined in this study (102 from the Apollo sug&,from the Mistastin Lake suite). Overlap in
streak lengths is accounted for by the highly giiadal difference between categories, such as
uniform extinction (Group A) and slight undulosdiegtion (Group B) and between slight
undulose extinction (Group B) and undulose extorc(iGroup C).

Orientation of the sample: As a result of the geometry of uXRD as appliethtaitu
samples, the possible orientations of the cryattitk relative to the X-ray beam are necessarily
restricted by the orientation of the crystal witkiie sample and, in the case of thin sections, by
the orientation of the crystal relative to the @anf the cut sample surface. This necessarily
induces scatter in the measurements, because Iyas ggassage of the shockwave through
materials known to be heterogeneous, but thereb@ilin orientational dependence of strain-
related mosaicity. As a result, if the X-ray beanmieracting with the crystal lattice
perpendicular to the direction of maximum non-uniform stresarcing maximum non-
uniform strain), the degree of streaking will bermextensive than if the X-ray beam is aligned
in thesame direction as the maximum non-uniform stress. Téeaf randomly-oriented crystals
in this study means that statistically the bulktref FWHM; measurements will fall somewhere
between this minimum value (X-rays parallel to direction of non-uniform strain) and the
maximum value (X-rays perpendicular to the diretiod non-uniform strain). As the crystals are
not all oriented in the same way relative to thea)s, this undoubtedly creates a great deal of
scatter in the measured FWHMsimple statistics may also play a role in theatscaf Apollo
Group C when compared with Mistastin Group C, asengpains populated this category for
Apollo samples (65) than for Mistastin samples (15)

In terms of investigating the degree of scattehimiindividual grains, several spots were
measured in individual grains, however no signiftadifference was observed. This might be a
result of the beam diameter relative to the sizénefcrystal, because even when the nominal
beam diameter is 100 um, at low angles the fodtpen be higher; as a result measurements
would often include the whole grain regardlesg/bére the beam is centered.

Subdivision of the lower end of the shock scale

The wide variation in streak length exhibited bgigs within Group C (undulose
extinction), particularly in the Apollo sample sjiindicates that there is more variation in
strain-related mosaicity as a function of shoclelé¢lan is apparent using conventional optical
microscopy. Micro-X-ray diffraction (LXRD) is theflore an excellent tool by which to
subdivide the lower end of the shock scale. Thef igarticular importance in the case of
plagioclase as the most widely-used shock scalplémioclase currently consists of only
essentially three categories: 0 — unshocked; Idulase extinction, PDFs; Il — diaplectic glass
(Stoffler 1971). Stoffler et a(1986) use measurements of the refractive inditshacked
plagioclase from the Shergotty meteorite to gaghér resolution division of maskelynite,
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however we still have only a limited ability to &train shock information prior to plagioclase
isotropization, although the majority of sampldsifeto this intermediate zone.

Streak lengthening ipon 2D uXRD GADDS images displaying strain-relateasaicity
demonstrates that there is a wide range of stegadtts displayed by grains which show
optically undulose extinction (Group C). While tidsnot a unique indicator of shock
metamorphism, this technique has the potentiah&blke the subdivision of the low end of the
pressure scale due to the large range of stregkhenA consistent, quantifiable, and easily-
applicable system to define the level of undulosjpyically is currently lacking. One method
could be to record the angular difference betwlerohset of extinction of the first part of the
grain and its completion, as the last part of tterggoes extinct; however, this would also need
to take into account the size of the grain in goesias smaller grains would necessarily be
rotated to a lesser degree than larger graingdier@o sweep through the entire range of
extinction angles.

Comparison of deformation in lunar and terrestrial plagioclase

As seen in Fig. 4, the samples from the Apolloessitow much higher degrees of strain-
related mosaicity in Group C than those of the 848h suite. Our preferred explanation is that
the higher degree of strain-related mosaicty imiisamples, as compared with terrestrial
samples, is a result of multiple impacts which uratedly affected many of the Apollo samples;
whereas, we know that the Mistastin samples halyeexperienced one impact and that there
was no other tectonic activity in the region to@aa for multiple generations of strain-related
mosaicity. With respect to the question of why lusemples would exhibit higher strain-related
mosaicity than terrestrial samples without beconisagropic (maximum in Group C of Apollo
suite is nearly twice that of Group D in Apollo ®)j we suggest that the answer may be
compositional, as supported by the variation inebpsessure of isotropism in high-Ca vs
medium-Ca plagioclase given by Fritz et al. (20Bhollo samples are anorthite (high-Ca
plagioclase); whereas Mistastin samples have comnpos from labradorite to andesine
(medium-Ca plagioclase). Thus, the increased maxin@oup C of the Apollo suite (Fig. 4) is
suggested to be linked to multiple impact evemsulting in higher overall strain, and to the
increased Ca content of the Apollo suite as contpr¢he Mistastin suite. Due to the smaller
maximum streak lengths in Group D as compared tw®C in the Apollo suite, we suggest that
the partial isotropization of these crystals héieved enough pressure to allow the remaining
birefringent part of the grain to remain relativetystrained.

CONCLUDING REMARKS

We have shown that the degree of strain-relatedhitiysin plagioclase feldspar can be
guantified through the use of-situ micro-X-ray diffraction. One should be mindful, hewver,
that streaking iy can result from non-uniform strain caused by rplétfactors, including
endogenic tectonic deformation, and not only bypgassage of a shockwave during meteorite
impact.

An ideal follow-up would be to experimentally shaekch composition of feldspar to
various peak pressures and then conduct uXRD anolgoaphic studies on those samples to
calibrate shock effects for each group using knpvassures and to compare the results of each
group to each other, in order to better underskawd shock affects different compositions (and
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therefore mineral structures) as seen by straatedImosaicity. Additionally, examining the
same spots targeted in this study using addititawdiniques would provide an excellent
additional quantitative dataset with which to comepthe pXRD-generated FWHjWalues
reported herein. Raman spectra, for example, shomased peak broadening and decreased
intensity with increasing shock level (Fritz et2005); if Raman spectra were to be gathered
from the same spots as used in this study, the FVdHildle Raman bands could be plotted
against the FWHM of the uXRD patterns and this might better comstitee groups used in this
study, as well as possibly illuminating trends loisters which are not currently distinguishable.
It is possible that a follow-up study of this kinebuld result in clear natural divisions becoming
apparent for the lower end of the shock scale (leaecording to Stoffler, 1971).

Pursuant to increasing the statistical reliabiityhis technique for quantification of
shock and shock scale subdivision, measuring m@aiaggmay help to constrain which Miller
indices are most useful, and to better define raigstreak lengths for each optical group.
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Fig. 1. uXRD GADDS image and stacked plots of isigrnvs. %. A) uXRD GADDS image of
an anorthite crystal in Apollo sample 60015,1140#us indicate the direction gfand

increasing 8. White box highlights the streak, which is inteagchover a narrow range o and
plotted as a function gf, as displayed in (B). B) Stacked plots of intgnsi. % showing raw
(grey), smoothed and background subtracted (blawghapes, and streak length measurement

(FWHMYy) for both. In this case, the raw (grey) FWHKIM 4.92° and the processed (black)

FWHMy is 4.90°.
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@ Group A: Uniform Extinction

Group C: Undulose Extinction © Group B: Slightly Undulose
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Fig. 2. Representative photomicrographs in crosarized light (XPL) of optical groups A-C,
correlated with GADDS images from each grain pietlilNote how the pattern on the GADDS
images goes from spots (A) to short streaks (Byrig streaks (C). The location of the analysis

is indicated by a circle on each image, the cirefgesents the nominal beam diameter of
300 um. A) Apollo sample 60619,2 shows uniformmotion under cross polarized light, and
spots on the GADDS image. B) Apollo sample 15415/@8ws slight undulose extinction, and
the beginning of streaks on the GADDS image in Whie bright spots are slightly longer than

they are wide — ‘lozenge-shaped’. C) Apollo samffi835,55 shows extremely undulose
extinction, bordering on ‘mosaicism’, and long alte with the start of asterism on the GADDS
image.



OCoO~NOOUITDS WNE

10
11
12

>

17

@ Group D: Partially Isotropic

roup E: Fully Isotropic

Fig. g.3. Representatlve photomlcrographs in crodarized light (XPL) of optical groups D and
E, correlated with GADDS images from each grairiysed. Note how the pattern on the
GADDS images goes from long streaks (A) to an amoug diffuse band (B). The location of
the analysis is indicated by a circle on each im#gecircle represents the nominal beam
diameter of 300 um. A) Apollo sample 79155,58 shavwgsain which has become partially
isotropic (black), while part remains birefringéogntre of circle); the GADDS image, which
was centred on the remaining birefringent parhefdrystal, shows longer streaks than those in
Fig. 2B. B) Mistastin sample MM10-38 has had atigibclase converted to diaplectic glass. The
left photomicrograph shows preservation of textumgdane polarized light and the right image
shows total extinction of plagioclase under crogkyzed light. The GADDS image shows a
diffuse band through the center of the image, mtilre of an amorphous XRD pattern.
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Fig. 4. Graphs of FWHMIvs. optical group for samples from the Mistastiites(top) and the
Apollo suite (bottom). The four Miller indices digged (in brackets) are those which are
represented in every optical group. Different sylaladicate the Miller index of streaks

measured from diffraction of different sets of ¢ayplanes. The average of each set is indicated
by a black bar, with bold error bars indicatinga:t 2=Uniform extinction; B=Slight undulose
extinction; C=Undulose extinction; and D=Grains g¥fhhave become patrtially isotropic. Group
E (grains which have become fully isotropic) is sbown due to amorphous nature of the

UXRD pattern. Also indicated is the shock levekath set according to Stoffler (1971). For

clarity, measurements from Miller indices whichrlut appear in every optical group are not
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shown here. Note that in both suites there is @@g¢mnpward trend from group A to group D
(which are arranged in order of increasing appawptital deformation). In Group C, there is
significant difference between FWHMneasurements in the Apollo suite as comparedeto th
Mistastin suite. There is significant scatter ia BWWHMy values for group C in the Apollo suite.
Error bars on individual measurements (thin lireeg)the difference between the
widest/narrowest possible FWHMbaseline set to bottom/top of noise, respectjvahgd the
average FWHM (baseline set to middle of noise).



TABLES

Table 1. Apollo sample list: signs of strain; nianbf grains in each group per thin section; andHMWy measurements.

Sample Origin Rock typt Optical effect Optical Average
number (Apollo mission) Group FWHM
Fracturc Undulose Mosaicisn Bent Partially (# of grains) (°y)
extinction twins Isotropic A B C D
10047,1 Adjacent to LM (11 lImenite basa X 1 0.7¢
12054,12°  Surveyor Crater (1. lImenite basa X X 2 6.1¢
15362,1. Spur Crater (1! Anorthosite (F X X 1 4 1.7¢
15415,91 Spur Crater (1! Anorthosite (F X X X 4 1.5¢€
15684, Station 9A (1& Basal X X X 1 3 3.41
60015,11.  ~30 m from LM* (16 Anorthosite X X X 6 6.7¢
60025,23  ~15 m from LM (16 Anorthosite X X X 3 1.5¢
60055, ~170 m from LM (16  Anorthosite X X 6 0.8¢
60215,1. Station 10 (1€ An brecci: X X X X 1 4 1.52
60618,- ~70 m from LM (16 Anorthosite X X X 5 2.41
60619,. 70 m from LM (16 Anorthosite X 6 3 0.7t
60629,: Near LM (16) Anorthosite (F X X X 3 3.2¢
62237,2. Buster Crater, St. 2 (1 Anorthosite (F X X 2 15 1.62
67075,4. North Ray Crater (1 Anorthosite (F X X X 1 4 1.4%
67415,11  North Ray Crater (1 Anorthosite (N X X 1 51 0.8¢
67746,1. North Ray Crater (1 Anorthosite (N X 6 0.57
68035,¢ Station 8 (1€ Anorthosite X X X 7 3.12
69955,2' Station 9 (1€ Anorthosite X X X 6 4.9¢
69955,2! Station 9 (1€ Anorthosite X X X 6 5.13
73215,19.  Lara Crater (13 Impactmelt breccii X X 1 1 5 3.41
76335,5! Station 6 (17 Anorthosite (M X X 6 1.97
79155,5! Station 9 (17 Gabbr X X X 6 4.81

Abbreviations: LM=Lunar Module; F=Ferroan; M=Magies N=Noritic; An=Anorthosite

*Probable collection location, but details of itdlection, situation, and orientation are not known
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Table 2. Average FWHlImeasurements across all Miller indices for optgraups.

Average FWHM (°y) Number of Spo
0.G. Description Apollo s.d Mistastir s.d Apollo Mistastir
A Uniform extinctior 0.7¢ 0.3z 0.67 0.2 16 8
B Slight undulose 0.9: 0.4C 0.8¢ 0.4¢€ 10 18
extinction
C Undulose 2.5¢ 2.0z 1.07 0.8C 65 15
extinction
D Partially isotropi 3.1 1.3¢ 2.5¢ 1.7% 8 8
E Diaplectic glas N/A N/A N/A N/A

Abbreviations: O.G.=Optical Group; s.d. = standdegiation (-); N/A = Not applicable



