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Abstract–The microstructures of lunar zircon grains from breccia samples 72215, 73215, 73235,
and 76295 collected during the Apollo 17 mission have been characterized via optical
microscopy, cathodoluminescence imaging, and electron backscatter diffraction mapping. These
zircon grains preserve deformation microstructures that show a wide range in style and
complexity. Planar deformation features (PDFs) are documented in lunar zircon for the first
time, and occur along {001}, {110}, and {112}, typically with 0.1–25 lm spacing. The widest
PDFs associated with {112} contain microtwin lamellae with 65� ⁄<110> misorientation
relationships. Deformation bands parallel to {100} planes and irregular low-angle (<10�)
boundaries most commonly have <001> misorientation axes. This geometry is consistent
with a dislocation glide system with <100>{010} during dislocation creep. Nonplanar
fractures, recrystallized domains with sharp, irregular interfaces, and localized annealing
textures along fractures are also observed. No occurrences of reidite were detected. Shock-
deformation microstructures in zircon are explained in terms of elastic anisotropy of zircon.
PDFs form along a limited number of specific {hkl} planes that are perpendicular to
directions of high Young’s modulus, suggesting that PDFs are likely to be planes of
longitudinal lattice damage. Twinned {112} PDFs also contain directions of high shear
modulus. A conceptual model is proposed for the development of different deformation
microstructures during an impact event. This ‘‘shock-deformation mechanism map’’ is used
to explain the relative timing, conditions, and complexity relationships between impact-
related deformation microstructures in zircon.

INTRODUCTION

The Earth and Moon preserve records of impact
events throughout geological time (Stöffler and Ryder
2001). Large impact events on Earth can have a dramatic
and rapid effect on the global climate, and have been
linked to the K–T mass extinction event. However, the
temporal correlation between potential cause and effect
depends on the acquisition of precise and accurate dates
for impact and mass extinction events (Jourdan et al.
2009). During impact events, strong stress (elastic, elastic-
plastic, and shock) waves propagate through the target
rocks (Melosh 1989). Shock waves travel at supersonic

speeds away from the impact site with pressures that
exceed the Hugoniot Elastic Limit (rHEL). Shock waves
cause plastic damage at the abrupt wave fronts, and decay
rapidly to elastic waves with distance (Melosh 1989). This
is closely followed by excavation of a transient crater and
a wake of incipient melting, vaporization, and ejection of
debris, which happen in the order of a few minutes,
depending on the scale of impact. Late stage crater
modification occurs by gravity-driven slumping and creep
(Melosh 1989). The types and distribution of features
produced during crater formation can be attributed to
shock conditions during impact events (Robertson and
Grieve 1977; Grieve et al. 1996; Wittmann et al. 2006).
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U-Pb dating of zircon (ZrSiO4) can be the most
accurate and precise way to date impact events (Krogh
et al. 1984, 1993; Deutsch and Schärer 1994; Jourdan
et al. 2009; Liu et al. 2009, 2010; Kelley and Sherlock,
Forthcoming). The most reliable way to constrain
an impact event is to date zircon crystallized during an
impact event, either as neoblasts from impact melts
(Krogh et al. 1984; Grange et al. 2009; Liu et al. 2009,
2010; Moser et al. 2011) or infilling fractures within older
grains. Impact events also cause deformation in zircon
contained in the target rocks and cause resetting of the
U-Pb system of zircon (Deutsch and Schärer 1990;
Schärer and Deutsch 1990). The strained target rocks
in the vicinity of impacts are much more voluminous than
localized domains of crystallized impact melt.
Consequently, impact-affected pre-existing grains are
much more numerous and widespread than neoblasts,
and have better potential to preserve evidence of impacts
in the rock record, either in situ, or as eroded detritus
(Cavosie et al. 2010).

Shock Microstructures in Zircon and Phase

Transformations

Zircon from terrestrial impact sites can preserve a
variety of impact-related microstructures. Nonplanar
fractures (NPFs; Fig. 1A) and crystallographically
controlled planar fractures (PFs; Fig. 1B) have been
reported in zircon from impact sites on Earth and shock-
deformation experiments. PFs are a type of closely spaced
cleavage that can be indicative of shock conditions,
particularly in minerals that do not form cleavage under
most ‘‘tectonic’’ stress conditions, such as quartz
(Langenhorst 2002). In this sense, PFs are true open
fractures, and newly grown minerals and ⁄or melt can
occupy dilated fractures at the highest shock conditions
(e.g., Moser et al. 2011). However, NPFs are not
exclusively formed by impact shock, and could be formed
by other processes (Leroux et al. 1999; Austrheim and
Corfu 2009; Cavosie et al. 2010). For example, many lunar
zircons preserve radial, and subparallel sets of NPFs (e.g.,
Nemchin et al. 2009). Textural relationships with
surrounding material indicate that the formation of radial
fractures is a result of radiation damage after the
incorporation of the zircon clasts into the breccias (Meyer
et al. 1996), indicating that this class of NPFs are not
shock-related.

Several types of microstructure form unequivocal
evidence of impacts. Planar deformation features (PDFs;
Fig. 1G) are essentially thin (<200 nm) lamellae
containing an amorphous phase, with the same
composition as the host crystal, that occur along a limited
number of rational, low index crystallographic planes in
minerals (Grieve and Robertson 1976; Stöffler and

Langenhorst 1994; Langenhorst 2002). In PDFs in quartz
at shock conditions below the melting temperature, the
amorphous phase is a diaplectic glass that retains short-
range order (Stöffler and Langenhorst 1994). In PDFs
formed above the melting temperature, quartz in
PDFs forms a liquid that quenches to glass with flow
textures (Lechatelierite) on the reduction of shock pressure
(Stöffler and Langenhorst 1994). Vesicles and fluid
inclusions associated with quenching of this phase can
sometimes ‘‘decorate’’ PDFs (French 1969; Stöffler
and Langenhorst 1994; Langenhorst 2002). Specific
orientations of PDF planes in quartz are indicative of
grades of shock metamorphism (Robertson and Grieve
1977; Langenhorst 2002). However, amorphous PDF
formation is a function of textural and mineralogical
environment. For example, particular {hkl} PDF
formation in quartz can vary by up to 4 GPa in different
rock types (Grieve and Robertson 1976; Langenhorst and
Deutsch 1994). Consequently, studies of amorphous PDFs
in natural shocked grains give only a broad estimate of
maximum shock pressure conditions (Robertson and
Grieve 1977; Stöffler and Langenhorst 1994). PDFs have
generally been observed in zircon grains via optical
microscopy, secondary electron (SE) imaging after
weak etching with NaOH, and transmission electron
microscopy (TEM) (Leroux et al. 1999). In zircon,
amorphous PDFs form along {320} and {110} at 40 and
60 GPa, respectively (Leroux et al. 1999).

Microtwin lamellae, such as Brazil twins in
shocked quartz, can form during impact shock events
and were previously regarded as PDFs because they are
indistinguishable via optical microscopy (Langenhorst
2002). Analysis via TEM has confirmed impact-related
mechanical microtwins in zircon that form lamellae
along {112} planes (Fig. 1H) (Leroux et al. 1999).
Microtwins in zircon have a 65� rotational symmetry
around <110>, and can form at relatively low shock
conditions (<20 GPa, using quartz shock microstructures
as a reference) (Moser et al. 2011). Dislocation creep
microstructures (e.g., Figs. 1D–F) from a lower crustal
xenolith near the Vredefort impact structure have been
identified in zircon via electron backscatter diffraction
(EBSD) mapping (Moser et al. 2009, 2011). These
authors attribute the crystal-plastic deformation in the
zircon to ductile flow in the lower crust during
postimpact recovery. The oldest known lunar zircon
(72215,195 zircon 1) preserves crystal-plastic deformation
microstructures (Nemchin et al. 2009). In this grain,
two sets of deformation bands lie parallel to {100}
planes and crosscut sector growth zoning. Impact-
related dislocation glide systems in zircon consistently
have a <100>{010} geometry (Leroux et al. 1999;
Reimold et al. 2002; Moser et al. 2009; Nemchin et al.
2009).
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The presence of the high-pressure polymorph of
ZrSiO4, reidite, was discovered by Reid and Ringwood
(1969), and first confirmed in natural impact rocks by
Glass and Liu (2001). The transformation to reidite,
which is also tetragonal and has a scheelite structure
(space group I41 ⁄a), is nucleated along {100} planes in
zircon via a simple shear mechanism such that [110]zircon
becomes [100]reidite and (112)zircon aligns with (100)reidite.
(Fig. 1I) (Kusaba et al. 1985, 1986; Leroux et al. 1999).
Reidite has been detected via Raman spectroscopy
(Leroux et al. 1999; Gucsik et al. 2004). However, the
exact form of reidite is not clear. The only direct
evidence of reidite is via TEM of experimentally shocked

zircon that shows microtwin lamellae of reidite within a
planar microstructure parallel to {100} in zircon (Leroux
et al. 1999). The conditions for transformation of zircon
to reidite are not well established. The transformation
process is thought to begin at approximately 20 GPa and
be completed at approximately 53 GPa (Kusaba et al.
1985; Fiske 1999; Leroux et al. 1999; Wittmann et al.
2006).

Shock metamorphism of zircon can also result in
polycrystalline aggregates, or ‘‘granular-textured’’ zircon,
which is interpreted to form by the recrystallization of
incipient shock-induceddiaplecticZrSiO4 glass during high
postshock temperatures (Bohor et al. 1993; Kamo et al.

Fig. 1. Schematic diagrams to illustrate the observed range in impact-related microstructures. Shaded parts of the diagrams
indicate volumetric domains of modification of zircon. A) Nonplanar fractures. Dilated apertures can be filled with new zircon or
impact melt of a different composition. Nonplanar fractures are not necessarily diagnostic of impact shock, and could form due to
other processes. B) Planar fractures. Surfaces along which cohesion has been lost. C) Solid-state recrystallization. Arrows indicate
the front of recrystallization. D–F) Crystal-plastic deformation. D) Distributed strain accommodated by dislocations. E)
Microstructure accommodated by discrete low-angle boundaries and distributed dislocations. F) An energetically favorable
scenario where dislocations have migrated into low-angle boundaries. Arrow indicating relative temperature refers to (D–F). G)
Planar deformation features. A discrete, crystallographically controlled zone of lattice damage (amorphous material). H)
Microtwin lamellae. These form along {112} planes with 65� ⁄<110> relationship with host. I) Reidite lamellae. These form as
microtwin lamellae within {100} planar features in the host zircon with [110]z = [100]r and (112)z = (100)r. Arrow indicating
relative shock pressure refers to (G–I).
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1996; Glass and Liu 2001; Gucsik et al. 2004). This process
is thought to occur during sustained shock and ⁄or at high
shock pressures. Pidgeon et al. (2007) reported an unusual
lunar zircon aggregate texture (73235,82 zircon 1), where
fragments of a sector-zoned grain reside in a ‘‘matrix’’ of
younger low-crystallinity, high-U zircon. These authors
interpreted the texture to have resulted from localized
shock metamorphism, where the matrix represents
diaplectic zircon glass. Decomposition of zircon to SiO2

and ZrO2 (baddeleyite) was first reported by Kleinmann
(1969), and occurs at shock pressures and temperatures
over 70 GPa and 1775 �C, respectively (El Goresy 1965;
Kusaba et al. 1985).

Despite the fact that the surface of the Moon has
undergone multiple impact events, there have been no
PDFs, PFs, granular textures, decomposition to
baddeleyite or reidite reported in lunar zircon (Pidgeon
et al. 2011). This could be symptomatic of comparatively
few grains available for study (so far on the order of 100
grains) relative to the vast numbers of terrestrial impact
grains studied.

This study focuses on zircon grains from lunar
impact breccia samples 72215, 73215, 73235, and 76295
recovered during the Apollo 17 mission. Deformation in
these samples can be unequivocally attributed to
formation during impact events, and are unlikely to be
affected by tectonic or weathering processes such as
could be found in terrestrial impact rocks. Most previous
studies of lunar impact microstructures in zircon have

relied on qualitative petrographic techniques, and there
is no systematic analysis using modern quantitative
microstructural techniques. This article redresses this
issue by examining several different types of impact-
related microstructures in lunar zircon, to develop a
conceptual framework for their formation.

ANALYTICAL TECHNIQUES

Petrographic thin sections were prepared by NASA.
EBSD analysis required that samples were given a final
polish with 0.06 lm colloidal silica in NaOH for between
3 and 5 h on a Buehler Vibromet II polisher. Zircon
grains were imaged in the scanning electron microscope
(SEM) using SE, backscatter electron (BSE), and
panchromatic cathodoluminescence (CL) detectors. The
SEMs used include a W-source Phillips XL30 SEM fitted
with a CCD-Si CL detector, a W-source Zeiss EVO
SEM, and a dual-beam field emission gun Zeiss NEON
40 SEM at the electron microscopy facility at Curtin
University, Western Australia. SEM settings are
summarized in Table 1. EBSD data were collected via
automated mapping using an Oxford Instruments EBSD
Channel 5 (SP9) acquisition system, including Nordlys
detector. EBSD settings were optimized for zircon after
Reddy et al. (2007, 2008), and are given with EBSD
indexing statistics in Table 1. Theoretical match units for
zircon (space group I41 ⁄amd; Hazen and Finger 1979)
and reidite (space group I41 ⁄a) were listed for the

Table 1. SEM and EBSD settings and statistics.

Technique SEM

Detector ⁄ acquisition
system

Acc.

voltage (kV) Probe current

Working
distance

(mm) Tilt (�)

CL Phillips XL30 (W-filament) KE Developments 10–12 Spot 6–7 15–17.4 0

EBSD Zeiss Neon dual-beam FEG
(Figs. 4 and 5: Phillips
XL30 W-filament)

Oxford Instruments
Channel 5.9

20 (XL30: Spot 5) 15 70

EBSD settings

EBSP collection time per frame (ms) 60
Background (frames) 64

EBSP noise reduction
Frames 4
Binning 4 · 4

Gain High
Hough resolution 65
Match units Zircona, reidite

(plus anorthite, Fig. 6)

Band detection—No. bands 6–8
Data noise reduction ‘‘wildspike’’ removal,

five nearest neighbor

zero solution extrapolation

Note: SEM = scanning electron microscope; EBSD = electron backscatter diffraction; CL = cathodoluminescence; FEG = field emission gun.
aGenerated from zircon crystal structure at 9.8 Atm (�1 MPa) (Hazen and Finger 1979).
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automated indexing of EBSD patterns. Feldspar was
indexed in one map using anorthite match units in the
HKL database within Channel 5 Flamenco software. All
EBSD data were processed using Oxford Instruments
Channel 5 software using procedures detailed elsewhere
(Reddy et al. 2007). EBSD data were used to generate
EBSD pattern property maps, crystallographic
orientation maps, pole figures, and misorientation axis
distributions. The plotting procedures have been
described in detail elsewhere (Reddy et al. 2007). The
results from each grain are ordered from the simplest to
the most complex microstructures.

RESULTS

Sample Descriptions

The lunar impact samples in this study include 72215
from the rim of the Nansen crater (Marvin 1975; Ryder
et al. 1975; Wood 1975; Nemchin et al. 2009), samples
73215 and 73235 from approximately 50 m east of the
rim of Lara crater (Spudis and Ryder 1981; Ryder 1993),
and breccia sample 76295, chipped from an ejecta
boulder at station 6 (Meyer 1994).

73235,60 Zircon 4
Sample 73235,60 is a fine-grained clast-rich aphanitic

impact-melt breccia. It consists of a groundmass of
plagioclase, pyroxene, opaque minerals, and rare spinel,
and has lithic clasts strung out as schlieren within the
dense matrix (James et al. 1975; Ryder 1993; Grange
et al. 2011). Zircon 4 is a single subhedral grain clast,
approximately 80 lm across, with no internal zoning
seen in SE or BSE images and a homogenous, dark CL
response (‘‘hexagon’’ grain of Grange et al. 2011). The
grain records no variations in EBSD pattern quality
(band contrast), and <0.5� crystallographic orientation
variations (Fig. 2A).

73215,122 Zircon 5
This irregular-shaped grain occurs as an isolated

clast about 60 lm in length, and appears to be a
fragment of a larger grain (Fig. 2B). The grain is
uniformly dark in CL, and numerous small fractures
emanate from one edge. A discrete domain on one
corner with low relief yields sufficiently poor EBSD band
contrast that this region was not indexed (shown by
arrow on Fig. 2Bii). Orientation mapping by EBSD
shows approximately 10� of cumulative crystallographic
misorientation across the grain, distributed over tens of
micrometers and aligned with {100} and the long axis of
the grain (Fig. 2B). The pole figure shows a smooth
dispersion of crystallographic poles with a rotation axis
parallel with <001> (Fig. 2Bv).

Fig. 2. A) Zircon 4 from 73235,60. B) zircon 5 from 73215,122.
i) SE images. Elliptical pits are from in-situ ion microprobe
analyses (Grange et al. 2011). ii) Electron backscatter
diffraction band contrast map. Grayscale value indicates the
contrast of the diffraction bands, and is a measure of EBSD
pattern quality (white = high quality). iii) Map of
crystallographic orientation from EBSD data, colored for
crystallographic orientation relative to a reference orientation
(blue), defined by white cross, to 8� or 10� misorientation (red).
iv) Cumulative misorientation profile along line shown in (iii).
v) Stereographic projections of crystallographic poles for the
EBSD data shown in (iii). Poles are predominantly dispersed
around a single axis in (Biii) that coincides with <001>. Lower
hemisphere equal area projections in sample x–y–z coordinates.
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73235,60 Zircon 5
This is one of several grains enclosed within a felsic

granophyre clast (Meyer et al. 1996). It is approximately
150 lm across, has predominantly straight sides that are
parallel to {100}, and contains rounded inclusions
comprising aggregates of fine-grained silica and feldspar
(‘‘cracker’’ grain of Grange et al. 2011). SE imaging
shows patchy domains of low relief that have
characteristically poor-quality EBSD patterns that could
not be indexed (Fig. 3). The grain is fragmented by a
network of brittle fractures that offset the grain boundary.
Orientation mapping by EBSD shows that the individual
fragments do not contain internal crystallographic
orientation variations, but have rotated relative to each
other by several degrees (cumulatively 35� across the
grain).

73235,82 Zircon 1
This is an aggregate of loosely interlocking

subangular zircon grains enclosed in an anorthositic clast
within breccia 73235 (‘‘pomegranate’’ grain of Pidgeon
et al. 2007) (Fig. 4). Zircon with low polishing relief
occurs between many of the zircon fragments. This
interstitial zircon yields very poor EBSD pattern quality,

and could not be indexed. EBSD orientation mapping
shows that the individual grains are randomly oriented
relative to each other (Fig. 4). Some grains preserve
gradational variations in crystallographic orientation,
particularly at the edges of the grains that account for up
to 10� cumulative misorientation. However, these
domains are not completely continuous from grain to
grain (Fig. 4).

72215,195 Zircon 1
The oldest lunar zircon is in the clast-rich impact-

melt breccia (72215) and has previously been described
by Nemchin et al. (2009). It is approximately 550 lm
across and contains variations in birefringence that
define primary zones (Fig. 5A). Nemchin et al. (2009)
have shown that differences in U and Th between zones
have resulted in varying degrees of radiation damage,
which has locally reduced the refractive index and CL
signal. The lack of well-developed crystal faces and
truncation of sector and concentric zoning indicates
that it is a relict fragment of a larger grain. Bright
domains in CL correspond to the highest birefringence,
low-U, low-Th sectors (Fig. 5B). EBSD pattern quality
(band contrast) varies across the grain, coincident with

Fig. 3. Data for zircon 5 from 73235,60. A) SE image. Elliptical pits are from in-situ ion microprobe analyses (Grange et al. 2011).
B) EBSD band contrast map. C) Crystallographic orientation map from EBSD data. White cross indicates reference orientation.
D) Cumulative misorientation profile along line shown in (C).
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the sector zoning observed in the optical image. The
low birefringence, high U and Th domains yield the
poorest EBSD patterns, and could not be indexed
(Fig. 5).

Orientation mapping reveals two orthogonal sets of
deformation bands that cannot be seen using other
imaging techniques (Fig. 5Di–ii). These cut across the
primary zoning in the grain (Fig. 5D). The bands are
oriented parallel to the trace of {100}. Changes in the
sharpness of the bands can be observed that reflect
transitions from gradational to discrete changes in
crystallographic orientation along their length (Figs. 5D
and 5E). The deformation bands have misorientation
axes parallel to <001> (Fig. 5F).

73215,122 Zircon 6
This single grain consists of three rounded ⁄ lobate

‘‘arms,’’ such that it resembles a propeller (Fig. 6). It is
situated between three anorthite grains that, together with

the zircon, form a rounded lithic clast in sample 73215. Sets
of fractures that cut across the zircon and anorthite are
clearly visible in SE imaging (Fig. 6A). Several sharply
bounded, approximately 5 lm wide domains of zircon
with low polishing relief and poor EBSD pattern quality
occur along the zircon-anorthite interface (indicated by
arrows in Fig. 6B). The outermost parts of the three lobes
also yield poor EBSD patterns with low percentage
indexing. Two of these domains have straight boundaries
parallel to (100) (white arrow heads in Fig. 6B), whereas the
other boundary is gradational over approximately 20 lm.
EBSD mapping reveals complex and heterogeneous
variations in crystallographic orientation across the grain,
characterized by gradational changes and discrete low-angle
(mainly <10�) boundaries (Fig. 6C). The cumulative
misorientation accommodated by these microstructures is
24� across the grain, predominantly by misorientation
around<001> (Figs. 6C and 7). Thesemicrostructures are
crosscut by brittle fractures, which do not accommodate

Fig. 4. Data for the zircon 1 aggregate in 73235,82. A) SE image. Bright spots are from in-situ ion microprobe analyses (Pidgeon
et al. 2007). B) Orientation map from EBSD data with Euler colors to show crystallographic variations between grains (Reddy
et al. 2007). Euler colors are defined by three color channels assigned to three Euler angles that describe the orientation. C)
Orientation map to show the crystallographic variations within grains from a central reference orientation (blue) to misorientation
of 10� (red). D) Local misorientation map to show orientation gradients within grains. Each pixel is colored for mean
misorientation (degrees) for each point and its immediate neighboring points (3 · 3 local grid). E) SE image of a detail of the
aggregate. F–H) As in (B)–(D). I) Stereographic projections of crystallographic poles for the EBSD data shown in (B). J)
Stereographic projections of crystallographic poles for the EBSD data shown in (F). (I) and (J) are lower hemisphere equal area
projections in sample x–y–z coordinates.
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Fig. 5. Data for zircon 1 from 72215,195. A) Photomicrograph showing sector zoning defined by variations in birefringence.
Elliptical pits are from in situ ion microprobe analyses (Nemchin et al. 2009). B) CL image. C) EBSD band contrast map. D)
Orientation map from EBSD data to show the intragrain orientation variations. Each pixel is colored from reference orientation
(blue, indicated by white cross to a misorientation of 12� (red). Two sets of deformation bands are parallel to the trace of {100}
planes, indicated by arrows (i) and (ii). E) Cumulative misorientation profile along line (iii) to (iv) in (D). F) Pole figure of key
crystallographic planes in zircon. Great circles are {100} planes. Data are dispersed around a rotation axis parallel to <001>
direction. Data plotted as lower hemisphere equal area projections in sample x–y–z coordinates.
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significant misorientation. The surrounding anorthite grains
show complex internal microstructure that comprises
subgrains and deformation bands, bound by low-angle (<2�)
boundaries and deformation twins with a 180� around
<001>relationship (Figs. 6Band6C).

73235,59 Zircon 3
This subrounded grain is approximately 250 lmacross

and occurs in the aphanitic impact-melt breccia 73235
(‘‘tiger’’ grain ofGrange et al. 2011). SE imaging shows two
discontinuous domains of high polishing relief and sharp,

Fig. 6. Data for zircon 6 from 73215,122. A) SE image showing the grain between three anorthite grains. Elliptical pits are from
ion microprobe analyses. B) EBSD band contrast map. Narrow domains at the grain interface indicated by the arrows yield low
band contrast EBSD patterns. White arrows indicate sharp (100)-parallel boundaries to low band contrast domains. C) Orientation
map from EBSD data to show variations in the intragrain orientation in the zircon and anorthite. Zircon is colored from reference
orientation (blue), indicated by white cross, to a misorientation of 24� (red). Anorthite colored for variations up to 180�.
Boundaries between adjacent pixels with >2� misorientation are shown with solid lines (see legend). D) Cumulative misorientation
profile along line (i)–(ii) shown in (C). E) Local misorientation map to show orientation gradients within grains. Each pixel is
colored for mean misorientation (degrees) on a local 11 · 11 grid.
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irregular boundaries at the rim of the grain (indicated by
arrows in Fig. 8A). These domains are bright in CL and have
strong EBSD patterns. The rest of the grain shows a subtle
‘‘wispy’’ CL pattern, with no concentric or sector zoning. The
grain iscutbyNPFs(Fig. 8B).

Parallel, straight, narrowly spaced bands cut across
the grain and are visible in cross-polarized light
(Fig. 8B). EBSD mapping shows these to be discrete,
narrow (<100 nm to �2 lm wide) domains of reduced
EBSD pattern quality, that are interpreted to be PDFs
(Figs. 8F and 8J). They occur parallel to the traces of
two different {112} (Figs. 8 and 9). Their spacing is
heterogeneous between and within the sets. One set
typically occur as a composite or cluster of PDFs with
5–10 lm spacing (Figs. 8F and 8J). The widest PDFs
contain zircon of a significantly different orientation to
the host grain (Figs. 8G and 8K). Misorientation
analysis reveals a 65� around {110} mismatch with the
host grain, which is a known twin relationship in
shocked zircon (Fig. 9) (Leroux et al. 1999). PDFs of the
other set are spaced approximately 40–50 lm apart, and
also contain microtwins with a 65� ⁄ {110} relationship
(Figs. 8J and 9). Both sets of PDFs and microtwins cut
across the patchy, CL-bright rim domains.

Orientation mapping shows that the grain preserves
approximately 5� of crystallographic misorientation
(Figs. 8E and 8H). In detail, this is accommodated
across low-angle (<1�) boundaries that are parallel to
(100) (Fig. 8K). This misorientation microstructure
crosscuts the patchy bright CL rim domains, and
intersects PDFs ⁄microtwins (Figs. 8J and 8K). EBSD
mapping also shows that the PDFs and microtwins have
been locally annealed at the edge of the grain and
adjacent to intragrain fractures to a distance of
approximately 5 lm (Figs. 8F, 8G, 8J, and 8K). In some
instances, microtwins have been replaced with the host
orientation once again.

76295,91 Zircon 2
This grain is approximately 260 lm long and occurs

in the crystalline matrix of breccia 76295. It is featureless
in SE images (Fig. 10), and contains an unusual sector-
zoned core as seen in CL. The EBSD band contrast map
shows that the grain contains five sets of differently
oriented PDFs with similar morphology as found in
73235,59 zircon 3 (Fig. 10B). They occur parallel with
the traces of two {112}, two {110}, and (001). They are
heterogeneously developed across the grain with variable
spacing (Fig. 10B). Orientation mapping shows that the
grain has approximately 17� cumulative misorientation
(Fig. 10C). This is predominantly accommodated by
planar low-angle (<10�) boundaries that coincide with
planar features seen in the EBSD band contrast map
(Figs. 10B and 10C). The grain also contains two twin
orientations (Figs. 10C and 11A). Twins occur as small
(<5 lm wide), equant subdomains at the intersection of
planar features with irregular low-angle boundaries,
rather than as lamellae seen in 73235,59 zircon 3.
Misorientation analysis confirms that each twin
orientation has a 65� ⁄ [110] misorientation relationship,
similar to microtwins in 73235,59 zircon 3 (Figs. 10C
and 11). Less common are irregular low-angle
boundaries and associated subgrains (Fig. 10C). Plots of
the crystallographic poles for 76295,91 zircon 2 show a
complex dispersion pattern of all poles, with no
dominant dispersion axis (Fig. 11A).

DISCUSSION

Impact Microstructures Preserved by Lunar Zircon

Fractures and Veins
Nonplanar fractures are the most readily identifiable

shock microstructure in zircon. Most lunar zircon grains
are fractured to various degrees. At low strains, cracks

Fig. 7. Stereographic projections of crystallographic data shown in Fig. 6. A) Pole figure showing dispersion of poles around
<001> rotation axis. Data plotted as lower hemisphere projections in sample x–y–z coordinates. B) Misorientation axis plot
showing clustering of data around <001> for all misorientation angles. Data plotted as lower hemisphere equal area projections
in sample x–y–z coordinates.
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form with little consequence on the internal
microstructure. During impact events, block rotation of
the fractured fragments may occur (e.g., Figs. 3 and 4).
Open fractures have permitted localized static annealing
of amorphous PDFs and microtwins adjacent fracture
interfaces within 73235,59 zircon 3, locally lowering the
stored strain energy (e.g., Fig. 8J). Static annealing is a

thermomechanical recrystallization process (Humphreys
and Hatherly 1996). Therefore, these fractures must have
been pathways for heat exchange that provided the
driving force for recrystallization. Fractures also enable
melt to penetrate zircon grains (e.g., Figs. 1A, 1B, and
3). No crystallographically controlled PFs have been
found in the zircon in this study, despite many differently

Fig. 8. Data for zircon 3 from 73235,59. A) SE image. Arrows indicate high relief domains. Elliptical pits are from in-situ ion
microprobe analyses (Grange et al. 2011). B) Photomicrograph, cross-polarized light. C) CL image. D) EBSD band contrast map.
E) Orientation map from EBSD data. White cross indicates position of reference point. F) High-resolution EBSD band contrast
map of part of the grain highlighted in (D). The edge of the grain is at the top left of the image. G) Orientation map of area shown
in (F) colored from reference orientation (blue), indicated by white cross, to a misorientation of 5� (orange). Twin 1 domains are
colored red. H) Cumulative misorientation profile along line (i)–(ii) shown in (G). I) SE image of part of the grain highlighted in
(D). Oval pits are from ion probe analyses. J) High-resolution EBSD band contrast map. K) High-resolution orientation map from
EBSD data. White cross indicates position of reference point. Color scheme as in (G). An additional twin orientation (twin 2)
shown in pink. Traces of key crystallographic planes are shown by arrows on (F) and (I). Locally annealed PDFs and twins are
shown by arrows on (F, G) and (J, K).
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oriented PFs reported for terrestrial impact zircon
(Fig. 12).

Discrete Planar Features (PDFs, Microtwins, Reidite,
Their Interrelationships)

Planar microstructures, revealed by EBSD mapping
as discrete <5 lm wide lines (and commonly composite
lines) of reduced EBSD band contrast, are interpreted as
shock-induced PDFs. Band contrast is a fundamental
property of an EBSD pattern and is sensitive to
variations in damage to the crystallographic lattice
(Wilkinson 2000; Timms et al. 2010). Disorder at the
scale of the electron-beam activation volume reduces
pattern intensity such that high defect density domains
yield degraded EBSD patterns, and amorphous material
does not produce EBSD patterns. The samples do not
have EBSD band contrast variations associated with
surface topography generated by differential polishing.
Therefore, the microstructures represent heterogeneously
distributed crystallographic planes of localized damage.
However, it is unclear from the EBSD band contrast
criterion alone whether these features contain a higher
defect density or diaplectic glass. 73235,59 zircon 3 and
76295,91 zircon 2 both preserve PDFs parallel to {112}
(Figs. 8 and 10). 76295,91 zircon 2 preserves additional
sets of PDFs parallel to (001) and {110}, the latter
having also been reported in experimentally shocked
zircon (Figs. 9 and 12C). The most common spacing

among different {hkl} PDFs is between 0.1 and 8 lm
(Fig. 13). However, in grains where multiple sets of
PDFs are developed, the spacing of PDFs formed along
symmetrically equivalent crystallographic planes can
vary substantially (Fig. 13), indicating that PDF spacing
cannot be used in a simple way to indicate shock
conditions.

The occurrence of PDFs along specific {hkl} can be
considered from elastic properties of zircon. The
formation of PDFs, twins, and phase transformations
must occur if yield conditions for plastic behavior
(Hugoniot Elastic Limit) are exceeded. Minerals respond
elastically before the plastic limit is reached, and therefore
elastic behavior will probably exert some influence on the
nature of the plastic strain component. For elastic
materials, Young’s modulus (E) scales a longitudinal
strain (or displacement), i.e., a kinematic impluse, into an
equivalent stress, i.e., a dynamic response. Shear modulus
(G) describes the same relationship for shear strains, and
shear stresses. Thus, high values of these moduli—the
constants of proportionality in the equations that govern
the moduli—reflect more stress ‘‘response’’ for a given
strain (or displacement) ‘‘input.’’ Zircon is highly
anisotropic in its elastic properties, such as its Young’s
modulus (E is 63.4%) and Shear modulus (G is 20.7%)
(Fig. 14) (Hearmon 1984). The directions normal to all the
PDF plane orientations reported here and elsewhere
always coincide with high values of Young’s modulus

Fig. 9. Crystallographic data for zircon 3 from 73235,59. A) Pole figures of key crystallographic planes in zircon for data shown in
Fig. 8G. Color schemes as in Fig. 8G. B) Plots to summarize the crystallographic relationships between (i) the host grain, (ii) twin
1, and (iii) twin 2. Data plotted as lower hemisphere equal area projections in sample x–y–z coordinates.
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Fig. 10. Data for zircon 2 from 76295,91. A) SE image. B) EBSD band contrast map. Traces of crystallographic planes are
indicated by arrows. C) Orientation map from EBSD data to show intragrain crystallographic orientation variations from a
reference point indicated by white cross (blue) to 17� misorientation (orange). Twin orientations 1 and 2 are colored purple and
pink, respectively. Misorientation profile along line (i)–(ii) is shown in lower right. iii) An example of a twin domain (inset).
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(Fig. 14). That is, zircon is elastically ‘‘softest’’ in
directions perpendicular to the PDF planes. However,
PDF planes do not always align normal to directions with
high shear modulus (Gmax; Fig. 14B). This suggests that
Young’s modulus anisotropy has the greatest influence on
the selection of PDF planes (i.e., (001), {110}, {112},
{320}), and that they are (predominantly) compression ⁄
extensional damage planes. The exact planes that form
PDFs (and presumably their spacing) will depend on the
direction(s) and intensity of the shock waves that
propagate through the grain.

Within 73235,59 zircon 3 and 76295,91 zircon 2, the
host–twin geometric relationship is described by 65�
rotation around a <110> direction. This follows the
same symmetry relationship as those generated in
laboratory shock-deformation experiments and terrestrial
shocked zircon (Figs. 9 and 11) (Leroux et al. 1999;
Moser et al. 2011). In 73235,59 zircon 3, microtwin
lamellae occur within {112}-parallel PDFs, and the
<110> ‘‘apparent’’ rotation axis is aligned along the
lamellae plane (Figs. 8 and 12D). In this configuration,
65� is exactly the amount of rotation required to
translate <112> directions along a {110} plane.
However, the twin mechanism is most likely a
martensitic (shear) transformation that involves short-
range lattice reconfiguration and requires considerably
<65� actual rotation. The fact that twinned zircon is
only found in the widest {112} PDFs and ‘‘die out’’

along their length as these microstructures become
narrower suggests that twins and {112} PDFs are
genetically related, and probably form synchronously.
{112} in zircon are special in that they contain high shear
modulus (Gmax) values and are normal to directions of
high Young’s modulus (Fig. 14). This permits the
formation of shear twins along {112} PDFs. Shear twins
are likely to form along optimally orientated {112}
planes for maximum shear stress, possibly at 45� to the
maximum principal stress (shock wave direction).
However, this remains to be verified. The fact that some
planar features contain a combination of amorphous and
twinned material could suggest that these {112} planes
were oriented oblique to the shock wave(s) such that
both twinning and the formation of amorphous material
could occur. Alternatively, the narrower, nontwinned
domains represent ‘‘tip’’ (or ‘‘process’’) zones where the
shock energy was not sufficient to displace the lattice to
form a twin. In these zones, the lattice is locally damaged
enough to reduce the EBSD band contrast, and cause
subtle changes to optical properties.

In 73235,59 zircon 3, twinned PDFs are spaced more
widely than nontwinned PDFs (Figs. 8 and 13). No twins
occur in PDFs parallel to other planes (neither in 76295,91
zircon 2 nor experimentally by Leroux et al. 1999), which
is probably due to the lack of a viable twin law and low
shear modulus along those planes. For example, {110}
PDFs have very low Gmax and do not form shear twins. In

Fig. 11. Crystallographic data for zircon 2 from 76295,91. A) Pole figures of key crystallographic planes in zircon for data shown
in Fig. 10C. Color schemes as in Fig. 10C. B) Plots to summarize the crystallographic relationships between (i) the host grain, (ii)
twin 1, and (iii) twin 2. Data plotted as lower hemisphere equal area projections in sample x–y–z coordinates.
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Fig. 12. Schematic diagrams to show the crystallographic orientation of deformation microstructures in zircon. Crystal views are
dominated by {100} and {101} facets and minor {110} and {111} facets. Stereographic projections are lower hemisphere equal area
projections. A) Dislocation slip systems in zircon. B) Planar fractures. C) Planar deformation features. D) Microtwin lamellae. E)
Reidite lamellae. References: 1 = Kusaba et al. (1985); 2 = Kusaba et al. (1986); 3 = Leroux et al. (1999); 4 = Reimold et al.
(2002); 5 = Reddy et al. (2006); 6 = Timms et al. (2006); 7 = Reddy et al. (2007); 8 = Reddy et al. (2009); 9 = Moser et al.
(2009); 10 = Nemchin et al. (2009); 11 = Timms and Reddy (2009); 12 = Cavosie et al. (2010); 13 = Timms et al. (2011);
14 = Kaczmarek et al. (2011); 15 = Moser et al. (2011); 16 = Timms et al. (Forthcoming).
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contrast to 73235,59 zircon 3, the morphology of the
twinned domains in 76295,91 zircon 2 is isolated and
equant, and occurs at the intersection of two or more
deformation microstructures. It is plausible that these
twins formed at sites of locally high shear stress that
correspond to the intersection of oblique microstructures
(e.g., subgrain boundaries) that interacted during a shock
event, possibly by a boundary dissociation mechanism
(Humphreys and Hatherly 1996).

In zircon, {100} corresponds to the minima of E and
maxima of G (Gmax) (Fig. 14). Leroux et al. (1999),
Cavosie et al. (2010), and Moser et al. (2011) reported
PFs in {100}. However, there are no reports of {100}
PDFs in zircon. This could be because the localization of
longitudinal damage planes is inhibited along {100} (they
have low plane-normal Young’s modulus), which could
be a pre- ⁄ corequisite facilitation for the nucleation of
shear transformations. The fact that shock pressures over
approximately 20 GPa are required to transform zircon
to reidite along {100} suggests that this difficulty can be
overcome at high shock pressure conditions. If present,
reidite should be detectable by EBSD due to the
difference in lattice parameters. However, there are
currently no reported occurrences of reidite in lunar
samples (Fig. 12E). This could be due to the limited
number of lunar zircons analyzed relative to extensive
research on terrestrial and experimentally shocked zircon.

Dislocation Creep Microstructures
Variations in crystallographic orientation are

common in lunar zircon, and are seen in all grains except

Fig. 13. A) Histogram of the spacing of PDFs and microtwin
lamellae in 73235,59 zircon 3. True spacing was determined
from distance measured from Figs. 8F and 8J, corrected for the
orientation of the PDF plane in Fig. 9B. B) Histogram of PDF
spacing for 76295,91 zircon 2, using data derived from
Figs. 10B and 11B.

Fig. 14. (A) Stereographic projection of Young’s modulus (E)
anisotropy and (B) maximum shear modulus (Gmax) anisotropy
for zircon. The anisotropy tensors were calculated using the
elastic constants of Hearmon (1984) using formulation adapted
for zircon from Turley and Sines (1971). Projection in (A) is
contoured for longitudinal strain per unit longitudinal stress.
(A) and (B) are annotated with the poles to PDF planes, and
reidite lamellae in zircon. Note that {112} can contain
microtwin lamellae. References: 1 = Leroux et al. (1999);
2 = Moser et al. (2011).
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73235,60 zircon 4 and 73235,60 zircon 5. Where rotation
due to fracturing can be eliminated, these textures
are attributed to crystal-plastic deformation in which
the crystallographically controlled formation and
migration of dislocations result in long-range
distortions of the crystal lattice, as shown by 732215,122
zircon 5 (Figs. 1D and 2B). The crystallographic
misorientation at the margins of some grains in the
73235,82 zircon 1 aggregate could be due to crystal-
plastic deformation preceding fracturing ⁄ fragmentation
of a single grain, or stresses associated with impingement
of the grains at high temperatures. 73215,122 zircon
6, 73235,59 zircon 3, 72215,195 zircon 1, and 76295,91
zircon 2 show a deformation microstructure comprising
a combination of gradational lattice distortion and
discrete low-angle boundaries. Generally, the migration
of dislocations into energetically favorable low-angle
boundaries is facilitated by temperature (Figs. 1E–F).
The most characteristic and commonly occurring
impact-related crystal-plastic microstructures in the
lunar zircon are planar deformation bands parallel to
{100} planes with <001> misorientation axes (e.g.,
Figs. 5D and 5F). This geometry is consistent with a
dislocation glide system with <100>{010} slip, also
observed in terrestrial impact-related zircon (Fig. 12A)
(Leroux et al. 1999; Reimold et al. 2002; Moser et al.
2009).

Discrete Domainal Features (Recrystallization Fronts,
Amorphous Zones)

Recrystallization textures are characterized by
irregular boundaries, patchy development along rims,
truncation of primary zoning, bright CL, and relatively
strong EBSD patterns. This texture can be seen in
73235,59 zircon 3 (Fig. 8). Recrystallization domains are
the product of solid state alteration (Putnis 2002), and
result in the volumetric replacement of crystalline host
zircon by new zircon (Fig. 1C). Discrete, nonplanar
domains of amorphous zircon can been seen at the
interfaces of fractures and phase boundaries, for
example, in the interstitial zircon of the 73235,82 zircon 1
aggregate (Fig. 4) and heterogeneously along the margin
of 73215,122 zircon 6 (Fig. 6). In both cases, these
domains have sharp boundaries and higher U and Th
concentrations (and lower Th ⁄U) than the adjacent
zircon (Pidgeon et al. 2007; Grange et al., unpublished
data). However, it is not entirely clear whether the loss of
crystallinity of 73215,122 zircon 6 (1) occurred by the
formation of diaplectic ZrSiO4 glass at the time of
impact (true amorphization), or (2) is the result of
radiation damage accumulated since the event
(recrystallization ⁄growth of high U and Th zircon, plus
subsequent metamictization).

Framework for the Formation of Impact Microstructures

Empirical data from laboratory experiments provide
loose constraints on the pressure–temperature stability
fields for minerals in the ZrSiO4 system (Fig. 15A)
(Stubican and Roy 1963; Taylor and Ewing 1978;
Fukunaga and Yamoaka 1979). With the exception of the
zircon-reidite phase transformation and decomposition of
zircon to ZrO2, there are surprisingly few constraints on
the environmental conditions at which the other impact-
related microstructures form. Wittmann et al. (2006)
recorded the relative proportions of different shock
microstructures in zircon from different parts of several
terrestrial impact sites. They combined these data with
constraints from laboratory experiments and modeled
pressure–temperature histories to develop a framework
for the progressive stages of shock history. However,
their scheme involves an approximate linear relationship
between shock pressure and postshock temperature. Here,
published constraints with reasonable assumptions of
conditions are used to construct a conceptual framework
for the formation of impact-related microstructures in
zircon in a pressure–temperature–time space (Fig. 15).
This framework is then used to investigate relationships
between impact-related microstructures from spatially
different locations relative to an impact event.

The available data permit the development of
schematic ‘‘deformation mechanism maps’’ for impact
events, in which temperature–pressure space is divided
into fields that represent the dominant impact
microstructures (Fig. 15) (Ashby 1972; Frost and Ashby
1982). Fractures (NPFs and PFs), PDFs, twins, and
reidite formation require high strain rates. The prevalence
of NPFs and lack of the latter microstructures in
nonimpact settings suggest that NPFs can form at low
differential stress, low strain rate conditions associated
with tectonic activity, cooling and volume change
associated with metamictization. The formation of
shock-related PFs requires tensile or shear stresses, high
strain rates found at impact conditions. If PFs are a
direct shock effect, then the timeframe for their
formation can be much less than a few seconds
(Langenhorst and Deutsch 1994). PDFs most probably
result from longitudinal shock stresses. Microtwin
lamellae form along {112} PDFs that are favorably
oriented such that the critically resolved shear stress is
sufficiently above a threshold value to activate twinning.
Similarly, the formation of reidite lamellae must require
favorably oriented {100} planes with the additional
requirement of confining pressures above approximately
20 GPa (Kusaba et al. 1985; Fiske 1999; Leroux et al.
1999; Wittmann et al. 2006). Solid-state recrystallization
and repair of crystallographic damage (annealing) are
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both thermally activated processes that do not require
stress.

Dislocation-related crystal plasticity (creep) in
silicate minerals other than zircon is facilitated by high
temperature and high differential stress conditions
(Ashby 1972; Frost and Ashby 1982; Knipe 1989).
Reddy et al. (2006) provide evidence that zircon can
undergo dislocation creep as temperatures as low as
amphibolites faces conditions at ‘‘tectonic’’ strain rates
associated with ductile shear zones. However, the lower
temperature limits for plasticity in zircon have not been
constrained. Nevertheless, we speculate that dislocation
formation and migration would not be favored at
extremely high strain rates, and can occur over ‘‘plate
tectonic’’ time scales, i.e., several million years. Moser

et al. (2009, 2011) considered the thermal pulse
associated with the Vredefort impact to demonstrate that
dislocation creep (and associated Pb-loss) in zircon can
occur in the lower crust beyond the limits of thermal
impact perturbation. This finding significantly broadens
the potential provenance and preservation of impact-
related microstructures to rocks at depth in the vicinity
of crater rebound.

Although there is a broad agreement on conditions
for the development of shock microstructures in zircon
from the available literature, the exact position and
form of the fields are approximate due to sparse
constraints (Fig. 15C). The various loops drawn through
the deformation mechanism map represent hypothetic
excursions in temperature–pressure–time space experienced
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Liu 1979; Åberg and Bollmark 1985; Kusaba et al. 1985; Crocombette and Ghaleb 1998; Leroux et al. 1999; Fiske 1999).
Threshold shock pressure for microtwins taken from Moser et al. (2011). Lower left hand side field is for impact-related NPFs
only. Solid lines (A–D) represent hypothetical excursions experienced by zircon grains from different locations relative to an
impactor shown in (A) and (B). Timeframes are adapted from schematic T–t paths developed for various terrestrial impact craters
(Wittmann et al. 2006). D) Schematic plot to show the approximate paths for lunar zircon of this study. i) 73235,82 zircon 1. ii)
73235,59 zircon 3 and 76295,91 zircon 2. iii) 73215,122 zircon 5 and 72215,195 zircon 1. iv) rim of 73235,59 zircon 3. v) 73235,60
zircon 5.

Impact-related microstructures in lunar zircon 137



by zircon grains from different locations relative to an
impactor during an impact event (Fig. 15). Key
implications from the diagrams are that they illustrate
that a single zircon grain can potentially form many
different impact-related microstructures during a single
impact event, with a predictable relative timing sequence.
The diagrams indicate that impact events tend to result
in the conditions that favor dislocation creep being
reached after most other microstructures have formed,
with static annealing being the last process to occur. This
is supported by the data where multiple microstructures
are preserved. However, the complexity of the finite
microstructure depends on the nature of the excursion
through the deformation mechanism map (Fig. 15). Only
in very large impact structures, such as Sudbury,
Vredefort, and many lunar craters, will temperatures
above 1500 �C prevail for a long time (Ivanov and
Deutsch 1999). The data from 76295,91 zircon 2 preserve
variable crystallographic misorientation across PDFs,
which is interpreted to have formed by dislocation creep
where dislocation glide is impeded by prior-formed
PDFs, effectively compartmentalizing the grain (Fig. 10).
This sequence of microstructures is consistent with
formation during a single impact event (Fig. 15).
73235,59 zircon 3 shows a similar but more subtle
relationship between dislocation creep and PDFs, and
late annealing of twins and PDFs at the grain edge and
along fractures (Figs. 8 and 9). The recrystallized
domains in 73235,59 zircon 3 are overprinted by
PDFs ⁄microtwins, dislocation creep, and annealing
microstructures, and therefore formed in a prior heating
event (Fig. 15D). This early heating event could have
been an igneous event, or a thermal event due to a far
field lunar impact. Other grains presented preserve
relatively simple microstructures that reflect either simple
temperature–pressure loops and ⁄or insufficient residence
time in other fields (Fig. 15D). The benefits of a shock-
deformation mechanism map, as shown by this
study, are that it predicts that zircon from different
positions relative to a single impact event will record
different microstructures, and it enables multiple events
to be identified from relative overprinting sequences of
microstructures (e.g., Moser et al. 2011). Further research
to constrain the absolute conditions for the formation of
impact-related microstructures in zircon will lead to the
refinement of the preliminary shock-deformation
mechanism map for zircon presented in this study.

CONCLUSIONS

1. A combination of optical microscopy, SE, BSE
and CL imaging, and EBSD analysis permit

characterization of a wide range of impact-related
microstructures in lunar zircon, including NPFs and
PFs, PDFs, microtwins, and dislocation creep
microstructures, and recrystallization, amorphization,
and annealing microstructures.

2. PDFs and microtwins are reported here in lunar
zircon for the first time, and their geometry is
explained in terms of the anisotropy of elasticity of
zircon and stresses associated with impact shock
waves. PDF planes in zircon form normal to
directions of high Young’s modulus and are
predominantly planes of longitudinal damage. {112}
contains directions of high shear modulus and can
form twinned PDFs. {100} contains the maxima in
shear modulus but are unlikely to form PDFs at low
shock pressures due to low plane-normal Young’s
modulus. Reidite, formed by transformation of
zircon by shear along {100} at high shock pressures,
has still not been observed in lunar samples.

3. Dislocation creep microstructures are relatively
common in lunar zircon, are associated with impacts,
and are dominated by <100>{010} dislocation
creep system geometry.

4. Schematic deformation mechanisms maps indicate
that the formation of different impact-related
microstructures in zircon and their relative
overprinting relationships. They predict that early-
formed shock microstructures are overprinted by
ductile creep and annealing microstructures.
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