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Abstract

ABSTRACT
Zircon and monazite are two of the most analyzed accessory phases in Earth
science. They are robust geochronometers that contain geochemical signatures diagnostic
of the environment in which they formed and subsequently resided, and are refractory
minerals that survive through deep geologic time. Deformation of the Earth’s crust is driven
by two fundamentally different processes; stresses that are imposed by endogenic
processes from within the crust, and those that are imposed during deformation by
hypervelocity meteorite bombardment. Both of these scenarios can result in distinct
microstructures in accessory phases, which form by a combination of mechanisms that are
active under these different deformation conditions. Some deformation mechanisms are
associated with trace element mobility and partial or complete resetting of U – Pb ages
within accessory phases. Therefore, quantification of compositional and isotopic changes
associated with discrete microstructural domains has the potential to constrain the
deformation history of their host lithologies. This thesis comprises a detailed study of the
development of deformation microstructures in the accessory phases zircon and monazite,
and the role that specific microstructures play in mobilizing trace elements and re-setting
the U – Th – Pb systems in these minerals.
A quantitative investigation of the crystal-plastic behavior of monazite during lower
crustal deformation is presented here for the first time. Tectonically-deformed monazite
from the Sandmata granulite terrane in India preserves lattice distortion, low-angle grain
boundaries, deformation twins and neoblasts. Cumulative plastic strain and the formation
of low-angle grain boundaries results in Pb-loss, which obscures the primary crystallization
ages and results in geological meaningless ages. In contrast, the nucleation of neoblastic
monazite at sites of high lattice strain and the subsequent growth of these new grains by
grain boundary migration precludes incorporation of inherited Pb, consequently completely
resetting the U – Pb isotopic clock at the time of neoblast growth. Targeted isotopic analysis
of neoblasts yields the age of deformation. These results provide a new framework for
dating tectonic deformation using microstructurally characterized monazite that is
applicable to high-grade metamorphic rocks worldwide.
The microstructural evolution of zircon and monazite during shock deformation in a
variety of impact structures is also characterized here. Zircon grains from a suevitic breccia,
within the Ries impact structure, Germany, were investigated to further constrain the
transformation to the high pressure ZrSiO4 polymorph reidite, which has only been
iii
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produced in shock experiments above 20 GPa. A new orientation relationship for the
transformation of zircon to lamellar reidite is quantified, whereby one {100}zircon is aligned
with a {112}reidite and a {112}zircon is aligned with another {112}reidite, and can form in up to
four sets of lamellae within individual grains. The systematic crystallographic relationship of
the reidite lamellae with the zircon host suggests the mechanism of transformation is
dominantly deviatoric rather than diffusional, as has been suggested by previous studies. In
addition to the lamellar form, reidite was also found in shocked zircon as sub-micrometer
granules, which were interpreted to nucleate within damaged zircon lattice by a diffusioncontrolled mechanism.
Shock-deformed monazite grains from the bedrock and detritus of the Vredefort
Dome, South Africa, and melt rocks from the Araguainha structure, Brazil, were found to
contain a variety of mechanical twins that do not occur in tectonic environments, and are
here interpreted to be diagnostic of meteorite bombardment. In addition, other crystalplastic microstructures form in monazite during shock, including lattice distortion, low
angle grain boundaries, planar deformation bands and neoblast development. Similarly to
tectonically-deformed monazite, shock-deformed monazite shows a correlation between
cumulative plastic strain and variable resetting of the U – Th – Pb systematics, whereas
neoblasts preserve completely reset impact ages. The correlation of shock features in
monazite with targeted in situ age analyses demonstrates a new method for dating
terrestrial impact structures.
The results of this study further the understanding of shock deformation in zircon
and, for the first time, quantify natural deformation microstructures in monazite from
tectonic and shock environments. The results also present new methods for quantifying
deformation microstructures and misorientation relationships within and/or between
zircon, monazite and their deformation products. Finally, the quantification of deformation
microstructures in monazite and the recognition of the formation of neoblasts driven by
strain energy, that can further be targeted for age dating, provides a new method for
reliably constraining the timing of both tectonic and shock deformation events.
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Rationale
Deformation of rocks and minerals is ubiquitous in the Earth’s crust, and therefore to
further understand Earth’s history, it is important to resolve the temporal constraints on
different deformation events. There are two processes that cause deformation of the
Earth’s crust; endogenic deformation driven by plate tectonics, and deformation generated
by hypervelocity meteorite impacts. Determining the absolute age of deformation events is
challenging because the effects of deformation and the resulting microstructures on
radiogenic systems of different minerals used as geochronometers for dating remain poorly
understood in many cases.
This thesis systematically investigates the development of deformation
microstructures in zircon and monazite, two of the most commonly used minerals for
geochronology, and quantifies the effects of specific microstructures on the trace element
chemistry of monazite. While deformation in zircon is well studied (e.g. MacDonald et al.,
2013; Piazolo et al., 2012; Reddy et al., 2006; Timms et al., 2006; Timms et al., 2011),
questions remain about the transformation of zircon to its high pressure polymorph,
reidite. Therefore, the first part of this thesis (chapter 2) investigates the transformation of
zircon to the high-pressure polymorph, reidite, in impact environments, which has been
previously documented in nature and experiments but is still poorly constrained.
In monazite both the development of deformation microstructures and their effects
on the U – Th – Pb systematics are poorly constrained. The second part of this study
(chapters 3 – 5), therefore, develops a framework for the formation of deformation
microstructures in monazite from both tectonometamorphic and shock environments, and
assess the effects of deformation on the U – Th – Pb systematics of monazite from both
environments, and presents new approaches for dating tectonic and impact events using
monazite.

Background
Zircon, reidite and monazite
Two of the most commonly used geochronometers are zircon, ZrSiO4, and
monazite, (La,Ce,Th)PO4, which are found as accessory phases in the Earth’s crust, and
occur within igneous, metamorphic and sedimentary rocks. Zircon is chemically robust and
incorporates significant trace elements such as rare earth elements (REEs), Ti, Hf, U and Th
into its crystal structure, which is high tetragonal of the space group I41/amd (Fig. 1.1;
Hoskin and Schaltegger, 2003). Because zircon does not incorporate Pb within its crystal
2
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structure and volume diffusion within zircon is extremely slow (Cherniak and Watson,
2003), it has become, arguably, the most widely used geochronometer for dating igneous,
metamorphic and detrital populations (Davis et al., 2003). Deformation microstructures
have been shown to significantly enhance the mobility of trace elements in zircon,
especially the U –Th – Pb systematics (e.g. Moser et al., 2009; Reddy et al., 2006; Singleton
et al., 2011; Timms et al., 2006; Timms et al., 2011; Timms and Reddy, 2009; Timms et al.,
2012a). Pb-mobility resulting from deformation can modify primary radiometric ages
recorded in zircon, and therefore it is important to understand how different
microstructures affect the U – Th – Pb systematics. However, the discordance of these
systematics can also be used in some cases to date the age of deformation events.
Furthermore, specific microstructures in zircon (e.g. shock twins) result from various
conditions and thus can be used to differentiate impact and tectonic deformation events.
Two types of twins are known to form in zircon, growth twins with an elbow form along
{101} (Jocelyn and Pidgeon, 1974) and deformation twins in {112} that uniquely form in
shock environments (Timms et al., 2012b). Zircon will also undergo a polymorphic
transformation to the mineral reidite (Glass et al., 2002), which occurs at variable pressures
in shock and static environments, >30 GPa and >12 GPa , respectively (Kusaba et al., 1985;
Ono et al., 2004). Reidite is low tetragonal, of the space group I41/a, and {112} twins have
been produced in reidite during shock experiments (Leroux et al., 1999). The
transformation mechanism from zircon to reidite remains controversial as some workers
have proposed a martensitic or shear dominated (deviatoric) mechanism (Leroux et al.,
1999), a reconstructive transformation (dominated by diffusion of lattice bonds) (Marqués
et al., 2008) or a transformation involving lattice shear and subsequent bond rotation
(Kusaba et al., 1986).
Similar to zircon, monazite is able to incorporate and retain high concentration of
actinides, Y and REEs within its crystal structure, which is monoclinic, of the space group
P21/n (Fig. 1.1). The ability of monazite to incorporate U and Th, without Pb, during growth,
coupled with the low diffusion rates of trace elements (Cherniak and Pyle, 2008; Cherniak
et al., 2004) makes it an ideal chronometer. Two substitutional types accommodate the
incorporation of U and Th into the monazite structure; huttonite, P5+ + REE3+ ↔ Si4+ + (U,
Th)4+ (Förster and Harlov, 1999); and brabantite, 2REE3+ ↔ Ca2+ + (U, Th)4+ (Montel et al.,
2002). U – Th – Pb analyses of monazite have been used to constrain the timing of crustal
processes, including magmatism, metamorphism and diagenesis (Parrish, 1990; Rasmussen
et al., 2001; Rubatto et al., 2001). Workers have demonstrated that the ages of monazites
that are either aligned to tectonic fabrics or are metamorphic porphyroblasts (Wilby et al.,
3
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2007; Williams and Jercinovic, 2002) can be used to constrain the timing of deformation
events. Likewise, chemical analysis of monazite, linked with monazite textures have been
used to date complex rock-fluid interactions (Seydoux-Guillaume et al., 2002; Teufel and
Heinrich, 1997; Williams et al., 2011). While workers have recognized that monazite U – Th
– Pb analyses may record spurious ages (Catlos et al., 2002), the role of deformation in
disturbing these systematics has not been previously investigated. Deformation
microstructures in monazite are not well documented, for example, while growth twinning
have been documented in (100) and (001) (Anthony, 1965; Chang et al., 1998), deformation
twinning has only been identified experimentally (Hay, 2003; Hay and Marshall, 2003) in
(100), (001), (102̅), and {1̅2̅0}. Furthermore, while deformation of monazite has been
studied experimentally (e.g. Hay, 2004; Hay, 2008; Hay and Marshall, 2003) and has been
identified in natural monazite (Buick et al., 2010), little work has been undertaken to
quantitatively characterize the microstructures which develop in naturally deformed
monazite.

4
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Figure 1.1. Chemical and crystallographic details, including crystal systems (laue and space groups); unit cell
dimensions; twin relationships; and common elemental substitutions. Crystal habits are modified from
Goldschmidt (1923), the reidite habit has been modified from scheelite, which is isostructural. Unit cell
diagrams of each mineral; zircon and reidite unit cells are modified from Du et al. (2012); monazite unit cell
1
2
3
modified after Wang et al. (2005). (Hazen and Finger, 1979), (Jocelyn and Pidgeon), (Timms et al., 2012b),
4
5
6
7
8
(Hoskin and Schaltegger, 2003), (Farnan et al., 2003), (Leroux et al., 1999), (Ni et al., 1995), (Chang et al.,
9
10
11
12
1998), (Anthony, 1965), (Hay and Marshall, 2003), (Heinrich et al., 1997), (Förster and Harlov, 1999),
13
(Montel et al., 2002).
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Tectonic deformation in zircon and monazite
While zircon and monazite are robust geochronometers, both minerals are susceptible
to a variety of processes that can disturb their trace elements and modify primary
radiometric ages. A fundamental issue for geochronologists using zircon is its susceptibility
to radiation damage (metamictization) in high U domains (Nasdala et al., 2001), which can
result in Pb-loss and mobility (Geisler et al., 2002; Mezger and Krogstad, 1997). However,
another issue, which has received less consideration until recently, is the mobility of
radiogenic Pb as a result of deformation. The creation of fast diffusion pathways caused by
the formation of dislocations and their migration into low-angle boundaries has been
identified as a mechanism for modifying trace elements within minerals in which volume
diffusion is typically slow (Lee, 1995). Furthermore, in zircon, workers have identified that
brittle deformation can form microfractures (Boullier, 1980; Lee and Tromp, 1995; Wayne
and Sinha, 1988), which can enhance surface area, form fast diffusion pathways and lead to
Pb-loss (Lee, 1993). Advancements in analysis of crystal-plasticity in zircon, principally with
the application of electron backscatter diffraction (EBSD) analysis, has shown that zircon
can deform crystal-plastically at conditions in the Earth’s crust, and that these type of
deformation microstructures can be accompanied by mobility of trace elements in zircon
(Moser et al., 2009; Reddy et al., 2006). These authors analyzed a zircon from a deformed
gabbro from a fracture zone within the Indian Ocean and found that low-angle grain
boundaries (LABs) formed by subgrain rotation correlated with enhancement of light REEs.
The behaviour of zircon in both tectonically-deformed and shock-deformed
environments has since been well studied (e.g. Reddy et al., 2006; Timms et al., 2006;
Timms et al., 2012b). Deformed zircon has been identified over a range of geologic
environments, including highly-strained rocks such as mylonites and pseudotacylites (e.g.
Kovaleva et al., 2015; Piazolo et al., 2012) and even in relatively strain-free magmatic rocks,
in which compaction of adcumulates early in the crystallisation history has strained crystals
(Reddy et al., 2009). A variety of deformation microstructures have been reported in zircon,
the most common of which are progressive bending of the crystal lattice and the formation
of low-angle boundaries, which result from dislocation creep and the migration of
dislocations into subgrain walls, respectively (Reddy et al., 2007; Reddy et al., 2006). Under
higher strain conditions, zircon can form planar microstructures known as planar
deformation bands (PDBs), which have been documented in pseudotachylites from the
Ivrea-Verbano zone (Kovaleva et al., 2015), and consist of LABs along rational, low-index,
crystal planes, including (100) and (010). In addition to low-angle boundary
microstructures, zircon may also partially recrystallize into domains of strain-free neoblasts
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that preferentially nucleate in highly strained parts of the host (parent) grain (Piazolo et al.,
2012), a recovery and recrystallization process that is partly driven by the reduction of
strain-energy in deformed zircon.
The role of crystal-plastic microstructures in the modification of the trace element
chemistry of zircon has been shown by several workers, and can modify both the REE
composition and the U – Th – Pb systematics (Reddy et al., 2007; Reddy et al., 2006; Timms
et al., 2006; Timms et al., 2011; Timms and Reddy, 2009; Timms et al., 2012a). During
dislocation creep, formation and migration of dislocations generates fast-diffusion
pathways, including pipe diffusion (Piazolo et al., 2016) and short-circuit diffusion, that
facilitate diffusion of both substitution elements, such as REEs, Ti, U and Th (Reddy et al.,
2008; Timms et al., 2006; Timms et al., 2011; Timms and Reddy, 2009), and interstitial
elements, such as Pb (MacDonald et al., 2013; Timms et al., 2011). Deformation-induced
fast diffusion pathways can, therefore, lead to the partial resetting of the U – Th – Pb
system (MacDonald et al., 2013; Piazolo et al., 2012; Timms et al., 2006; Timms et al.,
2011).
Like zircon, different geologic processes can modify primary ages recorded in monazite,
which is less susceptible to metamictization (Meldrum et al., 1998; Seydoux-Guillaume et
al., 2002), but is significantly more reactive during metamorphism or metasomatism, which
can lead to partial or total recrystallization (Catlos, 2013). Because of these issues,
interpreting monazite ages from regionally complicated domains such as orogenic belts can
be challenging (e.g. Kirkland et al., 2016). Furthermore, while complex zonation patterns of
monazite ages, such as older rims than cores, has been recognized (Catlos, 2013), one area
which has not been investigated previously is the effects of deformation on monazite trace
element mobility. Deformation microstructures have been identified in tectonically strained
monazite and include mechanicals twins in (100) and (001) (Buick et al., 2010; Chang et al.,
1998). Mechanical twins have also been produced in (100) and (001), and less commonly in
(120) and {12̅2̅}, by unconfined indentation experiments at ambient laboratory
temperature (Hay, 2003; Hay and Marshall, 2003). Dislocations have been produced
experimentally in monazite indented under similar conditions, and are active in [100](010)
and [001](010) slip-systems (Hay, 2004; Hay, 2008). Deformation twins and subdomains
are visible in monazite in a tectonically deformed granulite from the Sandmata Complex in
India via optical microscopy (Buick et al., 2010). Monazite grains from this sample preserve
a complex array of U – Pb ages (Buick et al., 2010), however, the microstructures have not
been quantitatively characterized, nor has their link to the complex age spread preserved in
these grains been explained. To date, little quantitative microstructural analysis of naturally
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deformed monazite has been undertaken, and EBSD analysis of monazite has proved
challenging (Reddy et al., 2010).

Shock deformation microstructures in zircon and monazite
A variety of deformation microstructures have been reported in zircon from impact
structures on the Earth and Moon, with varying degrees of associated U – Pb age re-setting
(Grange et al., 2013; Moser et al., 2011). Meteorite impacts are the only known
phenomenon able to generate extreme pressures (>100 GPa) on the surface of planetary
bodies. The pressure and associated temperature excursion during impact events can form
deformation microstructures and cause phase transformations, collectively known as shock
metamorphism, many of which are unique to shock conditions. Shock features in zircon
have been studied in natural zircon from Earth (e.g. Bohor et al., 1993; Erickson et al.,
2013a; Moser et al., 2011; Wittmann et al., 2006), the Moon (e.g. Grange et al., 2013;
Nemchin et al., 2009; Timms et al., 2012b), lunar meteorites (Zhang et al., 2011) and
experimentally (Leroux et al., 1999). Zircon exhibits shock features such as planar fractures
(PFs), planar deformation features (PDFs), mechanical twin lamellae, and dislocationrelated microstructures, that form at or above 20 GPa (Leroux et al., 1999; Morozova,
2015). Above 30 GPa, zircon transforms to the high-pressure polymorph reidite (Kusaba et
al., 1985; Leroux et al., 1999), and subsequently zircon and/or reidite will dissociate to their
oxide constituents (ZrO2 and SiO2) at higher shock conditions (Reddy et al., 2015; Wittmann
et al., 2006) and may form polycrystalline textured zircon during unloading at high
temperature (Cavosie et al., 2016).
Shocked zircon grains were first reported by Krogh et al. (1984) from the Sudbury
impact structure in Ontario, Canada, which exhibit distinct planar features. Bohor et al.
(1993) further documented shocked zircons from various impact environments which
contained sets of planar microstructures and/or a polycrystalline microstructure, the latter
of which was hypothesized to form at higher pressure. The conversion of zircon to reidite
was first recognized in nature from an impact ejecta deposit within offshore sediments
from the east coast the US (Glass and Liu, 2001). Subsequently a variety of shock deformed
zircons with an array of different microstructures have been identified from impact
structures attributed to varying degrees of shock intensity (a summary of the global
shocked zircon database can be found in table 1.1).
Microstructural analysis by EBSD has greatly advanced understanding of the formation
of shock features in zircon. An EBSD study of zircon from the Vredefort Dome, South Africa
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by Moser et al. (2011) identified natural, shock-induced formation of mechanical twins in
{1k2} orientation in addition to low-angle subgrain boundaries. EBSD analysis of lunar
zircon by Timms et al. (2012b) showed a variety of impact-related microstructures, such as
PDBs and shock twins, and constrained the formation of shock twins to {112}. A
comparison of shock features on the surface and interior of zircon grains from Vredefort by
Erickson et al. (2013a) identified up to 4 orientations of {112} microtwins that formed
within individual grains.
The U – Th – Pb isotopic systems in zircon can be locally reset by impact-related
deformation, and deformed zircon has been used to date terrestrial and lunar impact
events (e.g. Krogh et al., 1984; Moser et al., 2009; Nemchin et al., 2009). A crystalplastically deformed grain from the mantle below the Vredefort Dome, exhumed by the
132 Ma Lace kimberlite, was identified by Moser et al. (2009) to record up ~ 100% resetting
of the U – Pb ages in areas of the zircon crystal that experienced pervasive migration of
dislocations syn-genetically with the Vredefort impact event. While the Lace kimberlite
zircon displays U-Pb resetting associated with the Vredefort impact event, it does not
contain diagnostic shock microstructures, such as PDFs, twins, or reidite. However, U – Pb
geochronology and EBSD analysis of shocked zircon by Moser et al. (2011) determined that
grains that experience shock-related heating > 700 to 900 ˚C can also preserve variable
resetting of their U – Pb systematics. These authors identified impact-produced plastic
deformation within zircon from the core of the Vredefort Dome that exhibited both shock
twins and sub-planar features. U – Pb data for these grains lie on a discordia trend defined
by initial crystallization age of the protolith and the impact age. Dislocation microstructures
associated with crystal-plastic deformation have also been identified within shocked lunar
zircons (Timms et al., 2012b), which correlate with localized resetting of U – Pb ages
(Grange et al., 2013). However, partial Pb-loss associated with shock deformation
microstructures can lead to complex age arrays (e.g. Cavosie et al., 2015b; Schmieder et al.,
2015), which do not necessarily correlate with the age of impact. Furthermore, it has been
shown that even within individual grains, age resetting can be heterogeneous and subject
to post-impact modification, which can obscure the impact age. A recent study by Cavosie
et al. (2015b) of a detrital shocked zircon derived from the Vredefort Dome found that in
zircon domains which record PDBs and shock twins, U – Pb data are discordant, and lower
intercept ages could not be reliably correlated to the known age of the Vredefort event.
Whereas, U – Pb data from neoblastic domains are completely reset, and a weighted mean
age from several data points dated the Vredefort impact event reliably.
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The longevity of zircon, its retention of U, Th and Pb and the pronounced development
of shock features make it an ideal recorder of hypervelocity impact deformation.
Furthermore, shocked zircon from the Vredefort impact structure have been shown to
survive transportation by river systems over thousands of kilometers and may be deposited
in sediments up to two billion years after the original impact event (Cavosie et al., 2015b;
Cavosie et al., 2010; Erickson et al., 2013b).
Naturally shocked monazite was first reported from the ca. 39 Ma, 23 km diameter,
Haughton impact structure (Schärer and Deutsch, 1990), which exhibit a milky translucence,
discoloration and weak planar fractures. Shock deformed monazite have since been
described from bedrock at the Vredefort Dome, South Africa (Flowers et al., 2003; Hart et
al., 1999; Moser, 1997) and the Araguainha impact crater, Brazil (Silva et al., 2016; Tohver
et al., 2012). At the center of the Vredefort Dome, shocked monazite display a completely
recrystallized granular texture (Moser, 1997), while further out monazite contains planar
microstructures which cross-cut growth zoning (Flowers et al., 2003). In the shocked
granitic basement of the Araguainha impact structure, monazite shows cross-cutting planar
features, while in melt rocks monazite displays planar microstructures and granular
textures consistent with dynamic recrystallization (Silva et al., 2016). Two types of shock
features were identified within monazite from Araguainha impact melt by Tohver et al.
(2012); planar microstructures and aggregates of new granules. Shock-deformed monazite
grains, derived from the Vredefort Dome, have also been identified in alluvial sediments
within the Vaal River (Cavosie et al., 2010; Erickson et al., 2013b). Detrital monazite grains
containing cross-cutting planar microstructures and/or granular texture were identified in
the Vaal River at the Vredefort Dome (Cavosie et al., 2010) and up to 750 km downriver
(Erickson et al., 2013b). However, shock microstructures preserved in the above samples
have not been further characterized beyond photomicrograph images.
At the Vredefort Dome, shocked monazite with granular texture records complete
isotopic resetting of the U – Th – Pb age by the impact event (Moser, 1997). While granular
monazite records the impact age, monazite with multiple sets of planar microstructures
that cross-cut the chemical zonation record ages which predate the impact event (Flowers
et al., 2003). Furthermore, monazite experimentally shocked to 59 GPa and temperatures
>1200 °C, developed discoloration, turbidity and sub-parallel fractures, but did not
experience significant resetting of the U – Th – Pb systematics (Deutsch and Schärer, 1990).
U – Th – Pb analysis of shocked monazite by Tohver et al. (2012) show a bimodal age
distribution, spread between ca. 500 and 250 Ma, which the authors interpreted as
representing both inherited deformed monazite and impact-generated recrystallized
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monazite. The authors interpreted the weighted mean age recorded within the neoformed
sub-domains, 255 ± 3 Ma, as the age of the impact event (Tohver et al., 2012). These results
suggest that shock deformation can reset the U – Pb ages within monazite, but the role of
specific shock microstructures in resetting the U – Th – Pb systematics remains poorly
understood.
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Table 1.1. Terrestrial shocked zircon localities
Impact structure

Reported shock textures

Acraman, South Australia,

planar microstructures, polycrystalline,

Australia

dissociation

Araguainha, Brazil

planar microstructures, polycrystalline

Chicxulub, Yucatan

Planar microstructures, polycrystalline,

Peninsula, Mexico

dissociation

Chesapeake Bay impact

Reidite, planar microstructures,

structure, USA

polycrystalline, dissociation

Eocene ejecta, New Jersey,

References
Schmieder et al. (2015) , Timms et al. (2017)
Tohver et al. (2012), Silva et al. (2016)
Wittmann et al. (2006)

Wittmann et al. (2009a), Wittmann et al. (2009b)

reidite

Glass and Liu (2001), Glass et al. (2002)

Eocene ejecta, Barbados

reidite

Glass et al. (2002)

Gardnos, Norway

planar microstructures, dissociation?

Kalleson et al. (2009)

Haughton Crater, Canada

reidite, polycrystalline?

Singleton et al. (2015)

USA

K - T boundary
Colorado, USA
Caravaca, Spain

Planar microstructures, polycrystalline

Bohor et al. (1993), Morgan et al. (2006), Kamo et al.
(2011)

Petriccio, Italy
El Goresy (1965), Kleinmann (1969), Barnes and

Desert glass, Libya

dissociated

Manicouagan crater, Canada

Planar microstructures

Bohor et al. (1993)

Meteor Crater, Arizona, USA

polycrystalline, dissociation

Cavosie et al. (2016)

Mistastin, Quebec, Canada

dissociation

Timms et al. (2017)

Muong-nong type tektites
Australasia

King (1966), Clarke Jr and Wosinski (1967), Glass
Polycrystalline, dissociated

North America
New Quebec Crater, Canada
Popigai Crater, Siberia,
Russia
Ries impact structure,
Germany

Underwood Jr (1976)

(1970), (Glass et al., 1990), Bohor et al. (1993),
Clarke Jr and Wosinski (1967); Deloule et al. (2001)

Polycrystalline, dissociation?

Marvin and Kring (1992)

Planar microstructures, polycrystalline? Wittmann et al. (2006)
El Goresy (1965), Gucsik et al. (2004), Wittmann et
reidite, polycrystalline, dissociation

al. (2006), Erickson et al. (2017a), Timms et al.
(2017)

Rock Elm Impact crater, USA

reidite, shock twins

Cavosie et al. (2015a)

Santa Fe, New Mexico, USA

shock twinned

Montalvo, personal communication

reidite

Reddy et al. (2015)

Sudbury Crater, Ontario,

Planar features, shock twins,

Krogh et al. (1984), Krogh et al. (1996), Bohor et al.

Canada

polycrystalline

(1993), Thomson et al. (2014)

Stac Fada ejecta deposit,
Scotland

Kamo et al. (1996), Moser (1997), Gibson et al.
(1997), Reimold et al. (2002), Armstrong et al.
Vredefort Dome, South

planar microstructures, Shock twins,

(2006), Cavosie et al. (2010), Moser et al. (2011),

Africa

PDBs, LABs, neoblasts

Erickson et al. (2013a), Erickson et al. (2013b),
Cavosie et al. (2015b), Erickson et al. (2016),
Erickson et al. (2017b), Montalvo et al. (2017)

Xiuyan Crater, China

reidite

Chen et al. (2013)
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Aims and Objectives
The principal aim of this thesis is to develop new methods using zircon and monazite
to date the timing of both tectonic and shock-related deformation of the Earth’s crust. This
has been achieved by targeting specific objectives that have furthered knowledge of the
behaviour of deformation in accessory phases. Those objectives are to:
1. Constrain the behaviour of the transformation of zircon to the high-pressure
polymorph reidite by characterizing microstructures that result from this
transformation, and documenting the conditions under which this transformation
occurs.
2. Identify the deformation microstructures associated with the tectonic deformation
of monazite and interpret the mechanisms responsible for their formation
3. Identify the deformation microstructures associated with the shock deformation of
monazite and interpret the mechanisms responsible for their formation
4. Develop criteria for distinguishing shock-deformed monazite from tectonically
deformed monazite.
5. Assess the effects of deformation microstructures, developed in both tectonically
deformed and shock deformed monazite, on the U – Th – Pb systematics of
monazite. This will allow for both the discrimination of U – Pb data which have
been modified by crystal-plasticity, and for the identification of microstructures
which can be targeted by U – Pb analysis to date deformation events.

Thesis structure
The main body of this thesis comprises chapters 2 – 5, which are all prepared as
individual manuscripts for publication. All of the main thesis chapters have been published
(Erickson et al., 2016; Erickson et al., 2017a; Erickson et al., 2015; Erickson et al., 2017b).
The chapters are presented in an order that addresses the objectives of this dissertation,
not in the order of which they have been published. Each chapter has an associated
appendix, which contains both an in-depth methods section and additional data. However,
all findings are discussed within the individual chapters, with the relevant figures and
results. Chapter 6 is a conclusions chapter, which summarizes the general findings of this
thesis and potential avenues for future research. The published manuscripts are reprinted
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with permission from the publishers, and the use of each manuscript as a chapter in this
thesis has been sought and granted from all co-authors.

Chapter 2. Microstructural constraints on the mechanisms of the transformation to
reidite in naturally shocked zircon
This paper was written by me, with Mark Pearce, Steven Reddy, Nicholas Timms, Aaron
Cavosie, Julien Bourdet, William Rickard and Alexander Nemchin as co-authors, and was
published in the journal Contributions to Mineralogy and Petrology (Erickson et al., 2017a).
This chapter marks the first research chapter in this thesis and is an in-depth study of the
transformation of zircon to the high-pressure polymorph reidite under shock conditions.
Reidite was first produced experimentally under mantle P – T conditions by Reid and
Ringwood (1969). However natural reidite has only ever been identified within shock
environments (e.g. Cavosie et al., 2015a; Glass and Liu, 2001; Reddy et al., 2015). Because
reidite reverts to zircon above 1200 ° C at 1 atm, it is only preserved within impactites,
which did not experience large temperature excursions or were quickly quenched
(Wittmann et al., 2006). While the structure of the transformation of zircon to reidite has
been studied empirically (Cavosie et al., 2015a; Reddy et al., 2015), experimentally (Leroux
et al., 1999) and numerically (Marqués et al., 2008) there is currently little agreement on
the mechanism for this transformation.
The formation of reidite under shock conditions has been constrained experimentally
to occur above 30 GPa (Kusaba et al., 1985; Leroux et al., 1999), however in static highpressure experiments reidite has been produced as low as 12 GPa (Ono et al., 2004). The
difference between the shock and barometric conditions that produce reidite may be due
to an energy barrier (Marqués et al., 2008). Furthermore, differences in the microstructures
of naturally produced reidite (Reddy et al., 2015) and experimentally produced reidite
(Leroux et al., 1999) create further confusion on the nature of this transformation. To
constrain the formation of reidite in natural zircon, grains from within clasts entrained
within suevite from the Ries impact crater were investigated. The aims of this chapter are
threefold, firstly, to document the range of microstructures associated with the
transformation of zircon to reidite using EBSD, lasar Raman and focused ion beam milling.
Secondly, to further constrain both the external variables, such as shock intensity, rheology
of the bulk rock, and internal variables, such as the crystallinity (metamictization of crystal
lattice), that control the transformation. Finally, to refine the orientation relationships
between zircon and reidite in order to test between different proposed transformation
mechanisms.
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Chapter 3. Deformed monazite yields high-temperature tectonic ages
This paper was written by me, with Mark Pearce, Richard Taylor, Nicholas Timms,
Christopher Clark, Steven Reddy and Ian Buick as co-authors, and was published in the
journal Geology (Erickson et al., 2015). It presents the first investigation of deformed
monazite using EBSD. This study investigated deformed monazite from the Sandmata
granulite complex in the Aravalli-Delhi Orogenic Belt that record a complex array of
radiogenic ages (Buick et al., 2006). Deformation microstructures, including cumulative
misorienation, low-angle boundaries, deformation twins and strain-free neoblasts, were
identified within individual grains. Targeted secondary ionization mass spectrometry (SIMS)
analysis for U – Th – Pb of specific microstructural domains reveals a coupling of Pb-loss
with crystal-plasticity. Furthermore, the strain-free neoblasts preserve ages consistent with
regional metamorphism within an adjacent terrane. This paper presents the first
quantification of deformation microstructures in natural monazite and highlights the ability
of deformation microstructures to reset U – Th – Pb systematics. The neoblastic domains
within the monazite nucleated or formed as small, unstrained domains within the host
monazite, which became more energetically favourable and grew at the expense of the
surrounding strained domains by grain boundary migration. The neoblasts formed as a
result of the deformation, and thus record the age of deformation. These results show that
microstructural domains within monazite can be used to date regional deformation events,
especially within the lower crust, which is typically challenging.

Chapter 4. Empirical constraints on shock features in monazite using shocked zircon
inclusions
This paper was written by me, with Aaron Cavosie, Mark Pearce, Nicholas Timms and
Steven Reddy as co-authors, and has been published in the journal Geology (Erickson et al.,
2016). It presents the first quantification of shock microstructures in monazite. A
population of detrital shocked monazite grains derived from the Vredefort Dome impact
structure (Cavosie et al., 2015a; Erickson et al., 2013b) with zircon inclusions were
investigated by EBSD. Of the eight monazite grains which contain diagnostic shock features
within their zircon inclusions, all preserve microstructures which have never been reported
before in either nature or experiments. The shocked zircon inclusions preserve {112} shock
twins, which require pressures of 20 GPa (Leroux et al., 1999; Morozova, 2015) and provide
minimum pressure constraints on the deformation microstructures in monazite. Monazite
shock features include cumulative plastic strain, LABs, PDBs and mechanical twins.
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Mechanical twins were identified in 12 different crystallographic orientations, and as many
as 10 sets of deformation twins were identified within individual monazite grains. Eight of
the twin planes identified have never been reported before in monazite and therefore are
interpreted to represent microstructures uniquely developed as a result of shock
deformation.

Chapter 5. Shocked monazite as a new impact chronometer; integrating microstructural
and isotopic evidence
This paper was written by me, with Nicholas Timms, Mark Pearce, Christopher
Kirkland, Eric Tohver, Aaron Cavosie, and Steven Reddy as co-authors, and has been
published in the journal Contributions to Mineralogy and Petrology (Erickson et al., 2017b).
It represents a study of shock microstructures and U – Th – Pb geochronology of monazite
from bedrock from the Vredefort Dome and the Araguainha impact structures. Shockdeformed monazite from Vredefort Dome bedrock, come from the central Inlandsee
Leucogranofels (ILG), a felsic gneiss which experienced temperatures as high as 1300° C
post impact (Gibson, 2002), and recrystallized many of the primary phases and obscured
shock features. Shocked monazites from the ILG, with distinct granular texture, have been
shown to preserve the age of the impact event (Moser, 1997). The shocked monazite
investigated from the Araguainha impact structure come from impact melt within the
central uplift of the structure and show a combination of microstructures along with a
complex array of age analyses (Tohver et al., 2012).
The objectives of this study are three-fold; firstly, to further study shock features
within monazite from a range of previously un-studied impact environments, including
recrystallized rocks from the center of the Vredefort Dome and impact melt from the
central uplift of the Araguainha impact structure. Secondly, to constrain formation
condition of shock features using the shock conditions preserved in zircon grains from the
same rock units. Thirdly, this study investigates the effects of specific microstructures on
the U – Th – Pb isotopes. These results demonstrate that Pb-loss and age resetting can
accompany impact-related deformation, and with careful in situ SIMS targeting, deformed
monazite can be used to date impact events.

Chapter 6. Synthesis of implication and future
The final chapter is a synopsis of the findings of this thesis and offers a framework for
future research. This comprises a summary of the new results on deformation of zircon and
monazite under tectonic and shock conditions, including the use of monazite as a new
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chronometer to date deformation events within the Earth’s crust. In addition, potential
avenues of research are highlighted, including the use of state of the art geochronology
techniques, including ion tomography using secondary ion mass spectrometry and atom
probe tomography as potential methods to date small scale microstructural domains after
they have been characterized by EBSD.
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Abstract
Zircon (ZrSiO4) is used to study impact structures because it responds to shock
loading and unloading in unique, crystallographically-controlled manners. One such
phenomenon is the transformation of zircon to the high-pressure polymorph, reidite. This
study quantifies the geometric and crystallographic orientation relationships between
these two phases using naturally-shocked zircon grains. Reidite has been characterized in
32 shocked zircon grains (shocked to stage II and III) using a combination of electron
backscatter diffraction (EBSD) and focused ion beam (FIB) cross-sectional imaging
techniques. The zircon-bearing clasts were obtained from within suevite breccia from the
Nördlingen 1973 borehole, close to the center of the 14.4 Ma Ries impact crater, in Bavaria,
Germany. We have determined that multiple sets (up to 4) of reidite lamellae can form in a
variety of non-rational habit planes within the parent zircon. However, EBSD mapping
demonstrates that all occurrences of lamellar reidite have a consistent interphase
misorientation relationship with the host zircon that is characterized by an approximate
alignment of a {100}zircon with a {112}reidite and alignment of a {112}zircon with a conjugate
{112}reidite. Given the tetragonal symmetry of zircon and reidite, we predict that there are
eight possible variants of this interphase relationship for reidite transformation within a
single zircon grain. Furthermore, laser Raman mapping of one reidite-bearing grain shows
that moderate metamictization can inhibit reidite formation, thereby highlighting that the
transformation is controlled by zircon crystallinity.
In addition to lamellar reidite, submicrometer-scale granules of reidite were
observed in one zircon. The majority of reidite granules have a topotaxial alignment that is
similar to the lamellar reidite, with some additional orientation dispersion. We confirm
that lamellar reidite likely forms via a deviatoric transformation mechanism in highly
crystalline zircon, whereas granular reidite forms via a reconstructive transformation from
low crystallinity ZrSiO4 within the reidite stability field. The results of this study further
refine the formation mechanisms and conditions of reidite transformation in naturally
shocked zircon.

Introduction
Zircon (ZrSiO4, space group I41/amd) is an important indicator and geochronometer
of meteorite bombardment (Krogh et al. 1984; 1993; Bohor et al. 1993). Shock
microstructures in zircon form at or above 20 GPa (Leroux et al. 1999) and provide
diagnostic criteria to identify impact structures (French 1998; French and Koeberl 2010).
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Zircon is highly refractory and shock microstructures can survive subsequent
metamorphism while similar shock microstructures are obscured in phases such as quartz
(Wittmann et al. 2006). Shock microstructures in zircon include {100}-parallel deformation
bands (Erickson et al. 2013a; Timms et al. 2012), mechanical twins along {112} (Moser et al.
2011; Timms et al. 2012; Erickson et al. 2013a; 2013b; Thomson et al. 2014), decomposition
of zircon to ZrO2 and SiO2 (El Goresy 1965; Wittmann et al. 2006, Timms et al. 2017), the
development of granular textured zircon (Bohor et al. 1993; Schmieder et al. 2015; Cavosie
et al. 2016, Timms et al. 2017), conversion of zircon to reidite (Glass and Liu 2001; Glass et
al. 2002), and subsequent decomposition of reidite to ZrO2 and SiO2 (Reddy et al. 2015). In
the following study, we undertake a microstructural study of zircon-reidite relationships to
further refine the impact conditions that produce this transformation, and establish the
factors that control its development.
Reidite (space group I41/a), the tetragonal high-pressure polymorph of ZrSiO4, was
first recorded in experiments by Reid and Ringwood (1969). Under static loading pressures
at mantle conditions, the transformation of zircon to the scheelite-structured reidite
facilitates an approximately 10% increase in density, and is inferred to be complete at
900˚C and 12 GPa (Reid and Ringwood 1969; Ono et al. 2004). However, reidite forms well
above 20 GPa in shock experiments (Kusaba et al. 1985; Leroux et al. 1999; Morozova
2015). The discrepancy in the pressure conditions for reidite formation is likely the effect of
an energy barrier associated with a transition state (Marqués et al. 2008).
Naturally occurring reidite was first identified using X-ray diffraction (XRD) in zircon
grains from Eocene ejecta associated with the ~90 km diameter, ca. 35.7 Ma Chesapeake
Bay impact structure (Glass and Liu 2001; Glass et al. 2002). Reidite has since been reported
from the ca. 14.7 Ma, 24 km wide Ries impact structure, southern Germany, (Gucsik et al.
2004a; Wittmann et al. 2006), bedrock at the Chesapeake bay structure (Wittmann et al.
2009), the ca. 0.1 Ma, 1.8 km diameter Xiuyan Crater, northeastern China (Chen et al.
2013), the ca. 460 Ma, 6.5 km wide Rock Elm impact structure, Wisconsin, USA (Cavosie et
al. 2015a), the ca. 23 Ma, 23 km Haughton impact structure (Singleton et al. 2015), and
within zircon grains from the ca. 1180 Ma Stac Fada ejecta deposit, Scotland (Reddy et al.
2015) (Table 2.1).
Experimental shock deformation studies of zircon show the conversion of zircon to
reidite commences above 20 GPa and is complete by 52 GPa (Mashimo et al. 1983; Kusaba
et al. 1985; Fiske et al. 1999; Leroux et al. 1999; Morozova 2015). While conditions under
which zircon transforms to reidite during shock loading have been constrained
experimentally, the mechanism by which the conversion takes place is less constrained. The
30

T. M. Erickson

The zircon to reidite transformation

transformation mechanisms responsible for the conversion have been studied
experimentally and investigated by transmission electron microscopy (TEM) (Leroux et al.
1999). In zircon grains experimentally shocked to 40 GPa the partial transformation to
reidite developed as 0.1 µm lamellae formed parallel to the {100} of the zircon, and
contained ~0.05 µm wide {112} twins within its structure (Leroux et al. 1999). At 60 GPa,
complete conversion of the zircon to reidite occurred and the reidite had many mechanical
twins in {112}, along with localized aggregates of nanocrystalline reidite. Based on TEM
diffraction data, the reidite lamellae were interpreted to have formed parallel to {100}zircon.
The transformation was interpreted to be martensitic, facilitated by shearing along
{100}zircon in a [001]zircon direction, such that {100}zircon is parallel to {112}reidite and
<001>zircon is parallel to the <110>reidite. A martensitic transformation, analogous to the
zircon-reidite transformation, has also been invoked for the high pressure transformation
of zircon-structured GdVO4 to a scheelite structure in non-hydrostatic strain experiments
(Yue et al. 2016).
In contrast, other studies indicate that the nature of the transformation is unlikely
to be due to just a simple martensitic shear (Kusaba et al. 1986; Marqués et al. 2008). A
two-step transformation, which is first accommodated by translation of the Zr and Si
cations by ¼<010> glide on {100} can achieve a partial transformation to reidite, and is
subsequently completed by rotation of the oxygen atoms around the cations (Kusaba et al.
1986; Turner et al. 2014). Parallelism of the {100}zircon to {112}reidite and <001>zircon to
<110>reidite was also identified in the natural shocked zircon grains from Rock Elm (Cavosie
et al. 2015a) and Stac Fada (Reddy et al. 2015). However, three dimensional analysis of
reidite lamellae in the Stac Fada zircon grains using focused ion beam milling and
transmission Kikuchi diffraction found that while {100}zircon and {112}reidite were coplanar, the
lamellae interface did not form in {100}zircon (Reddy et al. 2015).
A reconstructive transformation of zircon to reidite provides an alternative model
to a shear (martensitic) transformation, which is supported by ab initio calculations
(Marqués et al. 2008). This transformation mechanism is achieved through a two-step
transformation of zircon to reidite with an intermediate, monoclinic ZrSiO4 phase (Flórez et
al. 2009). This process operates at a much lower activation energy barrier (88 kJ/mol) than
that of a direct transition from zircon to reidite (133 kJ/mol), but requires reconstruction of
two Zr-O bonds (Smirnov et al. 2008; Flórez et al. 2009). Despite these energy
considerations, solid-state reconstructive transformations seem unlikely to operate on the
nanosecond to seconds time scale of shock events because diffusion rates are too slow
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(Langenhorst and Deutsch 2012), thus, a martensitic transformation mechanism is favored
for impact-related reidite.
While an experimental study by Leroux et al. (1999) used TEM to first establish the
crystallographic relationships between reidite and zircon lattices, studies of natural samples
have primarily used XRD (e.g., Glass and Liu 2001; Chen et al. 2013) or laser Raman (e.g.,
Gucsik et al. 2004a; Wittmann et al. 2006; 2009; Chen et al. 2013) to establish the presence
of reidite. However, both XRD and laser Raman analyses do not allow inter-crystalline
relationships to be quantified. In contrast, EBSD data provide a rapid means of acquiring
quantitative crystallographic data with high spatial (~50 nm) and angular (~0.5°) resolution
(Cavosie et al. 2015a; Reddy et al. 2015). In this study, 32 reidite-bearing zircon grains are
investigated by EBSD and complementary electron microscopy, laser Raman and FIB-based
sectioning techniques to refine the three dimensional crystallographic relationships
between zircon and reidite, correlate experimental shock results with natural samples,
provide insight into the zircon-reidite transformation mechanism(s) and assess the effect of
metamictization on the transformation to reidite.
Table 2.1: Locations of natural reidite occurrences.
Age
(Ma) Shock
Impact Crater
stage
Ries impact structure, Germany

14.7

Method of identification

II - IV

laser Raman
spectroscopy

II - IV

laser Raman
spectroscopy

II-III
Eocene ejecta, New Jersey, USA*

35.7

-

Eocene ejecta, Barbados*

35.7

-

Chesapeake Bay impact structure,
USA

35.7

Xiuyan Crater, China

0.1

EBSD, laser Raman
X-Ray Diffraction

II – III
II – III
III –
IV

laser Raman
spectroscopy

II - III

laser Raman, XRD

460
Rock Elm Impact structure, USA
II
EBSD
Proterozoic ejecta, Stac Fada,
118
Scotland
0
EBSD
39
Haughton Crater, Canada
IV
laser Raman
*ejecta horizons correlated to the Chesapeake Bay impact structure

Number of
grains
reported
II: 0, III:
1/12 (8 %),
IV: 0
II & III:
52/67 (78%)
IV: 1/46
(2%)
32/46
(70%)
7/68 (10%)
4
1/27 (4%)
1
II: 7/30
(23%)
III: 0/20
2/135 (1%)
2/200 (1%)
4/6 (67%)

Reference
Gucsik et al. (2004a)

Wittmann et al.
(2006)
This study
Glass and Liu (2001)
Glass et al. (2002)
Glass et al. (2002)
Kamo et al. (2002)
Wittmann et al.
(2009)
Malone (2009)
Malone et al. (2010)
Chen et al. (2013)
Cavosie et al. (2015a)
Reddy et al. (2015)
Singleton et al. (2015)
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Geologic Background
Ries Impact Structure
The Ries impact structure in Bavaria, Germany is a 24 km diameter complex crater
with an impact age of 14.68 ± 0.11 Ma (2σ, Di Vincenzo and Skála 2009) (Fig. 2.1). The
impact punctured Triassic and Jurassic sedimentary units and shock-metamorphosed
underlying Variscan granites, gneisses and amphibolites (Sturm et al. 2013). With the
discovery of high-pressure SiO2 polymorphs (both coesite and stishovite), Ries was one of
the first confirmed terrestrial impact structures (Shoemaker and Chao 1961). Shockproduced planar deformation features (PDFs) were identified within quartz from suevitic
breccia at Ries by Engelhardt and Bertsch (1969). Workers have since constrained the
development of shock-induced microstructures within quartz from Ries, including PDFs
(e.g., Engelhardt and Bertsch 1969; Goltrant et al. 1991; Ferrière et al. 2009) feather
features (Poelchau and Kenkmann 2011), coesite and stishovite (Stöffler 1971a; Stähle et al.
2007). So far, at least five high pressure minerals have been identified at Ries, including
coesite and stishovite (Stöffler 1971a), reidite (Gucsik et al. 2004a), akaogiite (El Goresy et
al. 2010), and diamond (Hough et al. 1995).
At the Ries impact structure, reidite was first described in a zircon grain within a
shock stage III (Stöffler 1971b) fragment of a suevitic breccia from Seelbronn (Fig. 2.1;
Gucsik et al. 2004a). The reidite could not be recognized by backscatter electron (BSE) and
cathodoluminescence (CL) imaging (Figs. 1b and 10a in Gucsik et al. 2004a), but was
identified by distinct spectral peaks in laser Raman spectra. Wittmann et al. (2006)
documented zircon grains containing reidite in clasts that experienced shock stages II-IV
(Stöffler 1971b) from a Ries suevite breccia. In shock stage II and III lithic fragments from
the Zipplingen, Seelbronn and Aumühle quarries, Wittmann et al. (2006, Table 2.1) found
78% of zircon grains (52 of 67) analyzed by laser Raman contained reidite, while shock stage
IV clasts from Seelbronn and Aumühle contained 1 grain (2% of those investigated) with
reidite (Fig. 2.1).
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Figure 2.1: Location map and cross-section of the Ries impact crater A. Location of the Ries crater (black dot)
within the upper left-hand insert map of Germany. B. Geologic map of the Ries impact crater modified after
Schmidt-Kaler (2004). The locations of the town of Nördlingen and the Nördlingen 1973 Borehole are
highlighted. The inner ring of the crater is defined by geophysical data while the outer rim is defined by the
structural rim of the crater (Stöffler et al. 2013). The reidite localities of Gucsik et al. (2004a) and Wittmann et
al. (2006), Seelbronn, Aumühle and Zipplingen, are also shown. C. Cross-section of the Ries impact crater (C –
C’) with the location of the Nördlingen 1973 borehole relative to the center of the impact crater, modified
after Pohl et al. (2010) and Stöffler et al. (2013).
`
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The samples analyzed in this study come from the Nördlingen 1973 borehole,
located within the central region of the Ries impact structure, 3.65 km from the center of
the structure (Fig. 2.1) and extending to a depth of 1,206 m (Bauberger et al. 1974; Reimold
et al. 2011). The upper 264 m of drill core passes through post-impact lake sediments (Fig.
2.2a). From 264 m to 331.5 m depth the sediments comprise of clasts of suevite, at the
base of which are air-fall and ‘turbidity current-like’ deposits (Reimold et al. 2011). A meltrich package between 331.5 to 525 m depth represents a Flädle-type suevite derived from
fallback of the impact vapor plume, below which is a melt-poor unit of suevite from 525 to
601.5 m depth (Stöffler 1977; Stöffler et al. 2013). Below 601.5 m depth lie shocked
Variscan basement gneisses and granitoids, which are crosscut by impact breccias that were
injected along large scale fractures (Bauberger et al. 1974; Reimold et al. 2011). Two zirconbearing clasts from the Flädle-type suevite breccia were selected for this study (Fig. 2.2).
Both clasts come from a depth of 498 m and are located in a single thin section.

Analytical Methods
A standard petrographic thin section was polished and given a final chemicalmechanical polish using 60 nm colloidal silica in a NaOH dispersion. Zircon grains were
identified by optical microscopy (Figs. 2.2 and 2.3) and then analyzed using a Tescan Mira3
field emission scanning electron microscope (SEM) at the Microscopy and Microanalysis
Facility, within the John de Laeter Centre (JdLC), Curtin University. SEM imaging and
analyses, including secondary electron (SE), atomic number contrast backscatter electron
(BSE), cathodoluminescence (CL) and energy dispersive spectrometry (EDS) were
undertaken. Further details on the operating conditions are given in Appendix B.1.
Microstructural EBSD data from the zircon grains were collected along orthogonal grids
(maps) with a step size of 50 to 200 nm, using a Nordlys Nano high-resolution detector and
Oxford Instruments Aztec 2.2 acquisition system. Post-processing of the EBSD data was
undertaken with the Oxford Instruments Channel 5.11 software suite. Maps and pole
figures of the EBSD data were produced with Tango and Mambo software respectively. The
interphase misorientation relationships between different reidite lamellae and host zircon
were also visualized for all of the reidite lamellae using Mambo. To achieve this, the
crystallographic orientation data for both phases were rotated so that each host zircon
grain was in the same reference orientation (Fig. 2.11, Appendix B.2), such that each c-axis
was aligned with the z direction of the pole figures and the a-axes were aligned with x and
y.
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The habit plane orientations of reidite lamellae within the host zircon grains were
reconstructed from their traces in two orthogonal polished surfaces. We used the Tescan
Lyra3 FIB-SEM in the Advanced Resource Characterisation Facility at Curtin University to
cross-section the host zircon grains to a depth of ~5 µm, from which the orientation of the
reidite lamellae could be constrained relative to the host zircon grain. The determination of
the habit plane was completed using standard structural plotting techniques by
reconstruction of a plane from the traces of the lamellae on the two orthogonal surfaces
using Stereonet9 software.
To further quantify systematic orientation relationships of the reidite lamellae with
the host zircon grains, we developed a MATLAB script to measure the crystallographic
coincidence of specific planes between the two phases. Firstly, the mean crystallographic
orientations of the reidite and zircon were measured from the EBSD data. The script then
calculated the orientation relationships of the (001)zircon, {100}zircon, {112}zircon, {110}reidite and
{112}reidite crystallographic planes with respect to the x-y-z coordinates of the acquisition
surface. The angle between the following pairs of planes was then calculated using the dot
product of the two direction vectors for each form (see Appendix B.1 for details): (001)zircon
to {110}reidite, {100}zircon to {112}reidite and {112}zircon to {112}reidite.
One zircon grain with reidite lamellae was selected for laser Raman mapping,
allowing direct comparison of Raman and EBSD data for reidite. Laser Raman mapping was
done at the CSIRO Energy Flagship, Australian Resources Research Centre, using a Horiba
LabRAM HR Evolution using a 600 gr/mm grating and a Synapse Visible detector. A 36 X 50
µm map was produced across the shocked zircon. In addition to comparing the EBSD and
Raman data, Raman analyses were used to assess the crystallinity of the zircon in order to
test the effects of initial state (e.g., damage from metamictization, amorphous ZrSiO4) on
reidite formation.
Further descriptions of the analytical methods are outlined in Appendix B.1,
including SEM imaging, EBSD analysis, post processing the EBSD data, the FIB crosssectioning method, the Matlab script for determining the intracrystalline misorientation
relationships and the laser Raman analyses. Appendix B.2 contains SEM photomicrographs,
EBSD maps and pole-figures from each reidite-bearing zircon grain. Appendix B.3 contains
the reoriented pole figures of each reidite lamellae plotted in the zircon reference frame,
which are summarized in Figure 11. Appendix B.4 contains the input Euler angles used for
the MATLAB script and the reorientation of the reidite pole-figures, and the minimum
angles between (001)zircon to {110}reidite, {100}zircon to {112}reidite and {112}zircon to {112}reidite.
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Figure 2.2: Schematic of the Nördlingen 1973 borehole and petrographic and SEM images of Ries Clast 1 and
2. A. The geology of the Nördlingen 1973 Borehole with the location of Ries Clasts 1 and 2 from a depth of
498 m within the suevitic breccia. B. Plane polarized light (PPL) image of Ries Clast 1 with the location of
zircon grains associated with the amphibole-rich melanosomes. Reidite-bearing zircon grains are colored red,
while those without reidite are green. Note the distinct brown-beige toasted appearance of the quartz
domain. C. Pole figures of (001) for the 32 zircon grains within Ries Clast 1, red points are from grains with
reidite and green from grains without reidite. D. CL image of typical shocked quartz from within Ries Clast 1
displaying multiple orientations of PDFs. E. Plane polarized light image of highly altered and patchy Ries Clast
2 with the location of zircon grains. Reidite-bearing zircon grains are colored red, while those without reidite
are green. F. Stereographic projection of the poles to the (001) of the 10 zircon grains within Ries Clast 2, red
points are from grains with reidite and green from grains without reidite.

Results
Ries Clast 1
Ries Clast 1 is a banded, quartz-plagioclase-hornblende-biotite-magnetite gneiss
with accessory apatite, zircon and rutile (Fig. 2.2b). A total of 36 zircon grains were
identified in Ries Clast 1, all of which are found in plagioclase-amphibole-biotite-magnetite
melanosomes; no zircon grains were found in the quartz-rich segregations (Fig. 2.2b). The
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zircon grains have a crystallographic preferred orientation (CPO), which is exhibited by
alignment of (001) (Fig. 2.2c). Quartz grains from Clast 1 contain up to five sets of PDFs (Fig.
2.2d), and have a distinct ‘toasted’ appearance (Whitehead et al. 2002). No high-pressure
polymorphs of SiO2 were found in Clast 1. Plagioclase is highly altered and in places
isotropic, having partially transformed to maskelynite during shock metamorphism. Based
on the presence of diaplectic plagioclase and PDFs within the quartz, Ries Clast 1
experienced shock stage II, which corresponds to peak shock pressures of 25 - 30 GPa
(Stöffler 1971b).
The zircon grains are subhedral to euhedral and range in length from 12 to 145 µm
(mean = 59 µm, Table 2.1). Of the 36 zircon grains, 25 exhibit thin (≤ 1 µm) lamellae that
crosscut the grains in up to 4 orientations (Table 2.1, Fig. 2.3). In transmitted light, the
lamellae are transparent, have a higher relief than zircon and appear brighter in reflected
light. In cross polarized light, the lamellae show a maximum birefringence of second order
blue. Imaging of the zircon grains by BSE identifies bright lamellae, consistent with those
detected optically, which range from 0.1 to 1 µm in width. In CL images, the lamellae are
dark and crosscut compositional growth zonation (Fig. 2.3).
Mapping by EBSD confirms that the lamellae are reidite. In Ries Clast 1 reidite was
only found in lamellar form; 58 distinct sets of aligned lamellae were identified within 25
zircon grains (Table 2.1). The total area of reidite exposed on the polished surfaces of
individual zircon grains was calculated to range between 0.1 to 9.1%, indicating that the
transformation was highly localized and incomplete. A thorough microstructural description
of four grains (21, 12, 14 and 29) from Clast 1 follow. These grains are selected because
they contain the full range of both reidite development and other deformation features
found in this study.
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Figure 2.3: Petrographic and SEM images of shocked zircon from Ries Clast 1. Cross-cutting lamellae can be
seen in each grain ranging from 1 (e.g., Zircon 21) to 4 (e.g., Zircon 29) orientations, and are birefringent in
cross polarized light, dark in CL and bright in BSE images.
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Figure 2.4: EBSD and laser Raman data from Zircon 21 from Ries Clast 1 with a well-pronounced set of
lamellae in {𝟏𝟎𝟎}zircon equivalent to {𝟏𝟏𝟐}reidite. A. EBSD map of the reidite lamellae (with inverse-pole
figure (IPF) color scheme) and zircon (greyscale band contrast map). B. Pole figures for zircon and reidite
(note: all pole figures are lower hemisphere, equal area stereographic projections). Close alignment of
the poles to {𝟏𝟎𝟎}zircon and {𝟏𝟏𝟐}reidite are highlighted and the pole to the habit plane, as determined
from the FIB-milled cross section is marked on the pole figures (see Appendix 1 for how this was
-1
calculated). C. Overlain Raman intensity map for two zircon peaks (blue = 353 cm wave number and
-1
green = 1003 cm wave number), which relate to the symmetric, v1(SiO4), and asymmetric, v3(SiO4),
-1
stretching vibrations of the tetrahedral SiO4, respectively, and one reidite peak (red = 402 cm wave
number). The reidite lamellae, which can be correlated to the lamellae within the EBSD map, show up as
bright red while the most crystalline zircon is yellow-green. D Map of the ratio of v3(SiO4) peak to the
domain, which reidite lamellae do not crosscut, is outlined by a dashed
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v1(SiO4), v3(SiO4) is sensitive to short range order of the crystal structure and thus is a proxy for
metamictization. Locations 1 - 3 mark the Raman spectra shown in Figure 4. E. The lower-crystalline dark
domain, which reidite lamellae do not crosscut, is outlined by a dashed white line. E Raman spectra for (1)
crystalline zircon, (2) metamict zircon core and (3) reidite lamellae (see text for further discussion). Peaks
labelled z and r correlate to those published in the literature for zircon and reidite, respectively. F. BSE atomic
number contrast photomicrograph of the cross section F-F’ exposing the reidite lamellae, which the three
dimensional orientation of the lamellae was refined from (see Appendix B.2, Zircon 21 for more details).

In Zircon 21 (Fig. 2.4 a, b) a single set of reidite lamellae is well-developed
throughout the grain. The lamellae show close alignment of the {100}zircon to {112}reidite,
while (001)zircon and {110}reidite are more scattered (Fig. 2.4 b). However, while the trend of
the lamellae on the polished surface (Fig. 2.4 a) is close to that of the {100}zircon, threedimensional observations of the geometry of the reidite-zircon interface (Fig. 2.4 b, f),
shows that the habit plane is ~20° from {100}zircon. This relationship is consistent with
parallelism of {512}zircon with {122}reidite. For additional pole figures, including {512}zircon and
{122}reidite and additional images of Zircon 21 refer to Appendix B.2.
In Zircon 12, four distinct sets of lamellae were identified (Fig. 2.5). In all cases, a
consistent orientation relationship between reidite and host zircon is seen, whereby one
<110>reidite is aligned subparallel to [001]zircon and the conjugate <110>reidite is subparallel to
<110>zircon. The greatest dispersion of reidite poles is about <110> parallel to [001]zircon,
which is the crystallographic direction about which the parent zircon is plastically deformed
(Fig. 2.5). While there is general alignment of the {001} and {110} poles between the two
phases, analysis of different sets of lamellae shows that for each set, one {112}reidite is
closely aligned with {100}zircon (Fig. 2.5 b). Additionally, there is alignment between
{112}zircon and one of the other {112}reidite lattice planes. Three dimensional analysis of the
interface between the reidite lamellae and the host zircon shows that the two welldeveloped reidite lamellae (L1 and L2) lie along a {112}zircon which is parallel to {112}reidite
(Fig. 2.5 b, Appendix B.2 Zircon 12). The habit plane of the other two reidite lamellae are
~20° from the {100}zircon, similar to the lamellae in Zircon 21, and are consistent with
{512}zircon (see Appendix B.2, Zircon 12 for additional pole figures and images).
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Figure 2.5: EBSD maps and pole figures for Zircon 12 from Ries Clast 1 showing four lamellar orientations for
reidite (L1 - 4). A. EBSD map with a texture component exhibiting cumulative misorientation of 15° across the
zircon, accommodated by a combination of brittle and crystal-plastic intragrain deformation, and the
development of low-angle grain boundaries. Reidite lamellae are colored using IPF notation, highlighting the
reidite lamellae (labeled L1 - 4). B. Pole figures for zircon and reidite, reidite lamellae 1 (L1) and lamellae 2
(L2) are in {𝟏𝟏𝟐}zircon // {112}reidite orientations, while reidite lamellae 3 and 4 (L3, 4) are in an orientation that
cannot be a low-order rational habit plane but is close to {512}zircon (see Appendix B.2, Zircon 12 for more
details).

In Zircon 14, two sets of reidite lamellae are well-developed. In addition, the grain
contains a set of shock twins along {112}, with 65° misorientation about <110> (Fig. 2.6).
At the intersection of one of the zircon twins with one of the reidite lamellae, a small
domain (~0.15 µm wide) of reidite is misoriented 75° about <110>, and is likely a twinned
domain within the reidite (TR; Figs. 2.6 b, c). The <110>reidite, aligned with the twin
misorientation axis, is subparallel to the zircon twin <110>zircon misorientation axis. In
addition, one of the {112} planes of the twinned reidite is closely aligned with a {100} plane
of the twinned zircon, consistent with the relationship observed for other reidite lamellae
(see Appendix B.2, Zircon 14 for further details). The habit plane of the two sets of reidite
lamellae (L1 and L2) are ~ 20° from {100}zircon // {112}reidite and are consistent with {512}zircon.

42

T. M. Erickson

The zircon to reidite transformation

Figure 2.6: EBSD maps and pole figures for Zircon 14 from Ries Clast 1, exhibiting two orientations of reidite
lamellae and a set of shock twins. A. IPF colored EBSD map displaying two orientations of reidite lamellae (L1
colored purple and L2 colored red) and the shock twins (colored pink). Low-angle boundaries (LABs) between
adjacent pixels within the zircon with disorientation angles of >1° (thin, grey), >2° (yellow), >10° (red) and
twin boundary relationship 65° about <110> disorientation axis (green) are shown. Note that the apparent
curvature of the reidite lamellae was caused by beam drift during SEM mapping. See BSE photomicrograph in
Fig. 3 for a drift-free image. The white box shows the location of Fig. 6 b. B. Area of interest at the
intersection of the reidite lamellae and the shock twins, the reidite is disoriented 75° about <110>. Tz and TR
denote zircon and reidite twins, respectively. C. Pole figures for zircon and reidite, the shock twins in zircon
and reidite are systematically rotated about the pole to {𝟏𝟏𝟎}, which in tetragonal symmetry is parallel to
<110>, as described by Timms et al. (2012). While lamellae 1 (L1) and lamellae 2 (L2) both have alignment of
{𝟏𝟏𝟐}reidite to {𝟏𝟎𝟎}zircon, the three dimensional control on the lamellae orientations (marked on the pole
figures) reveals that each lamellae are instead in a {512}zircon orientation (see Appendix B.2, Zircon 14 for
further details).

Zircon 29 contains 4 well-developed sets of reidite lamellae. All lamellae show
close crystallographic alignment of {112}reidite with the same {100}zircon (Figs. 2.7a, b).
However, each lamellae shows alignment of {112}reidite with a unique {112}zircon, so that the
lamellae are in 4 different crystallographic orientations relative to the host zircon (see
Appendix B.2, Zircon 29). Additionally, the zircon contains many low-angle boundaries that
are subparallel to the zircon-reidite interfaces of the four sets of reidite lamellae.
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Figure 2.7: EBSD maps and pole figures of reidite bearing Zircon 29 from Ries Clast 1, displaying 4 unique
orientations of reidite lamellae within the grain.
A. EBSD map with local misorientation color scheme for
zircon and IPF color scheme for reidite. Each pixel of zircon is colored according to the mean disorientation
value from the surrounding 7 × 7 pixel grid and shows the low-angle boundary microstructures of the host
zircon. The four reidite lamellae (labeled L1 - 4) are subparallel to many of the low-angle grain boundaries
within the host zircon. B. Pole figures for zircon and reidite. This grain has four orientations of reidite
lamellae, and all show close alignment of {112}reidite to one {𝟏𝟎𝟎}zircon orientation. Additionally, one of the
poles to {𝟏𝟏𝟎} for all reidite lamellae plots in the vicinity of (001)zircon. The poles to the habit planes for the 4
lamellae cluster around the {100}zircon parallel to {112}reidite (see Appendix B.2, Zircon 29 for further details of
this grain).

In all instances, reidite lamellae show close crystallographic alignment of one
{112}reidite with {100}zircon and alignment of another {112}reidite with a {112}zircon (see Appendix
B.2,3 and 4 for details). While (001)zircon is misoriented from (110)reidite by ~10°, {100}zircon
and {112}reidite have a mean misorientation of ~5° and {112}zircon and {112}reidite also have a
mean misorientation of ~5° (Appendix B.4). The most common habit plane for reidite
lamellae in Clast 1 is {512}zircon, which occurs in 15 sets, and is parallel to either {122}reidite,
{133}reidite or {124}reidite. The second most common habit plane is {112}zircon, which accounts
for 5 sets of lamellae, and is parallel to {112}reidite in all cases. Additionally, 3 sets of
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lamellae were identified which lie in {100}zircon and are coplanar with {112}reidite, and 3 sets
of lamellae were found that lie in {111}zircon and are coplanar with {100}reidite (Table 2.2).
However, for 29 sets of lamellae cross-sectioned by FIB, the planes are typically irrational
and do not occur in a consistent orientation (Appendix B.2).
In addition to shock-produced reidite and twin lamellae, the zircon grains contain
a combination of crystal-plastic strain and brittle fractures. Plastic strain includes planar
deformation bands, low-angle (<10°) subgrains and high-angle (>10°) grain boundaries,
typically misoriented about <001> and/or <110> (Figs. 2.5-7). Crystal-plastic deformation
microstructures typically accommodate 5 to 18° of cumulative misorientation across the
grains containing reidite (Table 2.2). However, a zircon that contains 2 sets of reidite
lamellae (see Zircon 18, Appendix B.2) also contains a shear band with up to 43° of
misorientation about the [001]zircon and highlights extreme plastic behavior of zircon during
shock metamorphism.
Zircon 21 was selected for laser Raman mapping because it has a well-developed
set of reidite lamellae that heterogeneously cross-cuts the parent zircon grain (Fig. 2.4a).
Imaging of the zircon by CL reveals a dark core with minor overprinting along its boundaries
and a bright, concentrically zoned rim (Fig. 2.3). The CL-dark reidite lamellae crosscut the
bright rim but then pinch out, and do not occur in the dark core. Raman mapping of the
grain confirms the lamellae as reidite, which supports results of EBSD mapping (Figs. 2.4 ce). Spectra from the rim of the host zircon have peaks at 198, 209, 220, 353, 434, 970 and
1003 cm-1, consistent with values from unshocked zircon (e.g., Gucsik et al. 2004b). Raman
analysis of zircon from the rim of the grain shows the v3(SiO4) peak has a high amplitude
and narrow width (spectra 1, Figs. 2.4 c, e). Using equation 2 of Nasdala et al. (2001), the
calculated full width at half-maximum (FWHM) value for the v3(SiO4) is ~3.64 cm-1. Raman
spectra from the reidite lamellae (spectra 3, Fig. 2.4 e) exhibit a unique set of peaks at 402,
455, 543, 846 and 883 cm-1, in addition to the peaks detected in the zircon (spectra 1).
Raman peaks from the reidite lamellae are consistent with data from experimental studies
(Knittle and Williams 1993; Gucsik et al. 2004a; 2004b; van Westrenen et al. 2004) and
natural reidite (Wittmann et al. 2006; 2009; Chen et al. 2013). In contrast to the rim
(spectra 1, Fig. 2.4e), the v3(SiO4) zircon peak from the core (spectra 2, Fig. 2.4 e) is shifted
relative to the more crystalline zircon in the rim, and has a lower amplitude and larger
corrected FWHM of 14.15 cm-1. In addition to zircon peaks, the core spectrum has lowamplitude diffuse peaks that are ambiguous (e.g., 633, 698, 811 and 850 cm-1).
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Table 2.2: Characteristics of zircon and reidite from Ries Clast 1 from a depth of 498 m within the
Nördlingen 1974 borehole.
Zircon
Grain #

Length
(µm)

Width
(µm)

MOS
(°)*

1

25

21

2

55

3
4

5

Lamellae
Number

FIB
transect

habit
plane
zircon

habit
plane
reidite

1

1

yes

511

225

yes

1

2

yes

311

145

yes

1

3

yes

512

122

4

yes

512

124

5

yes

100

112

6

yes

414

1332

Reidite

# of
planes

8.11

no

0

37

8.97

yes

63

42

10.87

34

27

8.31

80

64

{112}
twins

16.29

yes

4

6

125

66

9.7

yes

2

7

60

36

9.48

no

0

8

86

54

12.51

yes

2

9

63

52

12.34

yes

2

10

64

60

7.88

no

0

11

27

10

3.28

no

0

12

13

14

15

45

145

55

77

43

100

49

60

12.77

yes

14.22

10.31

15.52

yes

yes

yes

yes

4

3

2

3

16

63

51

8.08

no

0

17

42

27

5.02

yes

1

18

93

68

43.34

yes

2

19

55

36

20

70

69

21

89

22

86

10.21

yes

4

17.22

yes

2

67

14.5

yes

1

43

11.31

no

0

7

no

8

yes

110

221

9

yes

320

001

10

plucked

11

plucked

12

yes

313

32

13

yes

11

133

14

yes

112

112

15

yes

112

112

16

yes

512

122

17

yes

512

122

18

yes

211

122

19

yes

332

121

20

yes

411

104

21

yes

512

122

22

yes

512

122

23

yes

221

118

24

yes

112

21

25

yes

214

132

26

yes

212

125

27

yes

103

122

28

yes

421

221

29

yes

111

100

30

yes

112

112

31

yes

112

112

32

yes

512

122

33

yes

212

125

34

yes

201

144

35

yes

512

122
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28

29

32

65

48

60

78
78
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26

50

37

51

58
41

31

11.931

yes

12.74

yes

9.05

no

9.52

yes

11.69

yes

12.65

yes

11.95

yes

2

4

yes

111

100

37

yes

100

112

38

yes

512

133

39

yes

512

133

40

yes

512

133

41

yes

512

133

42

yes

100

112

43

yes

212

510

44

yes

314

213

45

yes

111

100

46

yes

432

142

47

yes

512

122

48

yes

215

231

49

yes

512

122

50

yes

512

102

51

yes

512

124

52

yes

310

121

53

yes

311

121

54

yes

120

112

55

yes

302

102

56

yes

112

112

57

yes

103

111

58

yes

101

134

0

4

1
3

4

30

60

38

16

yes

2

31

18

14

15.24

no

0

32

27

19

9.08

no

0

33

12

10

5.02

yes

1

34

22

8

6.44

no

0

35

14

8

3.36

no

0

36

42

26

18.2

yes

2

Total

58.6

41.6

11.8

25

58

1

36

55

* MOS: Maximum deviation from mean orientation (°) calculated with Grain Detect function in Channel5

Ries Clast 2
Ries Clast 2 consists of equant plagioclase and quartz with minor biotite and an
overprint of iron oxide alteration (Fig. 2.2 e). Quartz grains within the clast contain PDF
lamellae or are entirely diaplectic glass, the latter are isotropic in cross polarized light. The
majority of feldspar grains are optically isotropic, which indicates near-complete conversion
to maskelynite. In addition to minor remnants of crystalline plagioclase, there are skeletal
feldspar grains, consistent with rapid growth from quenched feldspar melt generated by
the impact. The presence of quenched feldspar glass and diaplectic SiO2 indicates a
pressure range of 30-35 GPa and shock stage III for Ries Clast 2 (Stöffler 1971b). The clast
contains 10 euhedral to subhedral zircon grains ranging in length from 18 to 45 µm (mean =
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25 µm, Table 2.2). Unlike Ries Clast 1, there is no evidence of a pre-existing gneissic fabric,
and zircon grains do not appear to have a CPO (Fig. 2.2 f). EBSD mapping confirms that
reidite is present in seven of ten zircon grains (70%) (Table 2.2). One to three distinct
orientations of reidite lamellae were identified in each reidite-bearing zircon, totaling 15
different sets of lamellae. In addition to reidite lamellae, other deformation
microstructures in the Clast 2 zircon grains include planar deformation bands, low-angle
grain boundaries and shock twins (e.g., Fig. 2.8). Detailed microstructural description of
Zircon 42 and 37 from Clast 2 follow.
Zircon 42 exhibits characteristic lamellar reidite in addition to a range of other
deformation microstructures, while Zircon 37 contains both lamellar reidite and a unique
granular form, which is not present elsewhere in this study. Zircon 42 from Clast 2, contains
a variety of shock microstructures, including two sets of reidite lamellae, planar
deformation bands along {100}zircon with a slip system of <010>(100), and a set of shock
twins in {112}zircon with a misorientation relationship of 65° about <110> (Fig. 2.8). Zircon

Figure 2.8: Scanning electron images and pole figures for Zircon 42 from Ries Clast 2, which exhibits 2
orientations of reidite lamellae and 1 set of shock twins. A. BSE atomic number contrast image, the two
reidite lamellae observed cross-cutting the zircon approximately N-S and E-W. B. IPF colored EBSD map of the
zircon grain. The boundaries between adjacent pixels within the zircon with disorientation angles of >1° (thin,
grey), >2° (yellow), >10° (red) and the 65° about <110> twin relationship (green) are shown, T Z denotes zircon
twins. An a-plane parallel deformation band (PDB) is also visible in the lower left corner of the grain (green in
IPF). C. EBSD map of the reidite lamellae (with IPF color scheme) and zircon (greyscale band contrast map),
with the reidite lamellae colored red (L1) and orange (L2). D. Pole figures for zircon and reidite. The twins are
misoriented from the host grain 65° about <110>, while misorientation about <001> is associated with the aplane deformation band with a slip system of <010>(100). The reidite lamellae both show close alignment of
{112}reidite to {𝟏𝟎𝟎}zircon, but are aligned with the different {100}zircon lattice planes.
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37 has a combination of lamellar and sub-micrometer granular reidite (Fig. 2.9). Part of this
grain is more crystalline (upper domain, Fig. 2.9 a, c) and is cut by lamellae, which appear
bright in BSE images (Fig. 2.9 a). One set of lamella index as reidite via EBSD mapping and
show close (< 5.0°) crystallographic coincidence between {100}zircon // {112}reidite (Figs. 2.9c,
d). The rest of the grain (lower domain, Figs. 2.9 a, c) contains granular reidite, and some
domains that index as zircon. The majority of the indexed lower portion of the zircon has
retained the crystallographic orientation of the more crystalline domain of the grain (upper
portion of the zircon in Figs. 2.9b, c). However, discrete domains (subgrains or granules)
that index as zircon are significantly misoriented with respect to the host grain. A total of
275 granules of reidite were identified via EBSD mapping, ranging in diameter from to 0.10
µm to 1.3 µm (mean = 0.24 µm). The majority of the reidite granules (97%) have the same

Figure 2.9: Scanning electron images and pole figures for Zircon 37 from Ries Clast 2 with lamellar (L) and
microgranular (G) reidite. A. BSE atomic number contrast image exhibiting bright reidite granules in the
lower half of the grain and a reidite lamella cross-cutting the upper section. B. EBSD map with IPF color
scheme for the zircon and greyscale band contrast map for reidite. The majority of the zircon is colored in the
green scale but a variety of granules (labeled G) are misoriented from the host. Many of the zircon granules
are systematically misoriented ~90° <110> from the host zircon orientation. C. EBSD map with IPF color
scheme for reidite and greyscale band contrast map for zircon. The reidite lamella and the majority of the
granules are colored orange to purple indicating two dominant crystallographic orientations. D. Pole figures
for zircon and reidite, the majority of the granular reidite showing an epitaxial alignment of
<110>zircon//<110>reidite and [001]zircon // <110>reidite, similar to the lamellae. The majority of the granular
zircon (G in Fig. 9b) is in the same crystallographic orientation as the reidite, suggesting the zircon granules
are potentially a reversion product. The orientation of the habit plane for the lamellar reidite is also marked
on one of the pole figures.
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topotaxial relationship to the host zircon as the reidite lamellae, such that <110>reidite aligns
with [001]zircon, while 9 granules (3%) are in random orientation. In the portion of the grain
that contains reidite granules, 25 granules of zircon, ranging in size from 0.18 µm to 1.00
µm (mean 0.35 µm) are systematically misoriented 90° about <110> relative to the host
zircon, and are in the same crystallographic orientation as the reidite granules (Fig. 2.9d).
Reidite lamellae from Clast 2 have the same misorientation relationship to the host
zircon as those in Clast 1, such that <110>reidite is aligned subparallel to [001]zircon (e.g., Fig.
2.8 d) with a mean misorientation of 8.1°. Similarly, there is crystallographic coincidence
between {100}zircon with {112}reidite, which has a mean misorientation of ~5° for each
lamellae from Clast 2. Likewise, {112}zircon is subparallel with another {112}reidite lattice plane
and has a mean misorientation of ~5° (5.5°). In the reidite-bearing grains from Clast 2, one
set of lamellae is consistent with a {512}zircon habit plane and one lamellae is consistent with
{112}zircon, while the 7 other lamellae transected by FIB milling are not in any consistent,
rational habit planes (Table 2.3).

Table 2.3: Characteristics of zircon and reidite from Ries Clast 2 from a depth of 498 m within the
Nördlingen 1974 borehole.
Reidite

# of
planes

Lamellae
Number

FIB
transect

habit
plane
zircon

habit
plane
reidite

>20

yes

1

59

yes

203

201

8.63

no

0
60

yes

104

221

61

yes

512

122

62

yes

221

118

63

plucked

64

plucked

65

plucked

66

plucked

67

plucked

68

yes

112

112

69

yes

414

101

70

no

71

yes

203

123

72

yes

113

120

73

yes

124

121

Zircon
Grain #

Length
(µm)

Width
(µm)

MOS
(°)*

37

27

22

38

18

11

39
40
41

38
19
45

24
19

13.37

no

19

yes

22

18

17.42

43

20

15

3.85

23

yes

16.55

42

44

{112}
Twins

21

yes

9.56

3
0
3

yes

2

no

0

yes

3

45

18

10

15.7

yes

2

46

18

14

10.34

yes

1

Total

24.8

17.3

11.9

7

15

1

9

* MOS: Maximum deviation from mean orientation (°) calculated with Grain Detect function in Channel5

50

T. M. Erickson

The zircon to reidite transformation

Discussion
Comparison with natural reidite from other localities
The results of this study show that reidite most commonly forms as thin crosscutting lamellae, however, it may also occur as sub-micrometer granules. The form of
reidite within zircon parent grains is often ambiguous (e.g. Gucsik et al. 2004a), because
previous studies of reidite have either used XRD (Glass and Liu 2001; Chen et al. 2013) or
laser Raman (Gucsik et al. 2004a; Wittmann et al. 2006; 2009; Chen et al. 2013), while EBSD
has only been utilized in two previous studies (Cavosie et al. 2015a; Reddy et al. 2015).
However, petrographic and SEM photomicrographs of reidite from Chesapeake Bay impact
ejecta (Glass et al. 2001), the Ries impact structure (Wittmann et al. 2006) and the Xiuyan
crater (Chen et al. 2013) all share similar characteristics to the reidite lamellae documented
in this study. At the Seelbron and Aumühle quarries in the Ries crater, reidite-bearing
shocked zircon grains from the shock stage III and IV clasts exhibit ‘subparallel lamellae of
sub-µm thickness’ or ‘a high density of planar microstructures’, respectively (Wittmann et
al. 2006, their Fig. 5). Likewise, petrographic and SEM photomicrographs of shocked zircon
grains from the Xiuyan crater exhibit lamellae that cross-cut the zircon grains and are bright
in BSE (Chen et al. 2013, their Figs. 7 and 8). Similarly to this study, EBSD analysis of reiditebearing shocked zircon from Rock Elm (Cavosie et al. 2015a) and Stac Fada (Reddy et al.
2015) identify reidite most commonly formed as sets of multiple cross-cutting lamellae. In
all cases, the reidite lamellae are brighter than the host zircon in BSE, due to its ~ 10%
denser crystal structure (Glass et al. 2002), dark in CL, and cross-cut the primary zonation
patterns of the zircon (Cavosie et al. 2015a; Reddy et al. 2015, this study). At Rock Elm,
reidite was also found a sub-micrometer granules (Cavosie et al. 2015a), similar to those
found in Zircon 37 of this study. The crystallographic relationships between reidite habit
(lamellar and granular) and the host zircon are discussed further below.

Crystallographic control on lamellar reidite – nature and experiments
Reidite occurs in 1 to 4 distinct sets of lamellae in 32 of the grains analyzed (Fig.
2.10). The EBSD data show that there is a consistent crystallographic relationship between
the host zircon and the reidite lamellae. In all instances {112}reidite is closely aligned with
{100}zircon, which is in agreement with the experimental results of Leroux et al. (1999), and
the mean misorienation between {100}zircon and {112}reidite is ~5° (see Appendix B.4).
However, while Leroux et al. (1999) also reported coincidence of [001]zircon to <110>reidite,
our results indicate that these directions are not exactly coincidental, but are misoriented
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by ~10° (Appendix B.4), such that <110>reidite are systematically dispersed around [001]zircon
(Fig. 2.11). In all cases of lamellar reidite from this study, there is close alignment of
{112}zircon to one of the other {112}reidite lattice planes. The average misorientation between
{112}zircon and {112}zircon for all reidite lamellae is also ~5° (Appendix B.4).
Therefore, the data presented in this study lead to an alternative and more robust
definition of interphase orientation relationship between reidite lamellae and host zircon
grains, such that an a-plane of the zircon, (100) or (010), is aligned with one {112}reidite,
while another {112}reidite is aligned with respect to one of the {112}zircon. This relationship
results in up to eight unique crystallographic orientations of lamellar reidite with respect to
a host zircon (Fig. 2.11; for pole figures for individual sets of reidite lamellae from each
grain please see Appendix B.3). The interphase relationship of this study is consistent with
zircon-reidite crystallographic data from Rock Elm and Stac Fada, where lamellar reidite
shows close alignment of the {100}zircon with (112}reidite, and {112}zircon with another {112}reidite
(Cavosie et al. 2015a; Reddy et al. 2015). While the transformation of zircon to reidite has
been postulated to occur by the conversion of one of the <110>zircon to [001]reidite (Kusaba et
al. 1986; Leroux et al. 1999), this would result in the alignment of [001]zircon with <110>reidite,
which is inconsistent with the misorientation relationships reported in our study and
requires further consideration.

Figure 2.10: Histogram of the
number of unique reidite
lamellae orientations within
individual zircon grains from
Ries Clasts 1 and 2.

52

T. M. Erickson

The zircon to reidite transformation

Figure 2.11: Pole figures and diagram of the 8 distinct alignments of lamellar reidite with the host zircon. A.
Pole figures of the fixed zircon orientation, the reidite orientations measured for all 73 lamellae identified,
and the 8 crystallographic alignments of the reidite within the host zircon. Note the close agreement of the
theoretical orientations and the measured orientations (see Appendix 2 for further pole figures). To orient
the reidite lamellae into a reference frame relative to the zircon, the mean orientation of the host zircon was
measured using the Grain Detect function of Tango, then the average Euler angles were subtracted from each
grain using the Virtual Chamber function of Channel5 (i.e., - φ2, -Φ, -φ1). This aligns the c-axis of the zircon
with the vertical axis of the pole figure and the A-planes with x and y respectively. B. Schematic diagrams and
pole figures to illustrate the 8 different crystallographic orientation variants of lamellar reidite (blue crystals)
with zircon (orange crystal), created by coincidence of {112}reidite with {100}zircon and {112}reidite with {112}zircon.
Poles to reidite planes are colored red or green relative to the fixed zircon orientation, depending on the
spefic {100} axis about with which they are aligned.

Even though there is consistent crystallographic alignment of the reidite lamellae to
the host zircon, the habit planes (or interfaces) between the zircon and the reidite lamellae
are highly variable (Fig. 2.12). The most common planes along which lamellar reidite
formed are {512}zircon (16 out of 64, 25%) and {112}zircon (6 out of 64, 9%). However, the
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majority of lamellae formed along irrational planes that show no discernable systematic
orientation relationships with the host zircon (Fig. 2.12). A similar observation was made for
reidite lamellae identified from shocked zircon from Stac Fada (Reddy et al. 2015).
The formation of reidite as multiple discrete lamellae during rapid shock conditions
produced in an impact environment is inconsistent with a diffusion driven transformation
and instead supports the interpretation that the transformation occurs in a displacive
manner (Langenhorst and Deutsch 2012). Likewise, the volume change between the zircon
and reidite phases rule out a potential shuffle transformation (Delaey 2006). Furthermore,
the systematic misorientation relationship between reidite and zircon is consistent with an
invariant direction of transformation, supporting a deviatoric, rather than dilatation,
dominated transformation. While a deviatoric shear transformation is supported by our
data, the large number of crystal planes along which this transformation occurs suggests
that there is also a rotational element to the transformation, as proposed by Kusaba et al.
(1986). The active slip-systems within the host zircon prior to reidite formation may also
play a role in the development of different habit planes. Further work is required to refine
this displacive mechanism, which accomodates both the large number of crystallographic
planes that reidite may form along, and the systematic crystallographic alignment between
the reidite and zircon.

Figure 2.12: Inverse pole figure plot of the
habit planes of each reidite lamellae relative
the host zircon. The three dimensional
orientations of each lamellae that were
transected using the FIB, were rotated by
the mean crystallographic orientation of the
zircon. The orientations of the zircon were
measured using the same method as
described for Figure 11, but the habit planes
were rotated using Stereonet9, so that the
lamellae could be viewed relative to the
crystallographic orientation of the host
zircon. The symmetry of the host zircon was
then collapsed into an IPF plot so that
symmetrical equivalent planes could be
removed. The data from Clast 1 (black) and
Clast 2 (white) each show a large amount of
scatter, confirming the many irrational
planes that reidite has formed along, but
there is a cluster of poles at {512}zircon from
Clast 1.
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Leroux et al. (1999) reported the formation of numerous twins within the lamellar
reidite in {112}, resulting from localized buildup of strain (Delaey 2006). However, in our
analyzed Ries zircon grains, only one example of twinned reidite was found (Fig. 2.6). The
twinned reidite is located where a reidite lamella and a zircon twin intersect, and has a
misorientation relationship 75° about <110> that is inconsistent with the pervasive
mechanical twinning in {112}reidite reported by Leroux et al. (1999).
The high abundance of reidite-bearing zircon grains in each studied clast allows a
systematic investigation of whether reidite lamellae formation is controlled by intrinsic or
extrinsic factors. While the zircon grains from Ries Clast 1 show a CPO within the x-y-z
coordinate framework of the sample (Fig. 2.2), this is likely due to passive grain rotation
and alignment during development of the pre-impact gneissic fabric (cf. Kaczmarek et al.
2011). Furthermore, there is no CPO developed in the zircon grains from Clast 2 and,
therefore, CPO development in Clast 1 probably predates the impact event and is not a
result of shock deformation. The habit plane orientations from reidite lamellae in Ries Clast
1 (with a CPO) and Ries Clast 2 (without a CPO) are both heterogeneously distributed (Fig.
2.13). Therefore, these results suggest that the initial zircon grain orientation has no
discernable control on the most energetically favorable transformation orientations within
the zircon crystal structure with respect to the propagation direction of the shock wave
Figure 2.13: Pole figures for zircon and
reidite from Ries Clast 1 and 2. The
zircon grains in Ries Clast 1 have a preexisting crystallographic preferred
orientation (CPO) of their [001]
caused by the gneissic fabric. While
the c-axis of the reidite lamellae from
Clast 1 show a systematic alignment,
this distribution is likely to be caused
by the pre-existing CPO and the
systematic misorientation relationship
between the reidite and zircon. Ries
Clast 2 does not show an obvious
systematic CPO.
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(Table 2.4). Instead, the transformation of zircon to lamellar reidite appears to be
dominantly controlled by the pre-existing microstructure of the zircon and the rheological
properties of the adjacent phases.

Table 2.4: Zircon-reidite crystallographic orientation relationship variants from Ries clasts
1 and 2. Each cell shows number of occurrences of reidite transformation with relationship
relating to each of the two {100} in zircon, here shown arbitrarily as {100}A and {100}B.
Color coding of the cells indicates dominance of one {100} relationship over the other.

{100}A
{100}B
0
1
2
3
4

0
14

1
9
5

2
9
2
3

3
1
2

4
1

Symmetric – no preference for any particular {100} relationship
Weak preference for one {100} relationship over the other
Dominated by one {100} relationship over the other
Strongly dominated by one {100} relationship over the other
Formation mechanisms of granular reidite
Granular reidite was found in the analyzed Ries sample in a zircon that also contains
lamellar reidite (Zircon 37). The granular reidite grains are sub-micrometer in size with an
average diameter of 0.24 µm. This is consistent with granular reidite reported from Rock
Elm with average grain diameters of 0.19 µm (Cavosie et al. 2015a). Furthermore,
nanogranular reidite ranging from 20 to 100 nm has been reported in zircon grains
experimentally shocked to 60 GPa (Leroux et al. (1999).
The reidite granules occur in domains of low-crystallinity within the host zircon
(interpreted from EBSD pattern quality, e.g., Zircon 37; Fig. 2.9) or along the edges of the
zircon grains and within vugs (Rock Elm Grain 9; Cavosie et al. 2015a). Additionally, the
majority of the sub-micrometer reidite granules reported in this study and Cavosie et al.
(2015a) have specific crystallographic misorientation relationships with the host zircon.
Granular reidite shares a topotaxial alignment similar to that of the reidite lamellae, with
one of the <110>reidite subparallel to <110>zircon and the conjugate <110>reidite subparallel to
<001>zircon (e.g., Fig. 2.9 d), although the crystallographic coincidence of the granular reidite
is more relaxed compared to the strict relationship of lamellar reidite. This topotaxial
relationship was observed for 97% of the sub-micrometer granules within Zircon 37 of Ries
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Clast 2 (this study) and 71% of the reidite granules in Zircon 9 from Rock Elem (Cavosie et
al. 2015a).
It is unlikely that the reidite granules identified at Ries (Zircon 37) and Rock Elm
(Zircon 9 in Cavosie et al. 2015a) formed via displacive shearing along the crystal lattice
because the granules occur along the zircon grain-boundary or within domains of decreased
crystallinity, where it would be difficult to impose a shear (martensitic) transformation. An
alternative mechanism for the formation of granular reidite, supported by the
crystallographic relationships outlined above, is that of a reconstructive transformation,
whereby newly formed reidite nucleated mostly (but not strictly) with a topotaxial
relationship to the host zircon. This interpretation is supported by ab initio dynamical
simulations (Marqués et al. 2008).
The granular reidite from Zircon 37 (Ries Clast 2) occurs exclusively within a
domain of the zircon that has poor indexing of the EBSPs (Fig. 2.9). This domain is
interpreted to be of lower crystallinity, which could have been caused by either
metamictization of the lattice following crystallization of the grain (Geisler and Pidgeon
2001), or localized conversion of zircon to diaplectic ZrSiO4 during impact shock (Wittmann
et al. 2006). While in Rock Elm Zircon 9 granular reidite occurs within grain boundaries and
on the walls of vugs, suggesting the reidite nucleated on more crystalline domains of the
primary zircon (Cavosie et al. 2015a). In either scenario, at lower shock pressures than
those required for lamellar reidite formation, stored strain energy associated with damaged
or amorphized zircon lattice in these domains could be sufficient to enable the nucleation
energy barrier to be overcome, resulting in reidite formation with a predominantly epitaxial
relationships with the host zircon.

Effect of zircon crystallinity on the transformation to reidite
This is the first study that combines both EBSD mapping and laser Raman
spectroscopy of shock-metamorphosed zircon grains. Zircon 21 (Fig. 2.4) contains reidite
lamellae that are distinguishable in both EBSD and laser Raman maps. The reidite lamellae
are best developed in the rim of this grain, and are absent in the CL-dark core (Figs. 2.3 &
2.4). The CL response of zircon is controlled by its trace element composition and its
crystalline state (Geisler and Pidgeon 2001; Hanchar and Miller 1993; Nasdala et al. 2001).
Radiation damage produced by the radioactive decay of radioisotopes such as 238U, 235U and
232

Th (and their intermediate daughter isotopes) leads to non-luminescence in zircon,

therefore CL-dark domains commonly correspond to regions with high initial actinide
concentrations (Geisler and Pidgeon 2001).
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Within the rim of Zircon 21, the Raman spectra (spot 1 in Figs. 2.4c, e) has a narrow,
high-amplitude v3(SiO4) peak (wave number ≈ 1000 cm-1), indicative of highly crystalline
zircon (Nasdala et al., 2001), while in the reidite-absent core of the grain (spot 2 in Figs.
2.4c, e) the v3(SiO4) peak is shifted relative to that of the crystalline zircon to a lower wave
number, has a lower amplitude and the spectrum contains peaks in addition to zircon.
Using equation 6 of Nasdala et al. (2001) the α-dose within the core of Zircon 21 is
calculated to be ~0.9 x 1016 decay events per mg, which is consistent with moderately
metamict zircon. While shock deformation can cause amorphization of zircon crystal lattice
(Wittmann et al. 2006), the observed domain of lower crystallinity (Fig. 2.4) closely follows
the chemical growth zonation of the zircon grain visible in CL (Figs. 2.3e and 2.4d), and
therefore, supports the hypothesis that the amorphization is a result of α-recoil damage
prior to shock deformation. In addition, while some of the extra Raman peaks from the core
of the metamict zircon are similar to those of reidite (spots 2 and 3, Fig. 2.4e), no reidite
was identified by EBSD mapping in this region (Fig. 2.4a). Because EBSD mapping with a 200
nm step size did not identify reidite within the metamict core of this grain zircon, two
explanations can be attributed to the observed Raman signal (Fig. 2.4e); (1) the reidite
peaks are caused by a large-volume interaction of the laser with the sample, whereby
reidite from outside of the metamict zircon core contributed to the Raman signal, or (2)
short order transformation of the zircon structure occurred at a scale that was not resolved
by EBSD (<200 nm). While option (2) is possible, it is unlikely because the EBSPs from
within the core of the grain do not show any significant decrease in their quality (i.e., band
contrast; Fig. 2.4 a).
Therefore, based on these results, we posit that zircon grains that have
experienced moderate degradation of their crystal structure from radiation damage prior to
impact shock are not favorable for transformation to reidite. This is likely due to the
damage of the crystal lattice by α-particle fluence, which inhibits the shear transformation
of zircon to reidite, and increases the stability of zircon relative to reidite in impact
environments (Lang et al. 2008). Furthermore, reidite-bearing zircon grains from the Stac
Fada ejecta deposit show similar heterogeneous reidite development truncated by dark CL
core domains, which workers also speculated was due to inhibition of reidite formation
caused by metamictization of the grain’s core prior to shock deformation (Reddy et al.
2015; 2016). Although moderately metamict zircon will hinder the development of lamellar
reidite during shock metamorphism, granular reidite will preferentially nucleate in zircon
domains with high levels of amorphization.
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Reidite in the geologic record – an impact barometer?
In this study of Ries zircon grains, reidite was found in shock stage II and III clasts,
consistent with other results from Ries (Gucsik et al. 2004a; Wittmann et al. 2006), and the
Chesapeake Bay (Wittmann et al. 2009) impact structures. Within the Xiuyan Crater, reidite
was only found in zircon grains from a shock stage II gneiss and not in shock stage III (Chen
et al. 2013). In our study 70% of zircon grains from Clasts 1 & 2 (shock stage II - III)
contained reidite, similar to the results of Wittmann et al. (2006). These results are
consistent with the experimental shock studies of Kusaba et al. (1985), Leroux et al. (1999)
and van Westrenen et al. (2004), which found the phase transformation from zircon to
reidite began above 20 GPa. This is further supported by the coexistence of zircon {112}
shock twins and reidite from both Ries Clast 1 (zircon 14) and 2 (zircon 42) of this study.
Shock twins in zircon are ubiquitous in impact environments (Moser et al. 2011; Timms et
al. 2012; Erickson et al. 2013b; Thomson et al. 2014; Cavosie et al. 2015b) and have also
been produced experimentally at 20 GPa (Morozova 2015). While the conditions for the
production of shock twins and reidite overlap, it is uncommon (2/32 of reidite-bearing
grains from this study, 6%, Figs. 2.6 and 2.8) to have both microstructures in one grain,
suggesting that there are different conditions for their formation.
These results also suggest that the conditions under which granular and lamellar
reidite form differ, as granular reidite was only found within one grain in Clast 2 (shock
stage III) and none in Clast 1 (shock stage II), while lamellar reidite was prevalent in both
Clast 1 and 2. However, as noted for lamellar reidite, other factors may also control the
formation of granular reidite, such as the crystalline state (e.g., metamictizaiton) of the
parent zircon.
It is possible that the habit plane orientations of the reidite lamellae within the
parent zircon are controlled by shock conditions and, similarly to PDFs in shocked quartz,
the specific orientations could be used to estimate shock levels (Stöffler and Langenhorst
1994). The habit plane orientations of the reidite lamellae are inconsistently developed, in
Clast 1 29% of lamellae are oriented along {512}zircon, while no dominant orientation is
observed in Clast 2 (Fig. 2.12). These results suggest that varying shock conditions may
develop different reidite habit orientations within the parent zircon, however, further work
is required to determine if other controlling factors may be important, such as if the
intrinsic elasticity of zircon has an effect on the development of specific habit planes.
Reidite-bearing zircon grains have not been reported in impactites that have
experienced shock stage IV or above, likely due to increased post-shock temperatures.
Generally, shock pressures and temperatures are coupled (i.e., temperatures increase with
59

T. M. Erickson

The zircon to reidite transformation

shock pressure), however, the shock temperature dissipates at a much slower rate than
shock pressure (Melosh 1989). Reidite has been shown to revert to zircon at temperatures
above 1200° C in laboratory experiments (Kusaba et al. 1985; Fiske et al. 1999). Therefore,
while reidite will be produced in shock stage IV, it may revert to zircon when the shock
wave has passed and is thus erased from the geologic record. Evidence for this reversion is
observed in Zircon 37 from Clast 2, which contains both lamellar and granular reidite. The
granular reidite is associated with the amorphous domain of the grain, which also contains
numerous sub-micrometer zircon granules that share the crystallographic orientation of the
granular reidite (Fig. 2.9 d). The misoriented sub-micrometer granules of zircon likely either
nucleated on reidite granules or reverted from reidite granules as the grain regressed from
peak shock conditions. Therefore, we propose that granular zircon (systematically
misoriented 90° about <110>) is indicative of shock-produced reidite, which has been
obscured by post-shock temperatures. These results are consistent with previously
published data from granular shocked zircon from lechatelierite-bearing sandstone at
Meteor Crater, which do not contain reidite, but contain sub-micrometer zircon granules
that are misorientated 90° about <110> that were interpreted to represent reversion from
reidite (Cavosie et al. 2016).
The results of this study show that reidite, especially as lamellae cross-cutting
parent zircon grains, are well-developed in shock stage II and III conditions. Coupled with
the perseverance of reidite in deep time (Cavosie et al. 2015a; Reddy et al. 2015) this
suggests that reidite should be preserved in the geologic record. Due to the proximity of
Clast 1 and Clast 2 (<1 cm), it can be assumed that they experienced similar post-shock
thermal histories. Quartz in Clast 1 is distinctly toasted (Whitehead et al. 2002) and there is
significant alteration of the major minerals in Clast 2 (Fig. 2.2). While Clast 2 experienced
higher peak shock temperature and pressure than Clast 1, both clasts are significantly
altered, probably due to post-impact hydrothermal processes. However, both clasts
preserve reidite that has resisted alteration and exhibit sharp boundaries with the host
zircon grains, which is consistent with other localities of reidite-bearing zircon. At the
Chesapeake Bay crater reidite was found in heavily altered gneissic clasts, which included
smectite, chlorite and opal-like microcrystalline SiO2 (Wittmann et al. 2009). Likewise,
reidite from the Mesoproterozoic Stac Fada ejecta deposit survived post-impact prehnitepumpellyite facies metamorphism (Reddy et al. 2015). Therefore, reidite is a geologically
robust high-pressure phase and likely to be extant through deep geologic time, preserving
evidence of shock metamorphism.
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Conclusions
The results of this study offer insights into the conditions and mechanisms for the
transformation of zircon to the high-pressure polymorph reidite during shock
metamorphism. Reidite forms in two distinct habits, as lamellae and as sub-micrometer
granules, which are interpreted to form by deviatoric and reconstructive transformations,
respectively. All lamellar reidite strictly preserve a consistent alignment of {100}zircon to
{112}reidite and {112}zircon to a conjugate {112}reidite, however, reidite lamellae are found in a
large range of habit plane orientations within the parent grains. The formation of reidite
lamellae is consistent with a rapid, displacive transformation during the passage of an
impact shock wave and record conditions of > 20 GPa. Reidite lamellae orientations appear
to be controlled by the local crystal structure of the grain (i.e., the most energetically
favorable planes) and less so by the orientation of the passing shock wave. Granular reidite
preserves a general alignment of [001]zircon to <110>reidite and <110>zircon to the conjugate
<110>reidite, but are less well-defined than the reidite lamellae – zircon relationship.
Formation of granular reidite is consistent with a reconstructive transformation from
amorphous ZrSiO4. Finally, these results show a strong control of the primary crystallinity
(or metamict state) of the zircon on the transformation to reidite. While moderate
metamictization of the zircon crystal lattice inhibits the growth of reidite lamellae, granular
reidite may transform from diaplectic ZrSiO4, formed through either mechanical breakdown
of the zircon lattice or breakdown caused by high α-doses from the actinide content of the
host zircon grains.
Our results suggest that relatively crystalline zircon can (1) partially transform to
reidite at and above shock stage II, (2) survive post-shock alteration, and (3) is a suitable
shock indicator at many impact structures. Reidite in zircon grains that experience shock
stage IV is destroyed by post-shock temperatures, but systematic misorientation of ~90°
about <110> within the zircon, likely preserves evidence of passage through the reidite
stability field.
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Abstract
The deformation of monazite in the polymetamorphic Sandmata granulite complex
in India has been investigated by electron backscatter diffraction (EBSD) and sensitive high
resolution ion microprobe (SHRIMP). Quantitative microstructural analyses document the
development of deformation twins in {100}, {001} and {122̅} orientations; low-angle (<10°)
boundary development associated with dislocation creep; and the development of new
grains due to dynamic recrystallization. These data represent the first quantitative evidence
of crystal-plastic deformation of natural monazite. SHRIMP U–Th–Pb analysis shows that
the host monazite preserves discordant ages as old as 1666 ± 28 Ma, along a trend from ca.
1720 Ma to ca. 1000 Ma, with increasingly discordant ages recorded in zones of higher
lattice distortion. Domains of recrystallized new grains within the monazite record a tightly
clustered concordia age of 970 ± 14 Ma. This age is interpreted to represent the timing of
monazite dynamic recrystallization, associated with deformation of the host protolith and is
consistent with partial resetting and Pb-loss from domains deforming by dislocation creep.
The complex, but systematic, relationship between microstructure and age data in
monazite provide the first direct evidence of Pb isotope resetting during deformation. The
approach illustrates a new methodology for the dating of deformation events in high-grade
metamorphic rocks, which are typically difficult to constrain.

Introduction
Monazite, (Ce,La,Th)PO4, is a valuable chronometer because it is stable over a large
range of geologic conditions and has very slow lattice diffusion rates (e.g Cherniak and Pyle,
2008). Lead diffusion in monazite is slower than in zircon with volume diffusion distances of
<10 µm at temperatures of ~950 °C over 1 billion years (Cherniak et al., 2004). Workers
have used monazite to constrain the timing of deformation in a variety of geologic
environments indirectly by establishing the textural relationships of monazite to tectonic
fabrics and metamorphic porphyroblasts (Krohe and Wawrzenitz, 2000; Wilby et al., 2007;
Williams et al., 2011). However, fluid–enhanced dissolution–precipitation can reset the U–
Th–Pb systematics in monazite at relatively low temperatures (Martins et al., 2009; Teufel
and Heinrich, 1997) and alter the trace element composition of the grains (Harlov et al.,
2011). Geologically spurious dates in monazite have been interpreted by workers to be
caused by Pb-diffusion, fluid-assisted dissolution–precipitation reactions, and / or analysis
of overlapping age domains (Catlos et al., 2002). Another potential, yet unexplored, issue
for monazite dating is crystal-plasticity (combination of twinning, dislocation creep, and
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dynamic recrystallization), which creates fast diffusion pathways or completely new grains.
Conversely, age resetting by crystal-plastic deformation in other minerals may be used to
date deformation events directly (Reddy and Potts, 1999). However, work has not
previously been undertaken to investigate the effects of deformation microstructures on
the radiometric isotope systematics in monazite.
The most common deformation microstructure reported within monazite is
twinning. Deformation twins in {100} and {001} have been reported in natural monazite
(Chang et al., 1998) and indentation experiments produced deformation twins parallel to
{100} and {001} planes under room temperature conditions (Hay and Marshall, 2003). Less
commonly, deformation twins containing kink bands and V-shaped indentations were
̅} (Hay, 2003; Hay and Marshall, 2003). Other crystalidentified parallel to {120} and {𝟏𝟐𝟐
plastic deformation features, such as low-angle boundaries, have not been characterized in
monazite.
In natural monazite, plastic deformation microstructures, including twins and
subgrains were reported by Buick et al. (2010). The deformed monazite records
complicated U–Th–Pb systematics, from which meaningful ages could not be obtained
(Buick et al., 2010). Zircon, a robust geochronometer like monazite, loses Pb when it is
deformed (Moser et al., 2009; Timms et al., 2006). Comparison of trace element
distributions with variations in zircon crystallographic orientations measured by EBSD
shows that the presence of intracrystalline defects correlates with modified mineral
composition (Reddy et al., 2006). Most significantly, deformation microstructures, such as
dislocations and subgrain walls, provide fast-diffusion pathways that help mobilize
elements to a much greater extent than volume diffusion alone (Lee, 1995), with significant
resetting of U–Th–Pb ages (Timms et al., 2011). While monazite is routinely used to date
high temperature metamorphism (Rubatto et al., 2001), we show for the first time that
geochronological analysis of carefully selected deformation microstructures in monazite
can also be used to date high temperature deformation directly.

Sample and methodologies
The sample comes from the Sandmata Complex within the Banded Gneiss Complex
of the Aravalli-Delhi Orogenic Belt, Rajasthan, India (Fig. 3.1). The Sandmata Complex
records a complicated polymetamorphic history, with an early coarse-grained granulitefacies assemblage that records metamorphism at ~7–10 kbar and ~800–900 °C, and has
been reworked by high strain, mylonitic shear zones (Buick et al., 2006; Roy et al., 2005).
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The analyzed monazite was sourced from sample Raj59 of Buick et al. (2010); a
quartz – garnet – K-feldspar – plagioclase – sillimanite bearing leucogranite with accessory
zircon, monazite and rutile. Monazite electron probe micro-analyzer (EPMA) ages from
Raj59 record a convoluted age distribution (Buick et al., 2010). Buick et al. (2010) found that
the oldest ages were preserved in monazite armored within poikilitic garnet, and were able
to record a statistically significant 1696 ± 20 Ma (2σ, n = 38, mean square weithed deviation
[MSWD] = 1.1). The authors were unable to obtain a meaningful date from matrix grains,
which yield Mesoproterozic ages, with age peaks between 1700 Ma and 1200 Ma, along
with two Neoproterozoic ages (893 ± 37 Ma and 945 ± 40 Ma). The Neoproterozoic ages are
within error of laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS)
zircon ages (938 ± 32 Ma, 2σ, n = 5, MSWD = 5.3; Buick et al., 2006) and SHRIMP monazite
ages (941 ± 7 Ma, 2σ, n = 11, MSWD = 0.52; Buick et al., 2010) from amphibolite-facies
metapelites from the adjacent Mangalwar Complex. Buick et al. (2010) proposed that the
granulite facies rocks of the Sandmata Complex were modified by the same tectonic event
that formed the zircon and monazite of the Mangalwar Complex. The authors proposed
deformation microstructures as a cause for the age spread of monazite from the matrix of
the Sandmata granulites and documented deformation twinning and recrystallized subdomains based on petrographic observations, making this an ideal sample to quantitatively
study the microstructures associated with natural monazite deformation within a high
temperature crustal environment. All methodologies, including EBSD and SHRIMP operating
conditions are summarized in the Data Repository1.
Figure 3.1: A. General location map of
study area. B. Geological map of the
Aravalli-Delhi Orogenic Belt and
sample location (Raj59), modified after
(Buick et al., 2010). Abbreviations:
ADOB = Aravalli-Delhi Orogenic Belt;
BKC = Bundelkhand Craton; AS =
Aravalli Supergroup; BGC = Banded
Gneiss Complex; DS = Dehli Supergroup

Crystallographic misorientation microstructures
Monazite grains exhibiting undulose extinction and deformation-related
substructure were identified using optical microscopy (Fig. 3.2A). The largest grain was
selected for analyses by electron microprobe, EBSD and SHRIMP. The analyzed monazite, a
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~500 µm diameter euhedral aggregate, consisting of two intergrown grains, preserves a
variety of microstructures, including twins, low-angle grain boundaries and
crystallographically isolated domains. An additional ~150 µm-wide monazite grain included
within a large garnet porphyroblast was analyzed by EBSD as a control. The control
monazite displayed < 2° of cumulative misorientation across the grain and is therefore
considered undeformed (DR 2, appendix C).
The deformed monazite contains intragranular misorientations of up to 16° as a
combination of progressive lattice distortion across the grain and multiple, discrete, lowangle (<10°) boundaries. The dominant misorientation axes associated with low-angle
boundaries are <010> and <101> (pole figures in DR 3, appendix C). Deformation twins
were identified in both intergrowths. In the first grain (colored cyan to magenta in Fig.
3.2D) two sets of twins were found, the dominant twin set forms along {001} with a 180°
about <100> disorientation relationship. The second set, only found near SHRIMP spot 3.7,
forms along {122̅} with a 95° about <201> disorientation relationship. The second grain
(yellow to purple in Fig. 3.2d) also contains two sets of twins, which are developed in {001},
with 180° about <100> and in {100} with 180° about <001> disorientation relationships
(pole figures in DR 2, appendix C). The analyzed monazite also contains a large number of
domains (color coded dark blue in Fig. 3.2D), that do not share one of the aforementioned
twin relationships and are crystallographically isolated by misorientations >15° from the
host domains (Fig. 3.2D, DR 2, appendix C). These grains range in diameter from <1 µm to
33.5 µm with a median of 1.6 µm and are typically rounded, lobate forms.
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Figure 3.3: Deformed monazite with twins, low-angle grain boundaries and recrystallized domains from the
matrix of Raj59, Sandmata Complex. A. Photomicrograph in cross polarized light, displaying two dominant
monazite intergrowths and deformation twins. B - C. X-ray intensity maps for representative trace elements
(Y and Th). D. Crystallographic orientation EBSD map. Misorientation in one host domain is color coded from
reference point ‘1+’ (cyan) to a maximum of 16° (magenta), the other intergrown host orientation is color
coded from reference point ‘2+’ (yellow) to 24° (purple). Deformation twins are colored according to their
misorientation axis, <100> lime green, <001> dark green, and <201> light green (near SHRIMP spot 3.7). New
growth domains are color coded in deep shades of blue from reference point ‘3+’. SHRIMP U–Th–Pb
analytical spot localities (shown as ovals) are also labeled on E. Pole figure (lower hemisphere, equal area
projection) of the poles to (010) for all monazite domains. F. Misorientation profiles for 3 section lines in D,
showing low-angle grain boundaries (profile 1) and high-angle new grains. LABs – Low-angle grain
boundaries.

SHRIMP U–Th–Pb geochronology
Specific microstructural domains of the monazite were targeted by SHRIMP mass
spectrometry, which permits fine-scale, in situ U–Th–Pb geochronologic analyses
(summarized in Data Repository table 3). In general, three domains were distinguished,
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those that were entirely within the host orientations, domains that contained twins, and
the isolated grains. Analyses reveal a bimodal population (Fig. 3.3A). The first population is
derived from the host orientation and domains with twins. These analyses are discordant
but preserve the oldest 207Pb/206Pb spot age (1666 ± 28 Ma, 2 σ, 93% concordant, Fig. 3.3B)
and show a complex discordia trend. The second population is derived from analyses that
are entirely within the isolated grains, from which a concordia age of 970 ± 14 Ma (2 σ,
MSWD = 1.3) was obtained from the 6 most concordant spots (Fig. 3.3C). These results are
consistent with ages derived by Buick et al. (2010). The monazite in this study is interpreted
to have formed during the ~1700 Ma granulite-facies metamorphism, while domains within
the monazite are interpreted to have been reset during a single deformation event at ca.
Figure 3.3: Tera-Wasserburg concordia diagrams of
U–Th–Pb SHRIMP geochronology results from the
deformed monazite (ages along Concordia in Ma).
A. SHRIMP results for all spots color-coded to
analytical domain (host, host and twin, and
recrystallized domains), boxes correspond to
concordia diagrams B and C. B. Concordia diagram
of all analyses from analytical spots within the host
and overlapping the twins, color-coded to mean
misorientation. Mean misorientation (°) is
calculated from the EBSD data corresponding the
SHRIMP spot locations using Channel5 software
(see DR1, appendix C for details). Note: the
correlation
between
increased
mean
misorientation and discordance. C. Concordia
diagram of six of the eight analyses from within the
recrystallized domains, with concordia age
regression of 970 ± 14 Ma (2 σ).
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960 Ma, corresponding to amphibolite facies metamorphism in the adjacent Mangalwar
province.

Deformation mechanisms
The microstructures documented above record multiple styles of crystal-plastic
deformation, including deformation twinning and dynamic recrystallization by subgrain
rotation. The low-angle (<10°) grain boundaries (e.g., Fig. 3.2F, misorientation profile 1)
formed during the migration of dislocations or creep, similar to microstructures that have
been reported in many other geologic materials. Deformation twinning, is a ubiquitous
geologic process where the host lattice is misoriented by atomic displacement, equivalent
to simple shear of the lattice (Christian and Mahajan, 1995). The twin lamellae,
documented in this study, with <100>, <001> and <201> misorientation relationships have
been observed in deformation experiments of monazite (Hay, 2003; Hay and Marshall,
2003) and in impact shocked monazite from the Vredefort Dome, South Africa (Erickson et
al., 2014).
The isolated grains were developed during dynamic recrystallization by both
subgrain rotation and nucleation followed by grain boundary migration. Grains in
orientations close to that of the host domain (Fig. 3.2F, misorientation profile 3) are
interpreted to have formed by subgrain rotation, in which parts of the host grain were
isolated by the migration of dislocations into subgrain walls, which eventually become grain
boundaries (Urai et al., 1986). Grains with orientations that are unrelated to the host
orientation (e.g., Fig. 3.2F, misorientation profile 2) are interpreted to have formed by
nucleation and grain boundary migration. The recrystallized new grains formed by both
mechanisms are localized along the interface of the two host domains, high-angle grain
boundaries and twin boundaries (Figs. 3.2D and F). This indicates a strain energy control on
nucleation and subsequent development of new grains. Similar recrystallization
microstructures, where new grains consume twinned host domains, have been reported in
calcite (e.g., Kennedy and White, 2001).

Age resetting by different microstructures
Both subgrain rotation recrystallization and strain driven nucleation and migration
of new domains have affected the U–Th–Pb systematics of the monazite. The undeformed
monazite (DR 2, appendix C), armored by garnet, preserves the oldest ages, 1696 ± 20 Ma
(Buick et al., 2010). Within the deformed monazite, age resetting correlates with
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cumulative plastic strain within the analytical domain of the host and twinned orientations
(Fig. 3.3B). Although it is not possible to regress a discordia from the SHRIMP spots within
the un-reset domains, analyses fall along a general trend from ca. 1720 Ma toward ca. 1000
Ma. During dynamic recrystallization, the development of low-angle grain boundaries (i.e.,
the migration of dislocations to form subgrain walls) creates fast-diffusion pathways that
are interpreted to allow heterogeneous Pb-loss in a similar fashion to that in zircon (Moser
et al., 2009; Timms et al., 2011). Although Pb-loss could also be attributed to fluid assisted
dissolution–precipitation, it is unlikely in this instance because the rock has undergone
granulite facies metamorphism and, therefore, would have been fluid absent during
mechanical reworking.
The recrystallized new grains record the youngest ages within the monazite, which
have been completely reset (Fig. 3.3C). Conceptually, grains formed by subgrain rotation
retain the original composition of the host grains (Steffen and Selverstone, 2006). However,
in this case subgrain formation has created fast-diffusion pathways altering their major and
presumably trace element composition (e.g., the Th map at misorientation profile 1, Fig.
3.2). Furthermore, during nucleation of new grains along preexisting grain boundaries,
radiogenic Pb is not incorporated into the new crystal lattices, resulting in completely reset
ages. The new grains then grow at the expense of the strained domains through grain
boundary migration. Similar microstructures and results have been reported in highly
deformed zircon (Piazolo et al., 2012), although the zircon in this sample only shows brittle
deformation and <2° cumulative misorientation across the grain (DR 4, appendix C). It is,
therefore, unlikely that the zircon Pb systematics would have been reset by the
deformation event. With the exception of the aforementioned subgrain at misorientation
profile 1 (Fig. 3.2F), the monazite dominantly preserves the original rare earth element
composition (Figs. 2B and C), and consequently the recrystallized grains are
indistinguishable from host domains in element maps. Therefore, without the aid of EBSD
data, it is unlikely that the young, recrystallized domains would be targeted for
geochronology.
The analyzed monazite records a complicated U–Th–Pb age distribution. However,
through careful interpretation of the microstructures, two geologically robust ages, the
crystallization age (ca. 1720 Ma) and deformation age (970 ± 14 Ma), are recognized. These
results show that recrystallization by subgrain rotation and grain boundary migration can
have significant effect upon the Pb isotope composition. However, EBSD enables the rapid
identification and quantification of these microstructures and therefore can be used to
assess the significance of monazite ages, whether by EPMA or traditional mass
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spectrometry methods. In addition, coupling microstructural analyses of monazite with in
situ geochronology techniques can be used to date high temperature deformation events
and therefore can be used to determine the timing of tectonism in rocks from middle and
lower crust.
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Abstract
Shock deformation microstructures in monazite have been systematically
characterized for the first time in grains from the Vredefort impact structure in South
Africa. Electron backscatter diffraction mapping has identified 12 unique orientations of
monazite deformation twins, including 7 orientations that have not previously been
described in experiments or nature. Other shock features include planar deformation bands
and strain-free neoblasts, the latter having previously been shown to date deformation.
Shock-twinned zircon inclusions within the deformed monazite, require pressures of 20
GPa, thus providing critical empirical constraints on formation conditions, confirming a
hypervelocity impact origin of the monazite microstructures. The Vredefort monazite grains
described here represent the first case of using shocked mineral inclusions to empirically
calibrate shock microstructures formed in the host mineral. These results conclusively
establish monazite as a recorder of shock deformation, and highlight its use in identifying
and dating impact structures.

Introduction
Impact cratering is a ubiquitous geologic process in the solar system, and shocked
minerals are a diagnostic criteria used to confirm an impact event (French and Koeberl,
2010). Monazite, (La,Ce,Th)PO4, monoclinic space group P21/n, is an important accessory
phase and geochronometer, and has been reported as a shocked mineral at several impact
structures, including Haughton (Canada: Schärer and Deutsch, 1990), Araguainha (Brazil:
Silva et al., 2016; Tohver et al., 2012),the Vredefort Dome (South Africa: Flowers et al.,
2003; Hart et al., 1999; Moser, 1997), and in alluvium derived from Vredefort (Cavosie et
al., 2010; Erickson et al., 2013a). However, the nature of the microstructural deformation in
reportedly shocked monazite, including planar features and neoblasts, and the conditions
under which they form, remain unconstrained; none of the observed features documented
in natural samples have been experimentally calibrated.
Deformation twins in monazite have been produced experimentally and analyzed
using transmission electron microscopy (TEM). Indentation experiments performed at
room-temperature conditions with unconstrained pressures produced four orientations
(composition planes) of monazite deformation twins, including (100), (001), {120} and
{122̅} (Hay, 2004; Hay and Marshall, 2003). Electron backscatter diffraction (EBSD) analysis
of tectonically-deformed monazite in granulite facies rocks has identified three of the twin
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orientations produced experimentally, including (100), (001), and {122̅}; the same grains
also preserve intracrystalline plastic deformation with lattice misorientation about <010>
and <101> (Erickson et al., 2015). Neoblastic monazite, formed by dynamic recrystallization,
has been documented in tectonic and impact environments, and has been used to date
both regional (Erickson et al., 2015) and impact deformation (Moser, 1997).
Here we use EBSD mapping of deformed monazite grains and their mineral
inclusions to constrain formation conditions of shock microstructures in monazite. The
monazite grains in this study all have inclusions of zircon that contain diagnostic shock
microstructures. Shock features develop in zircon by 20 GPa (Leroux et al., 1999), and
include mechanical twins in {112} (Cavosie et al., 2015a; Erickson et al., 2013a, 2013b;
Moser et al., 2011; Timms et al., 2012), the high-pressure polymorph reidite (Cavosie et al.,
2015b; Leroux et al., 1999; Reddy et al., 2015; Wittmann et al., 2006) and granular texture
(Bohor et al., 1993; Wittmann et al., 2006). Documenting shock microstructures of the
zircon inclusions constrains the pressures undergone by the monazite, as the host grain
must have experienced the conditions recorded within coexisting mineral inclusions.

Geological background and samples
The Vredefort Dome is the erosional remnant of the central uplift of a 2020 Ma,
complex impact structure on the Kaapvaal Craton in South Africa (Gibson et al., 1997; Kamo
et al., 1996; Moser, 1997). The 90 km circular structure comprises of a 40-km-diameter
inner core made up of metamorphosed Archean granitoids and deep crustal rocks, and an
outer 20–25 km collar of overturned Archean and Paleoproterozoic metamorphosed
sedimentary and volcanic units (Bischoff, 2000). The upper 8–11 km of the impact structure
are estimated to have been removed by erosion (Gibson et al., 1998). Shocked monazite
have been identified in the core of the Vredefort Dome (Flowers et al., 2003; Hart et al.,
1999; Moser, 1997), which is composed of 3.42–3.0 Ga granitoids, charnockitic gneiss, and
supracrustal rocks that experienced granulite facies metamorphism in the Archean, and
subsequent pyroxene-hornfels facies metamorphism during impact (Gibson, 2002).
Detrital monazite with distinct planar features, interpreted to represent shock
deformation, has been identified in sediment from the Vaal River and its tributaries within
the Vredefort Dome (Cavosie et al., 2010), and as far as 759 km downriver (Erickson et al.,
2013a). Detrital monazite grains preserve ages between 3044 ± 19 to 2157 ± 94 Ma
(Erickson et al., 2013a), consistent with derivation from Vredefort bedrock (Flowers et al.,
2003; Hart et al., 1999).
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A suite of eight detrital monazite grains in modern alluvium from the Vaal River
basin described in Cavosie et al. (2010), Erickson (2012) and Erickson et al. (2013a) are the
focus of this study. Three of the monazite grains (07VD07–39, 07VD07–67 and 09VD58–
166) are from the Rietspruit, a tributary of the Vaal River that drains the core of the
Vredefort Dome (Fig. 4.1). Monazite 07VD08–4 is from the channel of the Vaal River ~39 km
downriver from the center of the Vredefort Dome. Three additional monazite grains
(09VD16–50, –65, –68) are from a sample collected 103 km downriver from the Vredefort
Dome, and the final monazite (09V53–26) was collected 469 km downriver.
The detrital monazite grains are anhedral, rounded, dark yellow to orange, and
range in diameter from 200 to 650 µm (mean = 397 µm, Table DR2, appendix D). The grains
are crosscut by planar microstructures visible on grain surfaces in as many as four
orientations (e.g. Grain 07VD08-4, DR 2, appendix D). In addition, zircon inclusions exposed
on grain surfaces display planar microstructures in orientations consistent with shock
deformation (DR 2, appendix D, Erickson et al., 2013a). The scanning electron microscope
(SEM) and EBSD analytical conditions used, along with a Matlab script to convert EBSD
misorientation data (reported as minimum misorientation angle/axis pairs herein) into twin
Figure 4.1: A. Location of the Vaal River basin in
South Africa. NB—Namibia; BTW—Botswana; RSA—
Republic of South Africa. B. Vaal River (R.) drainage
basin showing detrital monazite localities and the
Vredefort Dome. C. Simplified map of the Vredefort
Dome with detrital and bedrock monazite sites
(after Bischoff, 2000). Detrital samples from Cavosie
et al. (2010), Erickson (2012) and Erickson et al.
(2013a). Bedrock localities from Moser (1997), Hart
et al. (1999) and (Flowers et al., 2003). Samples
examined in this study are highlighted with a box.
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relationships, are summarized in the GSA Data Repository1.

Microstructural results
The detrital monazite grains preserve a variety of complex textures on polished
interior surfaces. Analysis of the eight grains by EBSD mapping reveals 12 distinct
orientations of monazite deformation twins, in addition to low-angle boundaries, planar
deformation bands (PDBs) and discrete strain-free subdomains (Fig. 4.2). Individual grains
contain between three and ten sets of deformation twins, the most common of which have
systematic misorientation relationships of 180°/<100>, 180°/<001>, 180° / <101> and
95°/<201>. Additional deformation twins were also found with misorientations of
180°/<201>, 110°/<111>, 107°/< 411̅ >, 147°/< 101̅ >, 55°/<001>, 85°/<401> and
91°/<104> (Fig. 4.2, Items DR1 and DR2, appendix D). Sets of planar low-angle grain
boundaries in as many as two orientations were found in all grains (e.g., grain 07VD07–67,
DR2, appendix D). The low-angle boundaries are most commonly misoriented about <001>,
<001> and <101>, and record up to 17° of misorientation from the host.
In three grains (09VD16–68, 09VD53–26 and 09VD58–166), domains ranging from
0.5 to 11.1 µm diameter in size are randomly misoriented relative to the host monazite,
and are uniquely located in regions with high dislocation densities (see DR 2, appendix D for
local misorientation EBSD maps). The monazite host and twins preserve large amounts of
plastic strain, whereas the discrete subdomains are nearly strain-free (e.g., grain 09VD58–
166, DR 2, appendix D).
Individual monazite grains contain between one and eight zircon inclusions that
range in length between 17 and 91 µm (mean = 35µm). The majority of the zircon inclusions
(16 of 18) show oscillatory zoning, and some have planar microstructures (9 of 18). EBSD
mapping confirms that planar features in zircon from seven of the eight monazite grains are
{112} shock deformation twins that show systematic misorientation of 65° about <110>
zircon (DR2, appendix D). The eighth monazite (09VD53–26) contains a zircon inclusion with
two sets of {100} PDBs. The PDBs are misoriented about <001> and accommodate as much
as 13.5° of misorientation from the mean orientation of the grain.
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Figure 4.2: Interior EBSD maps of shocked monazite 07VD07–39 with eight zircon inclusions. Each map is
overlaid on a greyscale EBSD pattern quality image. A. Crystallographic orientation map of the shocked
monazite and zircon inclusions, displaying the large number of crystallographic orientation domains. B. Map
of the shocked monazite revealing 20° of crystal-plastic strain preserved within the host domain. Eight zircon
inclusions are shown in fuchsia. C. Map of monazite and zircon grains showing specific types of boundaries,
with six misorientation relationships that are consistent with deformation twins. The zircons are colored
using an Inverse Pole Figure (IPF) Z scale and two can be seen with {112} shock twin boundaries. D – E. High
resolution maps of the two shocked zircon inclusions exhibiting as many as three orientations of shock twin
lamellae within both grains. Arrows indicate twin orientations.

Shock twin orientations in monazite
The most common microstructures in the monazite population are deformation
twins, which occur in 12 orientations, including up to 10 orientations within individual
grains. The misorientation relationship between each twin and the host lattice was used to
calculate the compositional plane (K1) and/or shear direction (η1) for each twin (for
description of the procedure see Data Repository). Analysis of the monazite population
yields the following deformation twins; (001), (100), (101̅), two {12̅2̅} planes, {1̅10},
(102̅), {212}, {1̅2̅0} and two irrational planes (Table 4.1, DR 3, appendix D). Although two
of the twin orientations are irrational, they are type 2 twin planes, and contain the rational
η1 directions, [011̅] and [1̅1̅0], respectively. Lamellae systematically misoriented
107°/< 411̅ > are not traditional deformation twins (Christian and Mahjan, 1995). The
most common twins identified here include (001), (100) and {12̅2̅}, which have been found
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in both experimentally (Hay and Marshall, 2003) and tectonically (Erickson et al., 2015)
deformed monazite. No previous studies of deformed monazite have reported twins in
conjugate {12̅2̅} orientations or in (101̅), both of which are common here. The {1̅2̅0}
twins, found in one grain here, were also found in experimentally deformed monazite (Hay,
2003; Hay and Marshall, 2003), but not in tectonically deformed monazite. Furthermore,
twins in {1̅10}, (102̅), {212}, and irrational planes containing [011̅] and [1̅1̅0] shear
directions have not been previously reported.
Zircon inclusions with {112} twins provide diagnostic evidence that the monazite
host grains underwent high-pressure shock deformation. Mechanical twins in natural zircon
have only been documented in impact environments (Cavosie et al., 2015a, 2015 b;
Erickson et al., 2013a, 2013b; Moser et al., 2011; Timms et al., 2012), and have also been
produced in diamond anvil cell experiments at 20 GPa (Morozova, 2015). The {100} PDBs
found in the zircon inclusion within monazite 09VD53–26 are consistent with a <100>{010}
glide system (Kovaleva et al., 2015). While PDBs in zircon have been reported in endogenic
pseudotachylite (Kovaleva et al., 2015) and shock environments (Erickson et al., 2013b;
Grange et al., 2013; Timms et al., 2012), the prevalence of shock-twins in the zircon
inclusion population suggest a shock origin for these PDBs as well.
The previously unreported monazite twin relationships described here, coupled
with co-existing shocked zircon inclusions, suggest that the new twin orientations represent
monazite microstructures unique to hypervelocity deformation. We propose that monazite
deformation twins forming along (101̅), {1̅10}, (102̅), {212}, {1̅2̅0} and irrational planes
containing [011̅] and [1̅1̅0] η1 uniquely result from hypervelocity impact conditions, and
are therefore indicative of shock deformation. In tectonically deformed monazite, three
twin sets are known, however, they have only been found in two orientations within
individual grains (Erickson et al., 2015). In contrast, all of the grains reported here contain
between 3 and 8 orientations of twins. The number of monazite twins may thus be
analogous to shocked quartz, where greater numbers of orientations of planar deformation
features (PDFs) in a given grain indicate higher levels of shock deformation (Stöffler and
Langenhorst, 1994). We propose that monazite containing three or more sets of twin
lamellae is therefore unique to shock deformation, and represent diagnostic evidence of
impact cratering. Additional work to constrain formation conditions of monazite
deformation twins is ongoing and includes refining the twinning mode and shear stresses
required for nucleation of different twin sets, which may further refine application of
monazite as a shock barometer.
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Table 4.1: Deformation twins in shocked monazite
EBSD

Twin

misorientation

Type

axis

Angle (°)

[100]

180°

Compound

[001]

180°

[101]

180°

[201]1
2

[201]
[001]

Twin
plane (K1)

Shear

Experimental*

direction (ƞ1)

Shock
Tectonic

†

(/8)

(001)

[100]

Yes

Yes

8

Compound

(100)

[001]

Yes

Yes

7

Compound

(1̅01)

[101]

95°

1

{12̅2̅}

Yes

Yes

95°

1

{12̅2̅}

6

94°

1

{110}

3

6
8

[201]

180°

Compound

(102̅)

[101̅]

147°

1

{212}

[001]

55°

1

{1̅2̅0}

[401]

85°

2

[01̅1̅]

1

[104]

91°

2

[1̅1̅0]

1

< 411̅ >

107°

?

#

?

#

§

[201]

1
1
Yes

?

#

1

1

Note: EBSD – electron backscatter diffraction
*Hay and Marshall (2003)
†Erickson et al. (2015)
§

This study

#

K1 and/or η1 could not be calculated for < 411̅ > / 107°; see text for details

Other shock microstructures in monazite
In addition to deformation twins, all of the shocked monazite grains contain PDBs,
which have not previously been reported in monazite. The PDBs are composed of planar
lamellae tens to hundreds of micrometers long and up to tens of micrometers wide planar
lamellae misoriented from the host domain, generally about [100], [001] and [101] axes.
PDBs misoriented about [100] and [001] are typically parallel to twin planes in (001) and
(100), respectively, and therefore likely result from the [010](100) and [010](001) slip
systems (Hay, 2008).
Additionally, three of the shocked monazite grains were found to contain strainfree subdomains within regions of high dislocation density. These subdomains are
micrometers to tens of micrometers across and are interpreted as a result of localized
recrystallization, or ‘neoblasts’, similar in appearance to those identified in tectonically
deformed monazite by (Erickson et al., 2015). Neoblasts in deformed monazite nucleate
within high-strain domains of the host crystal structure and grow by grain boundary
migration (Erickson et al., 2015). In this process, neoblasts grow at the expense of the host
and do not incorporate pre-existing Pb; the grains described here could thus potentially be
used to date the impact (e.g., Moser, 1997).
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Potential applications of shocked monazite in impact studies
Monazite twin sets indicative of shock deformation identified in this study include
(101̅), {1̅10}, (102̅), {212}, {1̅2̅0}, and the irrational twins with η1 [011̅] and [1̅1̅0], which
have here been constrained to form in grains that likely underwent pressures of 20 GPa
based on the shock-twinned zircon inclusions (Leroux et al., 1999; Morozova, 2015).
Confirmation of monazite as a recorder of hypervelocity bombardment provides a new
diagnostic tool (French and Koeberl, 2010) that can be used to both identify and confirm
evidence of impact processes. In addition, monazite is an excellent U-Pb geochronometer
that occurs in a wide range of rock types and sedimentary systems, and can provide
important age constraints for shocked lithologies. Monazite has been reported from three
impact sites, including the Haughton (Schärer and Deutsch, 1990), Vredefort Dome (Flowers
et al., 2003; Hart et al., 1999; Moser, 1997), and Araguainha (Silva et al., 2016; Tohver et al.,
2012) structures, but it is presumably present at many other craters in continental settings.
Previously reported shocked monazite mostly display planar microstructures (e.g., Cavosie
et al., 2010; Erickson et al., 2013a; Flowers et al., 2003; Silva et al., 2016), which based on
the results of this EBSD study, are likely to be a combination of shock twins and planar
deformation bands. Monazite shocked to 59 GPa in laboratory experiments developed
intense mosaicism and sub-parallel fractures but did not result in U – Pb age resetting
(Deutsch and Schärer, 1990). Likewise, natural samples of shocked monazite with planar
features have been shown to retain pre-impact bedrock ages, rather than the impact age
(Erickson et al., 2013a; Flowers et al., 2003; Tohver et al., 2012). In contrast, monazite
neoblasts, formed by dynamic recrystallization, have been shown to date deformation
(Erickson et al., 2015) and yield impact ages (Moser, 1997; Tohver et al., 2012).
Furthermore, shocked monazite is resilient, and survives distal fluvial transport in
sedimentary systems (Erickson et al., 2013b). Shocked monazite that contains both shock
twins and neoblasts, such as described in this study, provides a unique opportunity to
retrieve both the age of the source terrane and the impact age (Moser, 1997), whether in
bedrock or in detrital grains in the sedimentary record that are far removed from the
source crater.
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Abstract
Monazite is a robust geochronometer and occurs in a wide range of rock types. Monazite
also records shock deformation from meteorite impact but the effects of impact-related
microstructures on the U – Th – Pb systematics remain poorly constrained. We have
therefore analyzed shock-deformed monazite grains from the central uplift of the Vredefort
impact structure, South Africa, and impact melt from the Araguainha impact structure,
Brazil, using electron backscatter diffraction (EBSD), electron microprobe elemental
mapping, and secondary ion mass spectrometry (SIMS). Crystallographic orientation
mapping of monazite grains from both impact structures reveals a similar combination of
crystal-plastic deformation features, including shock twins, planar deformation bands
andneoblasts. Shock twins were documented in up to 4 different orientations within
individual monazite grains, occurring as compound and/or type one twins in (001), (100),
(101̅), {110}, {212}, and type two (irrational) twin planes with rational shear directions in
[01̅1̅] and [1̅1̅0]. SIMS U – Th – Pb analyses of the plastically-deformed parent domains
reveal discordant age arrays, where discordance scales with increasing plastic strain. The
correlation between discordance and strain is likely a result of the formation of fast
diffusion pathways during the shock event. Neoblasts in granular monazite domains are
strain free, having grown during the impact events via consumption of strained parent
grains. Neoblastic monazite from the Inlandsee leucogranofels at Vredefort records a
207

Pb/206Pb age of 2010 ± 15Ma (2σ, n=9), consistent with previous impact age estimates of

2020 Ma. Neoblastic monazite from Araguainha impact melt yield a Concordia age of 259 ±
5 Ma (2σ, n=7), which is consistent with previous impact age estimates of 255 ± 3 Ma. Our
results demonstrate that targeting discrete microstructural domains in shocked monazite,
as identified through orientation mapping, for in situ U – Th – Pb analysis can date impactrelated deformation. Monazite is therefore one of the few high-temperature
geochronometers that can be used for accurate and precise dating of meteorite impacts.

Introduction
Impact cratering is one of the most ubiquitous processes in the solar system
(French and Koeberl, 2010). Because terrestrial impact craters form basins that are subject
to erosion, burial and destruction by plate tectonic activity, the record of meteorite impacts
on Earth is incomplete, limited to 190 confirmed structures (Spray and Hines, 2016). The
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majority of confirmed impact craters on Earth have poor age constraints due to the lack of
suitable geochronometers (Jourdan et al., 2012; Jourdan et al., 2009). As a consequence,
fundamental questions regarding the connections between impacts events and significant
changes to both the lithosphere and biosphere remain unanswered. Shock deformation
microstructures in minerals are one of a limited number of diagnostic criteria used to
identify an impact event (French and Koeberl, 2010). Crystal-plastic deformation caused by
shock metamorphism has been shown to reset U-Th-Pb systems in some minerals to the
time of impact (Cavosie et al., 2015a; Moser et al., 2011; Moser et al., 2009). It is therefore
important to understand the effects of shock metamorphism on U – Th – Pb systematics to
accurately date impact events (e.g. Moser et al., 2011).
Monazite, (La,Ce,Th)PO4, is a common accessory phase that has been used as a tracer
to study a variety of crustal processes due to the incorporation of U, Th, and other trace
elements into its crystal structure (Catlos, 2013). Even though shocked monazite has been
reported from a few impact environments (e.g. Schärer and Deutsch, 1990), recent
advancements in electron backscatter diffraction (EBSD) mapping have permitted the
systematic quantification of crystal-plastic deformation in monazite (e.g. Erickson et al.,
2016a). However, the effects of specific impact-related deformation microstructures on the
U – Th- Pb systematics in monazite have not been evaluated. In this study, we use EBSD to
document shock microstructures in monazite from both the Vredefort Dome (South Africa)
and Araguainha (Brazil) impact structures. Discrete domains were then targeted for
secondary ion mass spectrometery (SIMS) analysis to understand what effects these
features have on the U-Th-Pb ages of shocked monazite, and to identify specific
microstructures that yield accurate impact ages.

Shock deformation microstructures
Meteorite impacts generate extremely high pressures (10s of GPa and greater) in target
rocks over instantaneous time periods (ms – s; Melosh, 1989). The passage of the shock
front through the target and impactor creates unique microstructural deformation, such as
high-pressure phases, planar microstructures, and twins (French and Koeberl, 2010).
Minerals with unique impact-related deformation are commonly referred to as shocked
minerals (Langenhorst and Deutsch, 2012). The conditions required to develop shock
deformation features vary with host mineral, and are best constrained for quartz. Quartz
develops multiple sets of crystallographically-controlled lamellae called planar deformation
features (PDF) that form between 10 and 34 GPa. At higher pressures, quartz transforms to
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diaplectic SiO2, which may revert to stishovite or coesite during release of the shock
pressures (Stöffler and Langenhorst, 1994). Of common accessory phases, zircon has the
most well-constrained impact-related microstructures, which develop by 20 GPa (Leroux et
al., 1999). Deformation twins are ubiquitous in shocked zircon, and have been observed in
both static diamond anvil cell experiments at 20 GPa (Morozova, 2015) and a variety of
impact environments (e.g. Erickson et al., 2013a; Moser et al., 2011; Timms et al., 2012). At
higher pressure, zircon transforms to the high pressure polymorph reidite (Cavosie et al.,
2015b; Erickson et al., 2017; Leroux et al., 1999; Reddy et al., 2015; Wittmann et al., 2006),
which occurs at or above 30 GPa in shock experiments (Kusaba et al., 1985; Leroux et al.,
1999). At more extreme shock conditions, zircon can develop granular texture (Bohor et al.,
1993; Cavosie et al., 2015a; Cavosie et al., 2016; Timms et al., 2017; Wittmann et al., 2006).
Granular zircon with systematic misorientations of 90°/<110> and 65°/<110> likely result
from recrystallization of reidite and zircon {112} twins, respectively, and can contain
evidence of partial dissociation to ZrO2 that requires extreme temperature excursions due
to the impact event (Cavosie et al., 2016; Timms et al., 2017).

Deformation microstructures in monazite
A range of deformation-related microstructures have been reported in monazite,
including mechanical twinning, lattice strain, and recrystallization. Monazite deformation
twins in (100), (001), {120} and {122̅} have been produced in indentation experiments at
ambient temperature and pressure and imaged by transmission electron microscopy (TEM)
(Hay and Marshall, 2003). In tectonically deformed monazite, mechanical twins, crystalplastic strain, and dynamically-recrystallized neoblasts were identified by EBSD (Erickson et
al., 2015). Crystal-plastic deformation, including low-angle (<10°) subgrain boundaries, was
predominantly accomplished by slip systems which result in misorientations about <010>
and <101>, and sets of deformation twins were found in (100), (001), and {122̅} (Erickson
et al., 2015), which are the same twin orientations found in experimental studies (Hay and
Marshall, 2003). In the tectonically deformed monazite grains, strain-free neoblasts
nucleated within high-strain domains and consumed the parent monazite by grain
boundary migration (Erickson et al., 2015). Within the deformed monazite, the U – Th – Pb
systematics were disturbed and variable age resetting was shown to correlate with plastic
strain; the authors interpreted that Pb-loss was facilitated by formation of fast diffusion
pathways during deformation (Erickson et al., 2015). Nucleation and growth of neoblastic
monazite was driven by strain energy within the deformed lattice. Neoblasts excluded
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inherited Pb, and record Neoproterozoic U – Pb ages consistent with the age of regional
tectonometamorphism (Buick et al., 2010; Erickson et al., 2015).
Naturally-shocked monazite with planar fractures was first reported from the ca. 39
Ma, 23 km diameter, Haughton impact structure, Canada (Schärer and Deutsch, 1990).
Shock-deformed monazite with planar microstructures and granular textures have since
been described in bedrock from the Vredefort Dome, South Africa (Flowers et al., 2003;
Hart et al., 1999; Moser, 1997) and the Araguainha impact crater, Brazil (Silva et al., 2016;
Tohver et al., 2012). Most prior studies documented microstructures using BSE images,
however lattice strain in the above examples have not be quantitatively characterized.
In addition to occurrences in bedrock, shocked monazite has also been identified in
detrital populations derived from the Vredefort Dome (Cavosie et al., in press; Cavosie et
al., 2010; Erickson et al., 2013b). Monazite grains containing planar features were found
within the Vaal River and its tributaries, which cross-cut the Vredefort Dome (Cavosie et al.,
2010), at sites up to 750 km downriver (Erickson et al., 2013b), and in Pleistocene fluvial
terraces of the Vaal River (Cavosie et al., in press). Microstructural analysis of detrital
shocked monazite by EBSD (Erickson et al., 2016a) identified a variety of deformation
microstructures including sets of twins in up to 10 different orientations, planar
deformation bands (PDBs) and neoblasts. Seven twin relationships were documented in the
detrital shock monazite grains that have not been observed in tectonically-deformed grains;
these features have been attributed to shock deformation, and occur along with the twin
types reported in tectonically-deformed monazite (100), (001), and {122̅} (Erickson et al.,
2016a). Critically, the detrital shocked monazite grains contain zircon inclusions exhibiting
{112} twins that require minimum shock pressures of 20 GPa, thus providing an empirical
constraint on the shock features in the host monazite grains. Erickson et al. (2016a)
interpreted that the seven previously unreported twin orientations, including (101̅), {1̅10},
(102̅), {212}, {1̅2̅0}, and two irrational planes containing shear directions (η1) in [011̅] and
[1̅1̅0] represent bona fide shock microstructures.
Several studies have addressed aspects of experimental shock deformation on
microstructural and isotopic systematics of monazite. An experimental study by Deutsch
and Schärer (1990) tested the effects of shock metamorphism on the U – Pb systematics by
subjecting a monazite crystal to 59 GPa and temperatures >1200 ˚C followed by rapid
cooling. While the experiment yielded monazite with significantly lower birefringence,
intense mosaicism and sub-parallel fractures (Deutsch and Schärer, 1990; their Fig. 3b), the
authors found no significant disturbance to the U – Pb isotopic system. It has been noted
that shock experiments may not represent the full range of shock deformation features
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found in nature (Deutsch and Schärer, 1990; Niihara et al., 2012), given the time-scales of
experiments are orders-of-magnitude shorter than natural impact events. Other studies
have analyzed the effects of the high-pressure shock wave caused by plasma expansion
during femtosecond laser ablation analysis of monazite (D'Abzac et al., 2012; SeydouxGuillaume et al., 2010). Microstructural features observed within the region directly
adjacent to the laser ablation pit include deformation twinning, crystal-plasticity, mosaicism
and the formation of micron-scale granules (D'Abzac et al., 2012; Seydoux-Guillaume et al.,
2010).
Naturally shocked monazite grains with planar microstructures from Vredefort bedrock
(Flowers et al., 2003) and detritus (Erickson et al., 2013b) were found to record pre-impact
ages when analyzed by thermal ionization mass spectrometry (TIMS) and SIMS,
respectively. However, monazite that has recrystallized during shocked metamorphism and
yields impact ages has been reported at both the Vredefort Dome (Moser, 1997) and
Araguainha structures (Tohver et al., 2012). Because deformation can variably reset the U –
Pb systematics in monazite (Erickson et al., 2015; Erickson et al., 2016b; Wawrzenitz et al.,
2012), shock-deformed monazite may be a valuable impact chronometer. In this study, we
analyzed monazite and zircon from the Inlandsee leucogranofels located in the central
uplift of the Vredefort Dome and in impact melt from the Araguinha impact structure. The
aim of this study is three-fold: firstly, to systematically characterize shock microstructures
in monazite from these impact craters to compare shocked monazite from different impact
environments ; secondly, constrain the shock conditions experienced by monazite through
analysis of deformation microstructures in zircon from the same samples; thirdly, to
quantify the effects of shock deformation on U – Th – Pb ages in monazite with wellcharacterized microstructures from impact craters where the impact age has been
independently constrained in order to rigorously evaluate the application of shocked
monazite as an impact chronometer.

Geologic background and samples
Vredefort impact structure, South Africa
The Vredefort impact structure is a ca. 2020 Ma deeply eroded crater located
within the Kaapvaal Craton in South Africa (Gibson et al., 1997; Kamo et al., 1996; Moser,
1997). The Vredefort Dome is the ~ 90 km diameter erosional remains of the central uplift
of the complex crater. The central uplift contains a complex internal structure consisting of
a 40 km diameter inner core, comprised of the granulite facies Inlandsee leucogranofels
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(ILG) and the amphibolite facies Outer Granite Gneiss, and an outer collar which consists of
a ~ 25 km thick ring of over-turned Archean and Paleoproterozoic metasedimentary and
metavolcanic rocks (Fig. 5.1 a; Bischoff et al., 1999). The outer ring creates a topographic
high around the weathered granitiods and gneisses, from which the upper 8 – 11 km have
been removed (Gibson et al., 1998). Modeling of mineral indicators of impact pressures
within the Vredefort Dome and structural studies of the surrounding Witwatersrand basin
suggests that the transient crater was between 200 and 300 km wide (Ivanov, 2005) and
contained the entire Witwatersrand basin. The Vredefort Dome experienced post-impact,
low-grade, metamorphism associated with emplacement of mafic intrusions at ca. 1000 Ma
(Reimold et al., 2000), which may have resulted in Pb-loss within some zircon grains at this
time (Moser et al., 2011).
The core of the Vredefort Dome is comprised of 3420 to 3000 Ma Archean
granitoids, charnockitic gneiss, and supracrustal rocks metamorphosed at high regional
grades in the Archean (Armstrong et al., 2006; Hart et al., 1999; Moser et al., 2001) that
subsequently experienced pyroxene-hornfels metamorphism during the impact, where
temperatures locally reached as high as 1300 °C (Gibson, 2002). Three occurrences of
shocked monazite have been reported from Vredefort bedrock (Fig. 5.1 a; Flowers et al.,
2003; Hart et al., 1999; Moser, 1997). Shocked monazite that record pre-impact ages with
partial Pb-loss were reported by Hart et al. (1999) from a granulite-facies garnetiferous
paragneiss, near the center of the Vredefort Dome. Shocked monazite with cross-cutting
planar microstructures within gneissic quartz monzonite near the granulite-amphibolite
transition within the Vredefort Dome was dated by ID-TIMS by Flowers et al. (2003). The U
– Th – Pb analysis documented partial Pb-loss, defining an age array from 3180 Ma to 2260
Ma. The authors interpreted upper intercepts to represent regional metamorphism
associated with intrusions between 3130 and 3080 Ma (Flowers et al., 2003).
Monazite with granular texture from the ILG, located at the center of the Vrededort
Dome, record complete isotopic age resetting (Moser, 1997). The ILG (Stepto, 1990) is
composed of a sequence of felsic high-grade metamorphosed, migmatitic Archean TTG,
enderbite and charnockite (Flowers et al., 2003), all thermally recrystallized by the shock
event (Gibson and Reimold, 2005). Two granular monazite grains dated by ID-TIMS (Moser,
1997) yielded 207Pb/206Pb ages of 2090 ± 4 (2σ), and 2016 ± 7 (2σ), the latter of which is
within error of impact-generated zircon at Vredefort (Gibson et al., 1997; Kamo et al., 1996;
Moser, 1997). Zircon from the same ILG sample yielded a discordant U – Pb array, with an
upper intercept of 3290 Ma and lower intercept of ca. 2020 Ma (Moser, 1997). Moser et al.
(2011) analyzed shocked zircon from the ILG using EBSD. The authors identified low-angle
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Figure 5. 1: Bedrock maps of the Vredefort Dome and Araguainha impact structures with sample locations. A.
Simplified bedrock map of the Vredefort Dome impact structure, South Africa, modified from Bischoff et al.
(1999). The location of sample 09SA06 (this study) is the same as V58 (Moser 1997). Other shocked monazite
bedrock samples; G2 (Hart et al. 1999) and V55 (Flowers et al. 2003), and detrital samples; 07VD0 (1, 5, 7 & 8),
09VD58 (Cavosie et al. 2010; Erickson et al. 2013b; Erickson et al. 2016a) are also marked. Shock pressure
isobars are taken from Gibson and Reimold (2005). B. Simplified bedrock map of the Araguainha impact
structure, Brazil, modified from Lana et al. (2007) with the location of sample ARA (this study), impact melt
collected from within the central uplift.

boundaries, shock twins and sub-planar fractures. U – Pb SIMS analysis of the ILG zircon
displayed a discordant array, from which three of four analyses spread between 3471 ± 61
Ma and 2020 Ma (Moser et al. 2011). A sample of ILG foliated felsic gneiss, 09SA06 (Fig. 5.1
a), was selected for analysis by EBSD and SIMS because monazite grains reported from the
ILG show significant recrystallization textures (Moser, 1997), the zircon grains preserve
shock twinning and plastic deformation (Moser et al., 2011), and variable resetting of the U
– Th – Pb systems was detected between the two phases.

Araguainha impact structure, Brazil
The ca. 255 Ma Araguainha impact structure is a ~40 km diameter complex crater
located within the Paraná Basin of central Brazil (Tohver et al., 2012). The impact punctured
1500 – 1800 m thick Permian to Devonian stratigraphy of the Paraná Basin, exposing
Cambrian granitic basement within the ~ 5 km diameter central uplift (Fig. 5.1 b; Lana et al.,
2007; Lana et al., 2008; Tohver et al., 2012). The Araguainha granite is a pink, coarse
grained monzo-syenogranite, with a crystallization age of 510 ± 12 Ma (Tohver et al., 2012).
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The granite is cross-cut by an impact melt-bearing, polymictic breccia, or suevite
(Engelhardt et al., 1992), dominantly derived from the local granite (Machado et al., 2009;
Tohver et al., 2012).
Shock-deformed monazite grains have been identified within shocked Araguainha
granite, partially melted granite, suevite, and within melt sheet/veins in the central uplift
(Silva et al., 2016; Tohver et al., 2012). Monazite grains from shocked granite show crosscutting, double-walled, planar features (Silva et al., 2016), that appear consistent with
shock twins reported elsewhere (cf. Erickson et al., 2016a). In partially melted granite
monazite grains show an annealed texture, consistent with dynamic recrystallization (Silva
et al., 2016). Within Araguainha impact melt, Silva et al. (2016) identified multiple textures
within the monazite grains, including planar features, annealed polycrystalline aggregates,
and a distinctive cataclastic microstructure.
Two types of shock features were identified within monazite from the impact melt
rock of Tohver et al. (2012), including planar fractures and ‘granular aggregates’. Planar
fractures display trails of inclusions cross-cutting the monazite in polished section, while
aggregates of ‘neocrystallized’ monazite granules display curved boundaries and form triple
junctions (Tohver et al., 2012; their Fig. 6). Shocked monazite grains were dated by Tohver
et al. (2012) and show a bimodal age distribution, with ages spread between ca. 500 and
250 Ma, which the authors interpreted as representing both inherited deformed monazite
and impact-generated recrystallized monazite. Domains containing planar microstructure
record the oldest ages, which range from ca. 498 Ma to ca. 350 Ma. The population of
monazite made up of aggregates of neocrystalline granules record an U – Th – Pb age of
255 ± 3 Ma, which the authors interpreted as the age of the Araguainha impact (Tohver et
al., 2012). Due to the complex microstructures exhibited by the shocked monazite from
Araguainha impact melt (AIM) sample of Tohver et al. (2012) and their bimodal age
distribution, we selected this sample for EBSD and further SIMS analysis.

Methods
Monazite and zircon were separated from ILG sample 09SA06 (27° 2.870’ S, 27°
29.603’ E) and from AIM sample ARA (16° 49.329’ S, 53° 0.150’ W) of Tohver et al. (2012).
Monazite and zircon were analyzed by EBSD using previously established approaches
(Erickson et al., 2015; Reddy et al., 2007). Scanning electron microscopy, including EBSD
analysis, was undertaken with a Tescan Mira3 Field emission gun scanning electron
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microscope within the John de Laeter Centre (JDLC) at Curtin University. For further details
on the methodologies see Appendix E.1. Additional EBSD maps for zircon and monazite
from 09SA06 and ARA can be found in appendices 2 – 5, respectively. U – Th – Pb SIMS
analysis of shocked monazite grains were undertaken with a SHRIMP II housed within the
JDLC after the methods of (Fletcher et al., 2010); see appendix E.1 for more details. The
cumulative crystal-plastic misorientation within each SIMS analytical domain were
calculated from the equivalent region of the EBSD maps (e.g. Figs. 5.2c and 4c) as the grain
orientation spread (GOS and GOS avg.); for further details on this calculation see Appendix
E.1. Element maps of monazite grains were acquired using a Cameca SXFive electron probe
microanalyzer (EPMA) at Adelaide Microscopy at the University of Adelaide (see Appendix
E.1).

Results
Orientation maps of eight monazite and four zircon grains from sample 09SA06 from the
Vredefort ILG were made using EBSD. An additional 11 monazite and three zircon grains
were analyzed from sample ARA from the Araguainha impact melt. Monazite and zircon
microstructures are summarized below. In addition, U – Th – Pb analyses targeting specific
microstructural domains for monazite grains from both samples are reported in Tables 5.1
& 5.2.

Vredefort ILG- monazite microstructures
Monazite grains from the ILG contain multiple types of microstructure, including
crystal-plastic strain, deformation twinning and randomly-oriented, low-strain subdomains.
The grains are variably complex, from being dominated by crystal-plastic strain with a
combination of low-angle boundaries and deformation twins (e.g. Grain 8, Fig. 5.2), to
dominated by randomly-oriented subdomains (e.g. Grain 3, Fig. 5.2), or a combination of
both microstructural types (e.g. Grain 7, Fig. 5.2). Four monazite grains contain deformation
twins, which occur in up to two orientations per grain, with the following minimum
misorientation relationships (as angle/axis pairs) from the host grain; 180° / <101>, 95° /
<201> and 150°/< 101̅ >, which are consistent with twins in (101̅), {12̅2̅} and {212},
respectively (Erickson et al., 2016a). Grain 3 is composed entirely of strain-free subdomains,
which range between 68.6 µm and 1.7 µm diameter (mean = 17.5 µm). Elemental maps for
Th reveal complex zonation textures; within the high strain domains, the grains preserve
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Figure 5.2: Shock deformed monazite from sample 09SA06 from the Inlandsee leucogranofels (ILG). A.
Backscattered electron (BSE) atomic number contrast photomicrographs with the location of each SIMS U –
Th – Pb analytical spot is marked on the grains. B. Electron backscatter diffraction (EBSD) crystallographic
207
206
orientation map, colored with an all Euler scheme, SIMS Pb/ Pb age measurements are marked for each
spot. Apatite inclusions in grain 3 are marked A. C. EBSD grain misorientation map, which helps visualize the
substructure of the grains by plotting the misorientation angle of each pixel from the mean grain orientation.
Each SIMS spot is labeled with the calculated average grain orientation spread (GOS avg.) for each
subdomain, see text for details of the calculation. Grain boundaries are defined by misorientation threshold
of >10°. Blue domains are low strain, while warm colors represent higher degrees of misorientation.
Additionally, boundaries between adjacent pixels are color coded if they matched a specific misorientation
axis and angle pair, within 5°, such as a known twin misorientation. D. Electron microprobe analyzer (EPMA)
maps of Th Mα intensity, with measured Th concentrations (in ppm) for each SIMS spot. E. Pole figures of
monazite (010) colored with an all Euler scheme (note: all pole figures are lower hemisphere, equal area
stereographic projections). Grain 3 is a shocked monazite which has completely converted to neoblasts by
dynamic recrystallization. Monazite grains 7 and 8 contain both domains dominated by plastic strain and
deformation twins and domains with low strain neoblasts.

either concentric (grain 8) or patchy zonation (grain 7), while some of the strain free
subdomains preserve sector zoning patterns (grain 3, Fig. 5.2 d).
The eight ILG monazite grains contain a variety of intergrowths and/or inclusions,
including both zircon (2 of 8) and apatite (5 of 8) grains. The apatite inclusions occur within
both crystal-plastically strained domains (e.g. grain 1, appendix E.2) and within low-strain
subdomains (e.g. grain 3, Fig. 5.2) of the monazite grains, and therefore predate shock
deformation. Two monazite grains also contain zircon inclusions (grains 1, 4, appendix E.2),
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which record minor degrees of crystal-plastic strain, but no features diagnostic of shock
deformation (cf., Erickson et al., 2016a).

Vredefort ILG- zircon microstructures
Cathodoluminescence (CL) images of zircon from the ILG reveal dark, concentrically
zoned cores, and bright sector zoned rims (Fig. 3a). Lamellae that are bright in CL also crosscut growth zoning, which is especially evident in the CL dark cores. All four zircon grains
mapped by EBSD contain twin lamellae that are misoriented 65°/<110> with the host grain,
and align with the bright CL lamellae (appendix E.3). However, the localized bright CL
sections of some lamellae are in the crystallographic orientation of the parent grain, rather
than preserving a twin orientation (Figs. 5.3 a, c).

Figure 5.3: Typical shocked zircon from ILG sample 09SA06. A. Cathodoluminesce (CL) image of shocked zircon
exhibiting a dark concentrically zoned core, with a brighter sector zoned rim. B. EBSD orientation map of the
zircon with an inverse pole figure (IPFZ) color scheme and a special boundary (65°/<110>) color for {112}
shock twins. IPF colors correspond to crystallographic direction parallel to the normal to the map acquisition
surface (z). C. IPF and special boundary map of an area of interest of the zircon. The {112} lamellae crosscutting the CL-dark core have annealed to the orientation of the host grain and correspond to bright CL
lamellae. E. Pole figure of data from map B, also with an IPF color scheme, highlighting the <110>
misorientation axis of the shock twins.

Araguainha impact melt- monazite microstructures
Shock-deformed monazite grains within the AIM contain similar microstructures to
the ILG monazite, including crystal-plastic strain, deformation twinning and strain-free
domains. Of eleven grains analyzed by EBSD, all contain crystal-plastically strained domains
with sub-planar low-angle boundaries (e.g. grains 10, 11, Fig. 5.4). The grains each contain
between 1 and 4 sets of deformation twins with the following minimum misorientation
relationships; 180° / <100>, 180° / <001>, 180° / <101>, 94° / <001> , 150°/< 101̅ >, 85° /
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Figure 5.4: Shock deformed monazite from sample ARA from the Araguainha melt rock. A. BSE atomic number
cotrasts images of the shocked monazite grains, the location of each SIMS U – Th – Pb analytical spot is
marked on grains 10 and 11. B. EBSD crystallographic orientation map, colored with an all Euler scheme, SIMS
207
206
Pb/ Pb age measurements are marked for each spot. C. EBSD grain misorientation map, which helps
visualize the substructure of the grains by plotting each deviation angle of each pixel from the mean grain
orientation, grain boundaries are defined as >10°. Blue domains are low strain, while warm colors represent
higher degrees of misorientaiton, each SIMS spot is labeled with the calculated grain orientation spread (GOS)
for the area of each analytical spot, see text for details of the calculation, uncalculated (uncalc.) values are
from spots which crossed high-angle grain boundaries. Boundaries between adjacent pixels are also color
coded if they matched a specific misorientation axis and angle pair, within 5°, such as a known twin
misorientation, a shocked zircon inclusion within grain 6 is colored with an IPFz scheme. D. EPMA Th Mα
intensity maps, with measured Th concentrations (in ppm) for each SIMS spot. E. Pole figures of monazite
(010) colored with an all Euler scheme. Shock deformed monazite grain (10) exhibits a combination of
strained parent domains, including a high concentration of planar deformation bands (PDBs), and strain fee
neoblasts. Monazite grain (11) in which the inner core of the grain has recrystallized to strain free neoblasts
and the other domains of the grain preserve PDBs and shock twins. Shock deformed monazite (grain 6), which
preserves PDBs, deformation twins, and a shocked zircon inclusion.

<401> and 91° / <104>. The twins are consistent with known monazite twin orientations
observed at the Vredefort Dome; compound twin planes in (001), (100), (101̅), type 1
(rational) twin planes in {110}, {212} and type two (irrational) twin planes with rational
shear directions (η1) in [01̅1̅] and [1̅1̅0], respectively (Erickson et al., 2016a). Many shock
twins are discontinuous, and have irregular, non-planar interfaces but fall along linear
traces (Fig. 5.5 b). Ten of the eleven monazite grains also contain strain-free domains,
which are randomly-oriented relative to the strained parent grains, and range in diameter
between 24.5 and 1.0 µm, with a mean diameter of 8.0 µm (Figs. 5.4, 5.5). Elemental maps
of Th reveal concentric or sector zonation patterns, which are moderately overprinted by a
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patchy texture (Fig. 5.4 d). In grain 10, the strain-free, randomly-oriented domains,
correspond with the zone of highest Th concentrations in the grain, however other grains
do not show this pattern. Only one of the analyzed shocked monazite grains from
Araguainha contains a zircon inclusion (~10 µm), which preserves a polycrystalline
microstructure (granular texture) similar to that described in Cavosie et al. (2016).

Figure 5.5: High resolution EBSD maps of regions of interest from shock deformed monazite from sample
ARA. BSE atomic number contrast images of each area of interest, with an inlaid CL image of the zircon
inclusion from grain 6. EBSD crystallographic orientation maps colored with an all Euler scheme. EBSD
grain misorientation maps, which help visualize the substructure of the grains by plotting the deviation
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grain misorientation maps, which help visualize the substructure of the grains by plotting the deviation angle
of each pixel from the mean grain orientation, grain boundaries are defined as >10°. Blue domains are low
strains, while warm colors represent higher degrees of misorientaiton. The boundaries between adjacent
pixels are color coded if they matched a specific misorientation axis and angle pair, within 5°, such as a known
twin misorientation. The shocked zircon inclusion is colored with an IPFz scheme. A. Shock deformed grain
(10), with high strain domains which are remnants of the host grain and low strain neoblasts, many of which
are found in orientations close to known deformation twins. Curved arrows point to some of the melt bearing
sub-planar fractures within the monazite. B. Region of interest form grain 11, showing a combination of shock
twins, high strain PDBs and strain-free neoblasts. C. A region of interest from grain 6, which contains a
shocked zircon inclusion. Along the edge of the zircon two domains (light-blue to purple in IPFZ) which
contain plastic strain, are remnants of the parent grain, while 4 domains (dark blue, royal blue, yellow and
green in IPFZ), which are unstrained, and non-systematically misoriented from one another, are neoblastic.
Note the pole figure inlay for the orientation relationships within the zircon inclusion.

Araguainha impact melt- zircon microstructures
Three shocked zircon grains from the AIM contain a variety of both crystal-plastic
and recrystallization textures. The zircon grains contain {100} PDBs, a {112} twin lamella in
one grain, and granular texture (appendix E.5). The most complex zircon analyzed (Fig. 5.6)
contains a crystal-plastically strained parent grain and misoriented subdomains. The
subdomains include areas that are systematically misoriented from the parent grain with

Figure 5.6: 6 A shock deformed zircon from Araguainha impact melt sample ARA that contains granular subdomains. A. CL image of the shocked zircon. B. Orientation (IPF Z) and special boundary whole grain map of
the shocked zircon, the plastically strained parent orientation is colored yellow to green. C, D. High
resolution region of interest maps of domains with a high abundance of shocked recrystallized zircon
granules. Note that many of the granules are have systematic grain boundaries of either 65°/<110> or
90°/<110>, which are consistent with granules which have formed from either shock {112} zircon twins or
the reversion of high pressure ZrSiO4 polymorph reidite, respectively (Cavosie et al. 2016). E. Pole figures of
(001) and {110}, showing the systematic misorientation of the neoblastic domains, consistent with formation
from either zircon shock twins or reversion from reidite.
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65° / <110> or 90° / <110> relationships, and also neoblasts that are randomly oriented
(Figs. 5.6 b – e). The neoblasts range between 1.0 and 6.9 µm in diameter (mean equivalent
circle diameter = 1.8 µm).

Monazite in situ U – Th – Pb geochronology
A total of 19 SIMS analytical spots were collected from three monazite grains from
the ILG sample 09SA06; seven analyses from grain 3, six from grain 7 and six from grain 8.
Eight analyses were obtained from crystal-plastically strained domains in grains 7 and 8,
while eleven were acquired from low-strain subdomains (Grain orientation spread, GOS
Avg., < 0.9°) in all three grains (Fig. 5.2 b). Apparent ages from ILG monazite show a
bimodal age distribution (Fig. 5.7 a). Analytical spots from the strained host are variably
discordant (> 10 % between 206Pb/207Pb and 206Pb/238U), with apparent 207Pb/206Pb ages
between 2537 ± 26 Ma and 2386 ± 26 Ma (2σ). Spots from the low-strain, randomlyoriented subdomains show a tight cluster around concordia and are all < 9% discordant,
with 207Pb/206Pb ages ranging between 2102 and 1987 Ma (Fig. 5.7 b). The analyses show a
relationship between U-Th discordance and common Pb as estimated based on measured
204

Pb (Fig. 5.7 b). Nevertheless, the 9 most concordant analyses, (all < 7.5% discordant) yield

a weighted mean 207Pb/206Pb date of 2010 ± 15 (2σ, n=9, MSWD = 0.84).
A total of 14 SIMS analytical spots were collected from two monazite grains from
the Araguainha impact melt rock, ARA. Four spots were collected from grain 10 and ten
spots from grain 11. Of the fourteen analytical spots, seven were acquired from crystalplastically strained domains and 7 were acquired from strain-free (grain orientation spread,
GOS, < 0.3°) subdomains (Figs. 5.8 a – b). The data define a bimodal age distribution along
concordia. Plastically strained domains have apparent 206Pb/238U ages ranging from 467 ± 12
Ma to 278 ± 14 Ma, with the 3 oldest ages originating from the least strained portions of
the parent grains (Fig. 5.8). Seven analyses from strain-free subdomains are clustered on
concordia (< 8% discordance between 208Pb/232Th and 206Pb/238U) and yield 206Pb/238U ages
between 265 Ma and 247 Ma (Fig. 5.8). Analyses from strain-free subdomains yield a
concordia age of 259 ± 5 Ma (2σ, n=7, MSWD = 1.3). However, if the analyses from grain 11,
which contains less common Pb and has better agreement between the U – Th systematics
than those from grain 10, are solely considered, they yield a concordia age of 262 ± 3 (2σ,
n=5, MSWD = 0.88).
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Table 5.1: SIMS U-Th-Pb analyses for shocked monazite from the Vredefot Inlandsee Leucogranofels (09SA06)

09SA06-3.1

Analytical
spot

Neoblast

Neoblast

Neoblast

Domain

551

527

168

484

584

U
(ppm)

34673

16590

29345

32564

39128

27375

40937

Th
(ppm)

217.69

44.41

148.49

46.38

53.27

61.78

233.14

56.51

70.13

Th/U

-0.87

-0.88

0.42

2.91

0.72

0.95

1.10

-0.10

0.81

-0.04

-0.08

f206Pb
%

0.1134

0.1075

0.0975

0.0977

0.0999

0.0986

0.0990

0.1014

0.0979

0.0969

0.0968

0.1005

0.0991

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

0.0013

0.0014

0.0016

0.0016

0.0015

0.0014

0.0015

0.0014

0.0016

0.0015

0.0015

0.0015

0.0014

0.0014

0.0015

0.0015

9.895

9.246

5.942

8.311

8.708

9.231

8.548

5.863

5.643

6.298

8.736

6.069

6.074

5.969

5.929

6.234

5.822

5.972

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

0.175

0.170

0.196

0.145

0.174

0.179

0.183

0.135

0.126

0.128

0.187

0.151

0.136

0.151

0.125

0.193

0.133

0.116

2.3400

2.4560

2.8973

2.5470

2.5183

2.4296

2.5320

2.8925

3.0074

2.8530

2.5806

2.8821

2.8483

2.8648

2.8596

2.8824

2.8909

2.8355

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

0.0067

0.0064

0.0058

0.0061

0.0067

0.0072

0.0070

0.0061

0.0059

0.0062

0.0068

0.0071

0.0066

0.0061

0.0062

0.0078

0.0060

0.0061

0.16794

0.16469

0.12486

0.15352

0.15905

0.16266

0.15696

0.12299

0.12309

0.13033

0.16350

0.12685

0.12547

0.12402

0.12297

0.13032

0.12207

0.12280

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

0.00134

0.00158

0.00354

0.00121

0.00171

0.00135

0.00190

0.00181

0.00165

0.00132

0.00201

0.00178

0.00154

0.00225

0.00143

0.00276

0.00180

0.00109

2425

2363

1967

2265

2308

2361

2291

1956

1923

2018

2311

1986

1986

1971

1966

2009

1950

1972

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

16

16

17

28

16

18

18

19

20

19

18

19

21

19

22

18

27

20

17

2126

2294

2202

1911

2135

2156

2222

2146

1914

1851

1937

2111

1920

1940

1930

1933
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f206Pb is the proportion of 206Pb calculated to be common Pb on the basis of measured 204Pb/206Pb and modelled common Pb composition (Stacey and Kramers, 1975) at the approximate sample age.
*All listed Pb isotope data are corrected for common Pb,based on measured 204Pb/206Pb.
% DiscordanceA calculated as [(207Pb/206Pb)-(206Pb/238U)]/(206Pb/238U) x 100
% DiscordanceB calculated as [(208Pb/232Th)-(206Pb/238U)]/(206Pb/238U) x 100
Listed uncertainties are 1σ.
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Table 5.2: SIMS U-Th-Pb analyses for shocked monazite from the Araguainha impact melt (AIM)
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f206Pb is the proportion of 206Pb calculated to be common Pb on the basis of measured 204Pb/206Pb and modelled common Pb composition (Stacey and Kramers, 1975) at the approximate sample age.
*All listed Pb isotope data are corrected for common Pb,based on measured 204Pb/206Pb.
% DiscordanceA calculated as [(207Pb/206Pb)-(206Pb/238U)]/(206Pb/238U) x 100
% DiscordanceB calculated as [(208Pb/232Th)-(206Pb/238U)]/(206Pb/238U) x 100
Listed uncertainties are 1σ.
Grain orientation spread calculated from EBSD data, see methods for further details
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Discussion
Impact-related microstructures in monazite: Twinning, PDBs, neoblasts
In both samples, monazite grains contain a combination of domains which are
crystal-plastically strained, and domains that are randomly oriented and strain-free. The
crystal-plastically strained domains preserve a combination of cumulative strain across the
grain accommodated by low-angle grain boundaries, consistent with dislocation creep. The
presence of deformation twins in strained domains from both samples is further evidence
for crystal-plastic deformation. Twins found in both samples, including (101̅) and {212} in
the ILG monazite, and (101̅), {110}, {212}, and two type two (irrational) twin planes (with
rational shear directions (η1) in [01̅1̅] and [1̅1̅0]) in the Araguainha grains, are diagnostic of
shock metamorphism (Erickson et al., 2016a). The difference in shock-twin types and
abundances between the ILG and the AIM monazite grains may be a result of variable shock
environments; further work is required to constrain the conditions of formation for specific
twin orientations in monazite.
Monazite grains from Araguainha impact melt contain abundant planar
microstructures composed of low-angle boundaries that accommodate as much as 11° of
misorientation (e.g. Araguainha grain 7, appendix E.4). The planar microstructures are
consistent with PDBs described in detrital shocked monazite derived from the Vredefort
Dome (Erickson et al., 2016a). In addition to PDBs, the AIM monazite grains contain subplanar, low-angle boundary microstructures, along which occur trails of non-indexing (by
EBSD), lower mean atomic number material that is darker in BSE images (e.g. Fig. 5.5a). The
sub-planar trails appear similar to features described in zircon from the Vredefort Dome by
Moser et al. (2011), which the authors interpreted as channels of injected melt.
Monazite from both the ILG and the AIM contain randomly-oriented subdomains
which are either low-strain (ILG) or strain-free (AIM) and are highly misoriented relative to
the host grain. We interpret these as neoblastic monazite formed by recrystallization
(Erickson et al., 2015). Monazite neoblasts nucleate on deformation features, such as grain
boundaries, within the strained parent monazite, indicating that stored strain energy has a
key role in effectively lowering energy required to overcome the energy barrier for
nucleation and growth of new grains via grain boundary migration. Through this process,
newly grown, strain-free monazite grains are bounded by high-angle grain boundaries
relative to parent monazite. In addition, many of the neoblasts share specific
crystallographic misorientation relationships with the host monazite that are consistent
with known twin orientations for monazite (e.g. Figs. 5.4, 5.5a). The systematic
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orientations of monazite neoblasts, therefore, suggest that monazite neoblasts
preferentially nucleate in orientations that minimize the host-neoblast interfacial energy,
including syntaxially from pre-existing twins and host orientations. The formation of
monazite neoblasts by dynamic recrystallization is not unique to shock metamorphism;
similar neoblastic monazite has been shown to form in deformed rocks from the lower
crust, in which, deformation occurs at high temperatures (Erickson et al., 2015). This
process forms new monazite, free of inherited Pb, that can be used to date high
temperature deformation of the lower crust (Erickson et al., 2015).
We interpret the formation mechanism of neoblastic monazite during impact events
to be similar to those in tectonic settings, and may not require hypervelocity shock
pressures. The process of cannibalization of the host grain requires both strained lattice (as
a result of shock) and high temperature to facilitate neoblast nucleation and growth,
conditions present immediately after dissipation of the shock wave while post-shock
temperatures are high. Monazite from the ILG experienced post-shock temperatures as
high as 1300 °C (Gibson, 2002). Monazite grains from Araguainha were entrained within
impact melt; while the formation temperature is unconstrained, at minimum, it would have
been above the Araguainha granite liquidus (i.e., >700 °C), and likely much hotter, because
impact melts can be superheated and reach temperatures >2000 °C (Grieve et al., 1977;
Timms et al., 2017). Cooling rates from high-post shock temperatures are anticipated to
occur over timescales within uncertainty of quantitative in situ SIMS U – Th – Pb dating, and
therefore, the conditions which form neoblasts can be considered to be contemporaneous
with impact shock events.

Constraints on shock conditions
Analysis of shock microstructures within zircon from the two samples allows
evaluation of the P – T conditions experienced by shocked monazite (e.g. Erickson et al.,
2016a). In the case of the ILG, the post-shock > 1000 °C thermal pulse associated with
granofels metamorphism (Gibson, 2002), has erased the shock features in many of the
major phases (e.g. PDFs in quartz); however it has been estimated that the central part of
the Vredefort Dome experienced shock pressure > 30 GPa (Gibson and Reimold, 2005). The
analyzed ILG zircon grains all contain {112} shock twins, a diagnostic shock microstructure
(e.g. Erickson et al., 2013a; Montalvo et al., 2017; Moser et al., 2011; Timms et al., in press;
Timms et al., 2012), which have been constrained to form by 20 GPa in both shock (Leroux
et al., 1999) and static (Morozova, 2015) experiments . Within partially metamict, dark CL
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cores in some domains of ILG zircon grains, cross-cutting, CL bright lamellae lie along the
trace of indexed {112} twins on the polished surface. However the bright lamellae share the
crystallographic orientation of the parent grains and yield higher quality diffraction patterns
compared to the CL dark core (Fig. 5.3). The bright lamellae are interpreted to be {112}
shock twins that annealed back to the host zircon orientation. The core domains therefore
preserve evidence of the former presence of the shock microstructures that were annealed
after the shock pulse, either by high post-shock temperatures (cf. Gibson, 2002; Timms et
al., 2012) or subsequent tecotonometamorphic activity (Moser et al., 2011).
The provenance of the shocked monazite xenocrysts within AIM is more obscure. The
impact melt is derived locally from adjacent basement granite (Silva et al., 2016) which is
supported by the similar microstructural character of all analyzed monazite grains. Shocked
zircon grains from Araguainha contain granular microstructure (cf. Bohor et al., 1993),
which has been interpreted to form at higher impact pressures, after the formation of twins
or transformation to reidite (Wittmann et al., 2006). Formation conditions of granular
zircon are not experimentally calibrated and are thus poorly constrained; metamictization
of the lattice could lower the P-T requirements for the formation of granular zircon.
Systematic misorientation relationships between the neoblasts and shocked host (Fig. 5.6)
are consistent with granular texture formation after twinning and reidite transformation
(cf. Cavosie et al., 2016; Timms et al., 2017). Shock-generated reidite, from both
experimental and natural studies, forms a systematic inter-crystalline misorientation
relationship with the parent zircon, by which <110>zircon and <110>reidite are aligned and
[001]zircon is aligned with the conjugate <110>reidite (Cavosie et al., 2015b; Erickson et al.,
2017; Leroux et al., 1999; Reddy et al., 2015). It is therefore predicted that reversion of
reidite to zircon produces domains with systematic 90° / <110> misorientation with the
original host zircon orientation (Cavosie et al., 2016; Erickson et al., 2017; Timms et al.,
2017). Thus, evidence for the former presence of reidite requires that the rocks achieved
minimum shock pressure conditions of 30 GPa, based on shock experiments (Kusaba et al.,
1985; Leroux et al., 1999). Because metamictization of zircon crystal structure inhibits the
formation of reidite (Erickson et al., 2017; Lang et al., 2008; Timms et al., in press), the
systematically misoriented granules therefore require the preexisting zircon to have been
crystalline, which supports our interpreted shock pressure.

Shocked monazite as an impact chronometer
These results show that determining the age of a shock event from deformed
monazite is possible thorough characterization of specific microstructures that can be
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Figure 5. 7: U –Pb data for shocked
monazite from sample 09SA06 from the
ILG. A. Tera-Wasserburg concordia
diagram of all analyses, the spots are
color-coded to average misorientation
(as average grain orientation spread,
GOS avg) calculated within the analyzed
subgrain of each spot from the EBSD
data (see appendix 1 for method). B.
Tera-Wasserburg concordia diagram of
neoblastic domains, color coded for
discordance of the U – Th – Pb
systematics.
The analyses show a
relative trend of discordance with
increased common Pb. All error ellipses
are 2 σ.

correlated to in situ U – Th – Pb ages. All analyses from strained domains at both sites are
>10% discordant between the 207Pb/206Pb and 206Pb/238U systems. Ages from strained
domains of the ILG range from 2537 to 2386 Ma, however a regression from known age of
the Vredefort impact, 2020 Ma, does not result in a meaningful upper intercept that
corresponds to a known age for the basement of the Vredefort Dome. These results suggest
that there is variable mobility of U, Th and radiogenic Pb during shock deformation (Fig. 5.9
a). If correct, the implication is that shock deformation enhances the migration of both
substitutional and interstitial ions. Partial age resetting resulting from the formation and
migration of fast diffusion pathways created during the shock event may have resulted in a
significant discordia array; subsequent deformation within the Kaapvaal Craton and/or
modern Pb-loss has further modified the measured ages. Likewise, age data from shockdeformed monazite from bedrock of the Vredefort Dome (Flowers et al., 2003), and
Vredefort-sourced detrital shocked monazite (Erickson et al., 2013b), that are dominated by
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Figure 5.8: U –Pb data for shocked
monazite from sample ARA from the
Araguainha melt rocks. A. TeraWasserburg concordia diagram of all
analyses, the spots are color-coded to
misorientation (as grain orientation
spread, GOS) calculated within the
analytical area of each spot from the
EBSD data. Purple analyses were
uncalculated (uncalc.) because the spot
crossed a grain boundary (see appendix
1 for method). B. Tera-Wasserburg
concordia diagram for neoblastic
domains from grain 11 (green spots)
and grain 10 (red spots) of this study
and the youngest subgroup of Tohver
et al. (2012) (green spots). Based on
the textural evidence and the
concordance of the analyses from grain
11, an impact age of 262 ± 3 Ma is
proposed. All error ellipses are 2 σ.

lamellar microstructures, which we here interpret to be deformation twins, record ages
from ca. 3180 Ma to ca. 2157 Ma, and often do not represent meaningful geologic ages.
The Paleozoic age of the basement and impact event of the Araguainha structure
(Tohver et al., 2012) complicates use of the 207Pb/235U system, however, 206Pb/238U ages
from strained domains within Araguainha monazite range from 467 to 278 Ma. Measuring
strain by EBSD from the area of the SHRIMP analytical spot reveals that the three oldest
ages recorded in the AIM are preserved in the least strained domains of the parent grains
(Fig. 5.8 a). We therefore interpret the age spread within the U – Th – Pb systematics from
the strained host domains to represent partial Pb-loss and mobility of U and Th as a result
of fast diffusion pathways formed during the shock event. The subsequent reactivation of
these hypothesized pathways by later deformation in the case of the ILG did not occur in
grains from Araguainha.
The results of this study demonstrate that in situ analysis of shock-produced
neoblastic monazite by SIMS can be used to date impact events. Neoblastic monazite
domains from the ILG and AIM both yield concordant, young U-Pb ages, consistent with the
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age of the impact events constrained by independent means. The process of neoblast
growth, therefore, occurs free of inherited radiogenic Pb from the parent grain. Analyses of
neoblastic monazite from the ILG are less than 10 % discordant between the 207Pb/206Pb
and 206Pb/238U systems, and the nine most concordant analyses record a weighted mean
207

Pb/206Pb age of 2010 ± 15 Ma (MSWD = 0.84), within error of the 2020 Ma Vredefort

impact event based on zircon from impact melt and recrystallized zircon (Gibson et al.,
1997; Kamo et al., 1996; Moser, 1997). The age from the neoblastic domains is also within
error of the most concordant ID-TIMS 207Pb/206Pb age reported from granular monazite by
Moser (1997), 2016 ± 7 Ma. The other grain analyzed by Moser (1997) is older (2090 ± 4
Ma), more discordant, and may represent a mixing age between the neoblasts and domains
that retain pre-impact radiogenic Pb. This contrasts with U – Pb results from strained
monazite grains, which preserve relatively discordant data with a wide age range, which do
not necessarily correspond to a significant geologic date. The 207Pb/206Pb age from the ILG
neoblastic monazite is consistent with the impact event, however, analysis of the 206Pb/238U
and 208Pb/232Th systematics reveal open system behavior and thus yield younger ages (Fig.
5.9). Minor discordance within neoblastic domains from the ILG monazite is likely due to
subsequent tectonic events in the Kaapvaal Craton after the Vredefort impact event.
Deformation after the shock event at the Vredefort Dome has likely annealed some of the
shock features within zircon from the ILG (e.g. Fig. 5.3), and has been shown to partially
reset the U – Pb isotopic system in zircon from the ILG at ca. 1100 Ma (Moser et al., 2011),
the age of mafic intrusions within the Kaapvaal (Reimold et al., 2000). Consideration of the
subsequent geologic events is therefore also important when interpreting the age data
from complex monazite grains, as they may cause partial resetting due to Pb mobility. In
the case of the ILG the post-shock deformation not only reactivated suspected fast diffusion
pathways in the deformed parent domains but also caused minor Pb-loss within the
neoblasts.
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206

238

Figure 5.9: Plots of
Pb/ U vs.
208
232
Pb/ Th ages for individual analyses
from monazite from Vredefort and
Araguainha, a 1 to 1 line is plotted as
solid grey. A. Variable Pb loss between
data collected from the deformed host
and neoblast domains from the
Vredefort ILG. While the 2020 Ma
207
206
Pb/ Pb age is consistent with the
Vredefort shock event the U – Th
systematics are significantly disturbed
post shock, however evenly, either the
result
of
Kibaran
regional
metamorphism or modern Pb-loss. The
post-impact disturbance may have
significantly affected the systematics of
the deformed host as well. B.
Disequilibrium between the U – Th
systematics within the deformed host
domains from the Araguainha impact
structure is significant, while the
systematics of the neoblasts are in
agreement
with
one
another,
potentially due to the lack of post shock
deformation. All error bars are 2 σ.

Neoblasts from AIM yield a concordia age of 259 ± 5 Ma (MSWD = 1.3), which is
within error of the age of 255 ± 3 Ma reported by Tohver et al. (2012). However, if only
analyses from grain 11 are considered, all of which are within uncertainty of concordia and
have the lowest measured common Pb (<5% F206Pb), they yield a slightly older and more
precise age of 262 ± 3 Ma (MSWD = 0.88). The data from grain 10, which has been omitted,
are from analytical spots on or near cracks and have the greatest measured common Pb
and discordance between the U and Th systematics. Therefore, we suggest that the age of
the Araguainha impact structure may be 262 ± 3 Ma, which is slightly older than the 255 ± 3
Ma determined previously, and highlight that further, careful analyses of neoblastic
monazite domains could help to resolve the discrepancy.
Formation of neoblastic domains within monazite during shock appears to be a
recrystallization process, whereby new monazite nucleates within the shock-deformed and
strained lattice of the host and consumes the deformed lattice through the process of grain
boundary migration. Similar deformation mechanisms have been identified in deformed
119

T. M. Erickson

Geochronology of shocked monazite

monazite from the lower crust (Erickson et al., 2015), in zircon that has been tectonicallystrained (Piazolo et al., 2012) and shock-deformed (Cavosie et al., 2015a; Timms et al.,
2017) and in shocked baddeleyite (Darling et al., 2016). During the growth of neoblasts,
incompatible ions are not incorporated into the newly formed lattice and thus the shock
event and associated high temperature pulse sets the age of the neoblasts.
Results from both the ILG and AIM highlight the value in directly linking
quantitative microstructural analyses with in situ geochronologic analyses in shocked
monazite to directly date impact structures, which is often challenging (Jourdan et al., 2012;
Jourdan et al., 2009). Results from the Vredefort Dome also highlight the benefit of
monazite, relative to other geochronometers, in terranes which have experienced
subsequent geologic complexity. This is highlighted by the fact that although there is a ca.
1100 Ma overprint within the Vredefort Dome (Moser et al., 2011), the impact age is
recorded in neoblastic domains from the ILG monazite. Furthermore, zircon analyzed from
the ILG in this study only record crystal-plastic microstructures, which, in some cases, may
be used to determine an impact age from a discordia trend (e.g. Moser et al., 2011; Moser
et al., 2009) but in others may not (e.g. Cavosie et al., 2015a; Schmieder et al., 2015). As
there is evidence of annealing of shock features in zircon , a discordia trend between the
crystallization age of the zircon and the impact event at 2020 Ma may be obscured by
subsequent Pb-loss, while the neoblastic monazite preserve the 207Pb/206Pb age of the
impact event. Furthermore, monazite maintains a crystalline state and is not susceptible to
metamictization (Meldrum et al., 1998; Seydoux-Guillaume et al., 2004). Therefore, while
metamict softening of the zircon crystal lattice may inhibit the formation of shock features
such as twins or reidite (Erickson et al., 2017; Lang et al., 2008; Timms et al., in press),
monazite can unambiguously record the shock conditions, especially as a wide range of
shock twins form in monazite, possibly due to varying conditions (Erickson et al., 2016a).
These results show that monazite is subject to dynamic recrystallization at lower shock
conditions than crystalline (i.e. non-matamict) zircon, and can therefore be used to date
impact structures when other geochronometers may not record the impact age.

Conclusions
This study shows that monazite grains can record both diagnostic shock features and
form neoblasts by dynamic recrystallization over a range of impact conditions. Shock
microstructures within monazite, documented herein, include deformation twins and PDBs.
Deformation twins were found as compound and/or type one twins in (001), (100), (101̅),
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{110}, {212}, and as type two (irrational) twin planes with rational shear directions (η1) in
[01̅1̅] and [1̅1̅0]. In addition, during the post-shock thermal pulse, neoblastic monazite may
nucleate within the strained parent lattice and consume the strained lattice by grain
boundary migration. Associated pressures have been constrained by microstructural
analyses of zircon from the same samples. Shock twins within the ILG zircon record
minimum impact pressures of 20 GPa, while systematically misoriented neoblasts within
Araguainha zircon require minimum pressures of 30 GPa or higher.
In situ U – Th – Pb SIMS analyses of strained domains record discordant age arrays
which may allow resolution of impact age, depending on subsequent geologic history of the
structure. Analysis of monazite neoblasts from the ILG by SIMS yield a 207Pb/206Pb age of
2010 ± 15 Ma, consistent with the accepted 2020 Ma age of the Vredefort impact. Likewise,
analysis of monazite neoblasts from the AIM yield a concordia age of 259 ± 5 Ma, Which we
interpret as the date of the Araguainha shock event. Because impact events are challenging
to date (Jourdan et al., 2009), these results represent a significant advance in resolving
impact ages. For example, of the 27 Precambrian impact structures (Spray and Hines,
2016), only 4 have precise ages (Jourdan et al., 2009). This study shows that coupling EBSD
analyses of monazite microstructures with targeted high resolution U – Th – Pb analyses
either by SIMS or LA-ICPMS, offers another method for which to date impact structures,
including Precambrian (e.g. Vredefort) and Phanerozoic (e.g. Araguainha) impact structures,
even those that have experienced subsequently tectonic deformation.
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Deformation microstructures in accessory phases
This study has significantly advanced understanding of the interplay between
deformation and geochronology of accessory minerals in several important ways.
Deformation microstructures have previously been well-quantified in zircon using electron
back scatter diffraction (EBSD) (e.g. Kovaleva et al., 2015; Reddy et al., 2007; Reddy et al.,
2006; Timms et al., 2012) and crystal-plastic microstructures have been shown to cause age
resetting (Cavosie et al., 2015b; Piazolo et al., 2012; Timms et al., 2006; Timms et al., 2011).
The transformation of zircon to its high-pressure polymorph has been produced
experimentally (Kusaba et al., 1985; Leroux et al., 1999) and documented in nature (Cavosie
et al., 2015a; Reddy et al., 2015). However, the mechanism(s) responsible for the zircon to
reidite transformation remained poorly constrained. Deformation has been proposed to
explain complex age zonation in monazite (Buick et al., 2010; Catlos, 2013), however,
analytical limitations on the analysis of monazite by EBSD (Reddy et al., 2010) limited the
study of naturally deformed monazite.
This study has used high-resolution EBSD to further characterize microstructures
within accessory phases, including zircon and monazite. Using EBSD to quantify
intracrystalline deformation can help with interpreting meaningful geologic ages from
complex U – Th – Pb data. EBSD has here been applied to the study of crystal-plastic
microstructures in zircon (Chapter 2) and monazite (Chapter 3 – 5), such as mechanical
twinning and the development of low-angle grain boundaries, and has been used to analyze
the phase transformation of zircon to reidite. Furthermore, through the careful
characterization of deformation microstructures in monazite, different recrystallization
mechanisms, including subgrain rotation and grain boundary migration, have been
identified for the first time in natural samples.
EBSD mapping of tectonically- and shock-deformed monazite in this study
represents the first quantification of natural deformation microstructures within monazite.
One of the most prevalent microstructures recognized in monazite herein is deformation
twinning, which can form lamellae in as many as 11 different crystallographic planes.
Furthermore, these results show that in tectonically deformed monazite up to three twin
planes are active (001), (100) and {12̅2̅}, all of which have been produced experimentally
(Hay and Marshall, 2003). In shocked monazite deformation twins also form in {1̅10},
(102̅), {212}, {1̅2̅0} and type two (irrational) twin planes with rational shear directions (η1)
of [011̅] and [1̅1̅0]. Acknowledging that the current dataset is relatively incomplete, these
results lead to a suggestion that the latter described twin modes are restricted to shock
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conditions associated with hypervelocity impact, whereas the former modes can occur in
both tectonic and shock environments. These results highlight clear orientation differences
between twinning that results from shock deformation, when stresses, pressures and strain
rates are extremely high, and twinning which results from tectonic deformation, at stresses,
pressures and strain rates typical of the Earth’s crust. However, further work is required to
constrain the conditions required for the formation of individual twin modes. Calculating
the shear modulus, Young’s modulus and Poisson’s ratio along specific composition planes
and shear directions within monazite will help further constrain these conditions. As
monazite shows anisotropic mechanical behavior, it may be possible to use the
development of different deformation twins in monazite as a geobarometer in the future.
Such lines of investigation, combined with additional microstructural data collected from
naturally and experimentally deformed samples will facilitate further understanding of
deformation twinning in monazite, and could test whether the tentative assignment of
different twin types to tectonic and/or shock conditions is a general result.
In addition to mechanical twins, EBSD mapping of deformed monazite has
characterized a variety of other deformation features, and has identified dislocation creep
as a deformation mechanism, which can lead to the formation of neoblastic monazite by
dynamic recrystallization. By constraining the orientations of low-angle grain boundaries
and their misorientation axes, it has been possible to constrain some of the active slip
systems in monazite, which include [010](100) and [010](001), both of which were found in
tectonically-, and shock-deformed monazite. This result represents preliminary work on the
Burgers vectors of dislocation creep in natural monazite; more systematic study of this
topic is needed.
The transformation mechanisms responsible for the formation of reidite and
shocked zircon have also been investigated by EBSD. Laser Raman and x-ray diffraction have
previously been used to identify reidite at other localities. These results highlight the
advantages of EBSD, as the data produced can be used to resolve both the spatial
complexity of the microstructures and also to compare intercrystalline relationships
between the two phases. Characterizing the intercrystalline relationship between reidite
lamellae and the host zircon lattice has refined the systematic orientation relationship
(Chapter 2). The reidite lamellae show close alignment of {100}zircon with {112}reidite, while
{112}zircon is also aligned with a conjugate {112}reidite. This new crystallographic relationship is
similar to those previously identified by TEM (Kusaba et al., 1986; Leroux et al., 1999), but
more accurately describes the orientation relationship and is reproducible for all lamellae in
this study. The consistent crystallographic alignment, coupled with the lamellar form of the
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reidite, provides a strong argument for a dominantly deviatoric transformation mechanism,
i.e., a shear (martensitic) transformation. In a martensitic transformation the interface
between the lamellae and the host should contain the shear direction that produces the
transformation, and therefore should be limited to a number of rational crystallographic
planes. However, the results of this study show that reidite lamellae can form along many
habits planes that do not contain a common shear direction and, therefore, the
transformation is not a purely martensitic transformation, but involves an additional
component of atomic reorganization, similar to the mechanism proposed by Kusaba et al.
(1986). While these new results help to refine the transformation relationships between
zircon and lamellar reidite, further work is required to fully describe the transformation
mechanism. Another form of reidite characterized in this study, sub-micrometer granules,
shares a similar crystallographic orientation relationship to that of the lamellar form, yet is
more relaxed in that wider ranging misorientations are permitted. Based on available data,
it is likely that granular reidite nucleates within the damaged zircon lattice, with subsequent
neoblast growth controlled by diffusion rather than a shear mechanism, as the mesoscale
form of the granules cannot be produced purely by shear. These results highlight the
application of EBSD to distinguish between different zircon-reidite transformation
mechanisms.

Implications for dating deformation events
One of the principal outcomes of this study is the recognition of enhanced mobility
of Pb and resetting of the U-Th-Pb system in monazite as a result of deformation. There are
two major consequences of this finding. Firstly, it highlights a new issue that must be
considered for monazite geochronology in general, but especially when dealing with
complex age spectra in monazite. Spurious ages in the monazite grains, such as grains in
which the rims are older than the cores, are known throughout the geologic literature
(Catlos, 2013). Such specious ages are often attributed to recrystallization as a result of
dissolution-reprecipitation (Teufel and Heinrich, 1997), however, the results of this study
suggest that deformation may also play a role in age resetting (Erickson et al., 2015).
Furthermore, crystal-plastic deformation can often be subtle and can often only be
identified by quantitative microstructural methods such as EBSD. In deformed monazite
grains from both the tectonically-deformed Sandamata granulite complex (Erickson et al.,
2015) and shock-deformed impactites from the Vredefort Dome and Araguainha impact
structures (Erickson et al., submitted) described here, a clear correlation can be seen
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between cumulative misorientation, as a result of crystal-plastic deformation, and Pb-loss.
During deformation, Pb-loss in monazite can result from dislocation creep and the
formation of subgrain boundaries, which act as fast diffusion pathways. Therefore,
monazite grains which have experienced partial Pb-loss associated with deformation may
record ages which do not have a geologically significant meaning. This is especially an issue
for electron microprobe dating, because the ratios of the different Pb isotopes cannot be
measured to test for discordance. In complex geologic environments, such as orogenic
belts, which often experience protracted crystallization histories and tectonic reworking
(e.g. Kirkland et al., 2016), it is important to consider the effects that deformation may have
on the trace element composition of monazite grains when interpreting complex chemical
zonation patterns and age arrays.
Another, and perhaps more profound, outcome of this study is the recognition of
deformation-induced growth of neoblastic monazite that record the timing of the
deformation event. In both tectonically- and shock-deformed monazite, neoblasts
nucleated within the strained lattice and grew at its expense as a result of grain boundary
migration. Neoblasts appear to have formed on high-angle grain boundaries, such as
deformation twin boundaries. After the formation of new monazite, growth was driven by
the strain energy preserved within the deformed monazite lattice; as a result, new
monazite was formed free of any Pb inherited from the host grain. This discovery means
that integrating microstructural analysis via EBSD with in situ high resolution secondary ion
mass spectrometry (SIMS) U – Th – Pb analyses that targets monazite neoblasts offers a
new technique for dating deformation events. This is significant because dating
deformation within the lower crust is often challenging. Deformation of the crust is often
associated with large-scale tectonics, and therefore these results represent a novel
technique that could be applied to a range of geological scenarios, such as unravelling the
tectonic history of the Earth, especially in hot, dry rocks from the lower crust. For grains
which remain effectively below 750 ˚C, volume diffusion will lose less than 1 % of the Pb
over 1 b.y. in neoblasts with an effective radii of 10 µm (Cherniak et al., 2004). However, at
higher temperatures, volume diffusion cannot be ignored and may cause partial resetting of
the U – Pb ages and may therefore decouple the age from the deformation event which
formed the neoblast.
The results of this study also show that monazite deforms crystal-plastically during
impact events, and neoblasts that form in impact environments grow free of inherited Pb,
similar to tectonically-generated neoblasts (Chapter 5). Therefore, targeting monazite
neoblasts generated during impact events for in situ U – Th – Pb geochronological analysis
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offers a new method for dating impact structures. Hypervelocity meteorite impacts are
catastrophic events that significantly affect the Earth’s geodynamics, (French, 2004;
Koeberl, 2006), and putting precise age constraints on the formation of meteorite impact
structures has proven challenging in many cases (Jourdan et al., 2012; Jourdan et al., 2009).
Therefore the new approach outlined in this study could have significant and wide
application to date many terrestrial impact craters which in turn can help to further
decipher the Earth’s impact record. The physical robustness of monazite through the rock
cycle means that there is potential to use detrital, recycled and even secondarily
metamorphosed shock-deformed monazite to date impact events long after large-scale
physical evidence of the crater has been destroyed by erosion or tectonism (e.g. Cavosie et
al., 2010; Erickson et al., 2013). Monazite grains that preserve both diagnostic shock
features such as certain twin modes, and neoblastic domains, offer the ability to both
discern hypervelocity impact events and put temporal constraints on their occurrences.
Similarly to tectonically-deformed monazite, shock-produced neoblasts may be subject to
post-shock volume-diffusion, however, as demonstrated by the neoblastic monazite from
the Vredefort Dome, even grains which have experienced post-shock regional
metamorphism retain 207Pb/206Pb impact ages that record neoblast formation.

Future directions: Coupling deformation microstructures with the next
wave of in situ age analyses
While neoblastic monazite can be used to date deformation events, one issue with
dating different microstructures is that they are generally smaller than the resolution of
traditional SIMS U – Th – Pb analyses, which are limited to an ~ 5 µm spot size at best.
However, there have been recent advancements in the use of ion microprobes to map the
ionic concentrations of different elements at high resolution, while maintaining the high
mass resolution required for U – Th – Pb dating. By rastering the primary ion beam across
the sample, SIMS ion mapping has been used to document the formation of clusters of
metallic Pb in Hadean and Paleoproterozoic zircons which have experienced subsequent
granulite facies metamorphism (Kusiak et al., 2013a; Kusiak et al., 2013b; Whitehouse et al.,
2014). Furthermore, SIMS ion mapping has also been used to resolve different age domains
from a complicated lunar zircon, which records both deformation microstructures and a
complex annealing history (Bellucci et al., 2016). As a technique, ion mapping may offer a
new means for elucidating the role of specific, micron to sub-micron scale, deformation

134

T. M. Erickson

Implications and future work

microstructures in the resetting of U – Th – Pb systematics within monazite, and for
targeting domains that cannot be resolved by traditional SIMS analyses for U – Pb ages.
Another technique which may help to further illuminate the mechanisms which
result in Pb mobility within zircon and potentially monazite and resolve complex age arrays
is the use of atom probe tomography (APT), a relatively new technique in Geoscience. Atom
probe analysis of most geologic materials has only recently become practical due to the
development of laser-stimulated ionization methods, which can overcome their insulating
properties (Bunton et al., 2007). Because APT can resolve ionic species at the sub-nm scale
it is a quickly evolving method for resolving both the behaviour of trace elements and
isotopic compositions at extremely fine scales, often in association with defect structures
such as dislocation and dislocation loops (e.g. Thompson et al., 2007). So far, APT has been
used to document the robustness of zircons dating back to the Hadean, in which, Pb has
segregated into nm-scale clusters, yet Pb has not been mobilized over great lengths (Valley
et al., 2014; Valley et al., 2015). Furthermore, the 207Pb/206Pb ratios preserved within the
Pb-clusters were consistent with formation at ca. 1 Ga after crystallization, when high
temperature overgrowths formed on the zircon.
Studies of deformed zircon by APT have also revealed the formation of low-angle
boundary microstructures, which facilitate pipe diffusion within deformed zircon (Piazolo et
al., 2016) and the formation of Pb-clusters within dislocation loops in partially metamict
zircon during high-T metamorphism (Peterman et al., 2016). Because the results reported
herein highlight the variety of deformation features that form in monazite and the variable
Pb-resetting that can be coupled with their formation, APT may help to further constrain
what microstructures are responsible for Pb mobility in monazite. Furthermore, APT may
also shed further insight into the development of reidite, especially the different
mechanisms that form granular and lamellar forms. While further work is required to
investigate the effects of deformation on the U – Th – Pb systematics in both zircon and
monazite, the results of this study highlight the value of careful microstructural
characterization of zircon and monazite grains which have experienced complex histories.
EBSD mapping of grains prior to APT is an integral step in the work flow as it not only helps
to identify regions of interest to target but also helps to integrate the APT data with a more
general meso-scale view of the substructure of the crystal or rock. Potential
microstructures to be targeted include low-angle grain boundaries, twin boundaries, highangle grain boundaries and progressively plastically strained domains, none of which have
been analyzed before by APT in monazite.
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The results of this study not only inform the understanding of deformation
microstructures within zircon and monazite but highlight previously undocumented
microstructures which are potential targets for in situ U – Th – Pb analyses. Additionally,
this work identifies future avenues of research for understanding deformation of monazite
and zircon. The ultimate goal of this work is to identify the effects of deformation on the U
– Th – Pb systematics, to both deconvolve deformation from primary crystallization ages
and, more importantly, to develop new methods to date various deformation events,
including large scale tectonics and impact cratering.
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Appendix B.1: Analytical Methods
A standard petrographic thin section was polished and given a final chemicalmechanical polish using 60 nm colloidal silica in a NaOH dispersion. Zircons were identified
by optical microscopy (Figs. 2, 3). The grains were then analyzed using a Tescan Mira3 field
emission scanning electron microscope (SEM) at the Microscopy and Microanalysis Facility,
within the John de Laeter Centre (JdLC), Curtin University. Standard SEM methods,
including secondary electron (SE) imaging, atomic number contrast backscatter electron
(BSE) imaging, panchromatic cathodoluminescence (CL) imaging and energy dispersive
spectrometry (EDS) were used, with an acceleration voltage of 15 kV (see Appendix 2 for
images of each reidite-bearing zircon). Electron backscatter patterns (EBSPs) were
collected from shocked zircon grains in orthogonal grids (maps) using a Nordlys Nano highresolution detector and Oxford Instruments Aztec 2.2 acquisition system. The specimen
coordinate system was collected orthogonal to the acquisition surface, whereby the Xs was
parallel to horizontal edge of the specimen, Ys was parallel to the vertical edge, and Zs was
normal to the image plane.
All EBSD analyses were undertaken at a 20 kV accelerating voltage for maps ranging
from 200 nm to 50 nm step sizes. Preliminary tests showed that the most successful
indexing (best EBSP fit, and thus highest proportion of indexed points) of the EBSPs was
found using a reidite match unit with the unit-cell parameters of the 0.69 GPa sample of
Farnan et al. (2003) and with 2 x 2 binning of the EBSPs. The zircon match unit, based on
the 1 atm unit-cell parameters of Hazen and Finger (1979) was also selected after the
methods of Reddy et al. (2008). These data acquisition parameters were maintained for all
EBSD maps. A total of 36 zircons from Ries Clast 1 and 10 zircons from Ries Clast 2 were
analyzed by EBSD (see Appendix 1 for a compilation of EBSD maps and pole figures). Each
clast was analyzed during a single SEM session to maintain 3-dimensional spatial
orientations of all grains within the specific clasts. Post-processing of EBSD data was
undertaken using the Oxford Instruments Channel 5.11 software suite. All EBSD maps,
produced with the Tango software module of Channel 5, were given a wild-spike noise
reduction that removes isolated erroneous data points, but no other data reduction was
undertaken. Reidite has low tetragonal symmetry and consequently was susceptible to
systematic misindexing of 180° about <110>, the effects of which were removed by
converting the reidite to tetragonal high (I41/amd) for the purposes of generating EBSD
map figures. Reprocessing of lower symmetry phases in this manner transforms planes
inverted about the c-axis [e.g., (001̅)] to one orientation [e.g., (001)], while maintaining all
other orientation relationships.
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In addition to the crystallographic relationships between zircon and reidite,
intracrystalline plastic deformation within the analyzed zircon and reidite was also assessed
using the Mambo and Tango software modules of Channel 5. The disorientation (the angle
and axis that defines the minimum misorientation angle between two differently oriented
substructures) within the grains can be used to identify specific deformation mechanisms
(Lloyd et al., 1997; Reddy et al., 2007). Common deformation microstructures in zircon
include the formation of low-angle boundaries (LABs) that define subgrains (Reddy et al.,
2007) and planar deformation bands (PDBs) along {100} (Nemchin et al., 2009; Erickson et
al., 2013; Kovaleva et al., 2015;). Plastic deformation in zircon is most commonly associated
with dislocation creep and misorientation about <001> operating by dislocation glide along
the <100>{010} slip system (Reddy et al., 2007).
The interphase misorientation relationships between different reidite lamellae and
host zircon were determined for all of the studied grains. To achieve this, the
crystallographic orientation data for both phases were rotated so that each host zircon was
in the same reference orientation (Appendix 3). This was accomplished by rotating the
EBSD data for each zircon and reidite pair by subtracting the three Euler angles, φ1, Φ, φ2
that define the mean crystallographic orientation of the host zircon via the Virtual Chamber
function of Channel5. By doing so, each reidite-bearing zircon was aligned such that the caxis was parallel to the vertical axis of the pole figure and the a-axes were aligned with the
x and y, respectively (Fig. 11). This enables the visualization of reidite data from each grain
in a consistent reference frame, and pole figures were plotted using Mambo in Channel 5.
Determination of the habit plane orientations of reidite lamellae within the host
zircon grains was done via reconstruction from their traces in two orthogonal polished
surfaces. Firstly, the trace of the reidite lamellae were measured from the forescatter
detector (FSD) electron images, in the reference frame of the EBSD maps (see Appendix 2).
The FSD images were used instead of the EBSD maps to minimize drift issues in the
measurements but were collected at the start of each EBSD map. Next, the Tescan Lyra FIBSEM housed in the JdLC at Curtin University was used to cross-section the host zircon down
to ~5 µm depth . This enabled the imaging of the reidite lamellae in a second orientation.
Cross-sectional trenches were achieved using a staircase milling pattern with a 11 nA, 30 kV
Ga+ ion beam. Polishing of the cross-section was achieved with progressively lower beam
currents, with a final polish using a 0.28 nA beam current. A ~1 µm thick platinum
deposition layer was placed above the region of interest to improve the quality of the
polished surface. When possible, trenches were aligned so the cross-section was
perpendicular to the trace of the reidite lamellae on the sample surface to minimize
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uncertainty in the measurements. The angles of the trace of the reidite lamellae were
measured in the FSD and BSE images of the FIB-cut faces using NIH ImageJ program (e.g.,
Fig. 4f, Appendix 2). The three dimensional orientation of the lamellae planes were
reconstructed from these two ‘apparent dip’ measurements using a stereographic
projection in the EBSD map reference frame in Stereonet9 (Allmendinger et al., 2011;
Cardozo and Allmendinger, 2013). This approach allowed the reconstructed lamellae plane
data to be compared with the crystallographic orientation of the reidite from direct EBSD
mapping. Of the 25 reidite-bearing zircons in Clast 1, 24 grains were cut by FIB so that 55 of
the 58 lamellae were transected. In addition, 5 of 7 reidite-bearing zircons from clast 2
were trenched, transecting 9 of 15 lamellae. Where possible, the orientation of the reidite
habit plane was then compared to pole figures produced in Mambo to index habit planes
for the lamellae. All pole figures were plotted using lower hemisphere, equal area
projections throughout this work.
To further quantify systematic orientation relationships of the reidite lamellae with
the host zircon grains, we developed a MATLAB script to measure the crystallographic
coincidence of specific planes between the two phases. Firstly, the mean crystallographic
orientations of the reidite and zircon were measured as described above (see Euler values
in Appendix 4). Because zircon and reidite belong to different Laue groups, the
determination of the interphase misorientation relationship was not available in the EBSD
processing software (e.g., McNamara et al., 2012). A MATLAB script was used to calculate
the orientation relationships of the crystallographic planes: (001)zircon, {100}zircon, {112}zircon,
{110}reidite and {112}reidite relative to the x, y, x acquisition coordinates. The angle between
the following pairs of planes was calculated using the dot product of the two direction
vectors for each form, (001)zircon to {110}reidite, {100}zircon to {112}reidite, and {112}zircon to
{112}reidite. The closest angle between the selected pairs was used to determine the likely
composition plane, disregarding parallelism of the selected forms (i.e. (112) = (1̅1̅2̅)). The
coincidence of (001)zircon to {110}reidite, and {100}zircon to {112}reidite was measured based on
the data of Leroux et al. (1999), whilst the coincidence of {112}zircon to {112}reidite was based
on the results of our study. This method allowed the alignment of the selected
crystallographic planes to be assessed quantitatively (i.e., the angle between them was
calculated rather than using solely graphical approximations such as pole figures) and was
used to further refine the interphase misorientation relationship between the reidite
lamellae and the host zircon.
Because the majority of studies that identified reidite used laser Raman techniques
(e.g., Gucsik et al., 2004; Wittmann et al., 2006; 2009; Chen et al., 2013;) one zircon with
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reidite lamellae was selected for laser Raman mapping, allowing the first direct comparison
of Raman and EBSD data for reidite. Laser Raman mapping was done at the CSIRO Energy
Flagship, Australian Resources Research Centre, using a Horiba LabRAM HR Evolution using
a 600 gr/mm grating and a Synapse Visible detector. The 532 nm incident radiation was
produced by a 100 mW continuous wave single frequency diode Laser Quantum Torus
laser. During analysis, the laser was focused to a width of about 0.72 µm with a 100x
objective, the numeric aperture of objective was 0.90, and the beam was aimed
perpendicular to the sample. Visible damage on the surface of the sample or alteration of
the Raman signal were monitored and avoided by adjusting the laser power. Filtering
decreased the laser power to 6 mW on the sample surface. Data were collected in the 110 –
1815 cm-1 range across 1024 channels, and a 36 µm X 50 µm map was produced across the
shocked zircon. In addition to comparing the EBSD and Raman data, Raman analyses were
used to assess the crystallinity of the zircon in order to test the effects of initial state (e.g.,
damage from metamictization, diaplectic ZrSiO4) on reidite formation.
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Appendix B Item 4. Zircon and reidite orientations
Sample 498‐3 Clast 1
Zircon
Grain #
x (µm)
y (µm)
MOS (°)
{112}
1
25
21
8.11
2
55
37
8.97
3
63
42
10.87
4
34
27
8.31
5
80
64
16.29

7
8
63
7.88
3.28
12.77

9
60
10
43

64
27
45

3

10
11
12

yes

100

14.22

145

2

13

yes

0
1
2

yes

no
yes
yes

4

10.31

8.08
5.02
43.34

yes

2

49

51
27
68
10.21

yes

1
0
2

55

3

63
42
93
36

17.22

yes
no
yes

4

14
yes

16
17
18
55

69

14.5
11.31
11.931

yes

15.52

19

70

67
43
26

12.74

60

20
89
86
32

50

77

21
22
23
65

15

24

Lamellae
Number
1
2
3
4
5
6
7
8
9
10
11
12
13

14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39

Mean orientation zircon
ф1 zrn
Ф zrn
ф2 zrn
147.9
34.8
34.5
153.0
109.3
41.5
22.6
85.9
49.1
176.3
59.5
81.6
21.2
165.1
11.6
17.2
165.3
6.4
17.2
165.3
6.4
17.2
165.3
6.4
116.8
106.0
28.4
116.8
106.0
28.4
145.7
40.7
85.6
141.0
108.0
55.5
141.5
109.6
55.6
84.0
163.8
30.9
80.7
164.5
29.3
145.4
127.8
32.4
177.4
35.4
71.2
154.9
97.3
8.8
156.5
97.4
7.4
154.9
97.3
8.8
152.8
96.5
7.1
121.3
86.4
58.0
120.8
84.7
59.1
121.6
86.4
58.0
49.9
159.0
85.0
49.9
159.0
85.0
2.1
49.6
21.0
1.5
50.1
22.8
3.0
50.4
26.5
23.4
36.4
18.9
173.7
141.8
72.6
22.9
60.7
82.0
22.9
60.7
82.0
99.5
30.6
47.6
99.0
29.8
50.1
99.0
29.8
50.1
99.5
30.6
47.6
162.1
151.5
30.7
162.0
151.7
36.7
19.4
32.3
47.8
85.3
17.1
57.6
178.8
160.9
30.0
178.8
160.9
30.0
176.3
2.6
80.1
176.3
2.6
80.1
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140.3
49.4
108.7
177.6

65.6
117.2
120.2
44.3
66.8
64.9
135.2
33.6
170.1

131.8
150.8
138.8
148.7
170.3
1.8
117.1
72.0
107.6
120.8
94.9
97.9

24.7
113.5
80.9
85.3

97.8
96.0
125.3
70.4
74.1
84.8
97.2
85.0
33.8

85.5
2.4
74.3
61.8
11.8
6.8
45.0
79.1
65.2
45.4

39.6
46.7
25.8
18.7
55.9
87.6
38.3
53.3
56.0
10.6
12.4
84.4

37.6
36.2
29.5
22.2

36.3
52.3
8.2
30.3
42.1
23.9
28.1
37.8
76.0

yes
yes
yes
yes

yes
yes
yes
yes
yes
yes
yes
yes
yes
yes

yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes

plucked
plucked
yes
yes

yes
yes
yes
yes
yes
yes
no
yes
yes

111
100
512
512

212
103
421
111
112
112
512
212
201
512

112
112
512
512
211
332
411
512
512
221
112
214

313
101

110
320

511
311
512
512
100
414

comp.
plane

100
112
133
133

125
122
221
100
112
112
122
125
144
122

112
112
122
122
122
121
104
122
122
118
201
132

302
133

221
001

225
145
122
124
112
132

comp.
plane

7.85
11.30
6.40
10.17

9.60
10.02
8.23
9.83
6.18
9.91
8.45
8.91
9.84
10.40

10.94
9.27
11.83
7.72
9.71
11.73
9.64
10.25
11.14
11.37
9.22
12.89

10.47
11.62
10.42
9.69

11.29
11.99
10.75
10.60
10.31
11.27
3.96
10.69
9.78

5.11
6.71
2.52
5.47

3.07
4.89
3.99
5.00
1.86
5.82
5.05
3.87
4.81
4.23

5.31
5.48
10.70
5.15
4.38
4.92
4.15
4.66
3.24
4.10
4.50
6.50

3.74
5.34
4.68
3.37

6.16
6.82
4.91
4.39
4.95
6.75
4.60
5.60
4.74

3.87
5.56
4.09
6.29

6.24
5.54
4.86
4.16
5.95
4.99
3.69
4.41
5.58
5.90

5.64
5.40
7.53
4.25
5.52
5.95
4.87
5.04
7.57
6.62
3.97
5.82

6.55
5.57
5.61
6.16

5.59
6.02
5.69
5.51
6.36
5.80
1.90
5.46
5.18

{001}z // {100}z // {112}z //
{110}r (°) {112}r (°) {112}r (°) Granules

50.8
63.7
61.0
43.6
140.1
68.5
27.3
355.1
294.3
73.1
81.6
94.4

117.9
130.0
136.8
115.1
82.6
101.0
123.5
73.7
85.7
127.3

59.7
57.3
48.3
35.5

FIBed

55.9
93.7
64.9
115.4
6.6
19.2
114.5
93.0
68.4
36.1

103.6
113.6
88.0
81.8

Mean orientation reidite
ф1 reid
Ф reid
ф2 reid

23.4
4.8
132.9
23.3
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27
28

25
26

60

51

78
78

48
60

38

31

58
41

37
51

16

11.95

11.69
12.65

9.05
9.52

yes

yes

yes
yes

no
yes

2

4

1
3

0
4
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30

58

0
0
1
0
0
2

25

no
no
yes
no
no
yes
1

15.24
9.08
5.02
6.44
3.36
18.2
11.8

14
19
10
8
8
26
41.6

18
27
12
22
14
42
58.6

31
32
33
34
35
36
Total (avg)

40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55

56

57
58

176.3
176.3
2.5
68.2
64.0
65.5
67.9
26.9
163.3
164.9
165.5
24.1
24.1
24.1
24.1
8.4
8.4
63.1
149.7
130.1
114.5
131.5
179.8
179.8

2.6
2.6
40.0
24.1
24.2
24.8
23.7
42.8
25.9
24.0
24.3
72.7
72.7
72.7
72.7
71.8
71.8
145.7
14.5
148.0
136.7
30.4
17.4
17.4

80.1
80.1
86.0
34.3
38.8
36.7
35.7
31.2
3.1
3.7
2.5
74.0
74.0
74.0
74.0
48.0
48.0
46.8
5.1
54.4
17.4
3.4
23.7
23.7
38.1

69.0
46.0
155.9
68.4
19.1
48.3
28.6
45.4
102.0
127.3
88.9
115.9
71.9
101.0

40.5
109.7

86.7
79.2

84.4

122.7
108.3
84.8
109.1
133.2
71.7
66.5
79.7
139.6
75.9
134.0
70.3
161.5
100.0

80.9
96.3

35.4
23.5

86.6

40.5
26.8
77.4
53.0
44.7
30.6
21.0
15.7
16.7
27.3
21.6
20.1
8.4
35.5

53.5
51.9

yes
yes
55

yes

yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes

yes
yes

103
101

112

100
212
314
111
432
512
215
512
512
512
310
311
120
302

512
512

111
134

112

112
510
213
100
142
122
231
122
102
124
121
121
112
102

133
133

7.78
6.66
9.73

11.07

9.86
11.90
8.78
9.05
5.03
10.94
9.33
8.73
9.74
8.36
8.13
8.99
11.10
9.77

12.58
10.67

3.45
5.31
4.73

5.01

1.28
6.67
4.17
4.82
6.55
4.34
4.66
6.07
4.12
2.57
2.90
5.25
1.37
3.85

5.60
5.05

5.63
2.05
5.37

5.83

8.61
5.41
4.29
4.58
0.62
5.80
5.47
2.33
5.36
8.82
4.67
4.22
9.04
5.16

7.94
5.08

0
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58.8
60.9
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Sample 498‐3 Clast 2

{112}

no
yes

2

0
3

# of
planes
1
0
3

16.55

yes
0
3

Reidite
yes
no
yes

19
19

17.42
no
yes

2

MOS (°)
>20
8.63
13.37

19
45

18
3.85
9.56

yes
1
15

y (µm)
22
11
24

40
41

22
15
21

15.7
yes
9

x (µm)
27
18
38

42
20
23

10
10.34

Zircon
Grain #
37
38
39

43
44

18
14
17.3

yes

45
18
24.8
1

46
Total (avg)

Lamellae
Number
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73

Ф zrn
42.6
58.5
123.1
123.1
123.1
155.2
101.4
102.2
107.2
38.7
38.7
140.4
126.3
126.3
126.3
64.5
64.5
69.5

ф2 zrn
86.5
16.1
24.5
24.5
24.5
31.5
2.5
7.9
15.9
8.1
8.1
0.1
53.4
53.4
53.4
71.1
71.1
76.9

Mean orientation zircon
ф1 zrn
163.2
89.3
34.1
34.1
34.1
100.0
162.6
164.4
168.3
22.3
22.3
9.7
124.5
124.5
124.5
33.1
33.1
103.2

ф1 reid
93.3
102.1
26.5
118.7

Ф reid
115.9

31.8
23.6
10.2
75.3
82.5

85.5
24.8
71.1

ф2 reid
14.7

plucked
plucked
plucked
plucked
plucked

yes
yes
yes

FIBed
yes

104
512
221

comp.
plane
zircon
203

221
122
118

comp.
plane
reidite
201

7.14
7.55
6.12
9.02
7.80
9.32
8.11

8.56
2.83
4.80
10.51
7.77

8.83
9.48
10.43

9.54
3.81
6.82
3.36
2.82
3.97
4.91

1.31
3.83
13.66
2.94
6.00

5.18
0.90
4.49

3.04
4.08
3.68
5.18
4.52
4.61
5.53

7.77
3.28
9.89
7.80
4.27

4.65
7.44
5.98

1

{001}z // {100}z // {112}z //
{110}r (°) {112}r (°) {112}r (°) Granules
11.44
5.02
6.70
yes
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126.6
51.3
136.5

61.6
131.1
39.2
113.0
119.4

Mean orientation reidite

87.7
60.6
103.7
95.5
77.1

112
101

yes
yes
no
yes
yes
yes

112
414

1.7
15.1
13.5
4.4
13.6
72.9

123
120
121

90.9
86.1
103.8
139.2
76.0
110.5

203
113
124

31.8
32.1
28.5
100.1
124.6
15.5
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APPENDIX C

Supplementary Data for Chapter 3: Deformed monazite yields
high-temperature tectonic ages
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Appendix C, DR item 1: Analytical methods
A thin section was prepared from sample Raj59 of Buick et al. (2010), which
was given a 1 µm diamond polish before being given a chemical-mechanical polish
with a colloidal dispersion of 5 nm silica in NaOH. After polishing, deformed
monazites were identified petrographically (Fig. 2a) and confirmed using energy
dispersive spectroscopy (EDS). All scanning electron microscope (SEM) analyses
were undertaken on the Tescan Mira3 field emission (FE) SEM at the Electron
Microscopy Facility, within the John de Laeter Centre for Isotope Research (JDL),
Curtin University, Western Australia. Deformed monazites were subsequently
mapped by EBSD. Due to previous complications associated with monazite EBSD
analyses (Reddy et al., 2010), a new monazite EBSD match unit was developed by
Oxford Instruments, based on the Wyckoff atomic positions and unit cell for natural
monazite from Ni et al. (1995), (Data Repository Table 1). Electron backscatter
patterns (EBSPs) were collected from the deformed and undeformed monazites in
orthogonal grids using a Nordsly Nano high resolution detector and Oxford
Instruments Aztec 2.2 acquisition software Post-processing the EBSD data was
undertaken with Oxford Instruments Channel 5.11 software suite, operating
conditions and optimization parameters are summarized in Data Repository Table 2.
To assess the effects of dislocation-related microstructures on the U-Th-Pb ages, the
mean misorientation for each SHRIMP spot was calculated using the Channel5
software package. Domains were selected from the EBSD map that corresponded
to the SHRIMP analytical spots. For all domains, the systematic misorientation
relationships associated with twinning (e.g. 180 about <100>) were first removed by
rotating about the twin misorientation axis, such that the cumulative plastic
deformation was still maintained.
Following EBSD mapping of the monazite, a 1 cm by 1.5 cm block was
cut from the thin section and mounted in a 2.54 cm epoxy round for U-Th-Pb
geochronology. U –Th – Pb isotopic measurements were carried out using the
SHRIMP-II at the John de Laeter Centre for Mass Spectrometry, Curtin University,
and analyzed with ~0.6 nA O2 − primary beam focused on to ~10 μm spots, a 5-scan
duty cycle, and a mass resolution of ~5000, as described by Foster et al. (2000) and
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modified in Korhonen et al. (2011). SHRIMP U-TH-Pb analyses were carried out with
the primary monazite standard India, 509 Ma, 206Pb/238U=0.082133, and the
secondary standard GM3, 488 Ma, 206Pb/238U=0.0784946 (Kennedy and Kinny,
2004; Wingate and Kirkland, 2012). Isotopic age data are given in Data Repository
Table 3; uncertainties given for individual analyses (ratios and ages) are 1σ values.
The calculated 207Pb/235U ages are reported with 1σ uncertainties. Tera–
Wasserburg concordia plots with 2σ error ellipses for all the data are shown on Fig.
3. Selection criteria for the analytical spot were based on the EBSD data. Three
analytical spot types were selected; (1) those entirely within the host orientation,
(2) those within the non-systematically oriented recrystallized domains and (3)
those that overlapped the deformation twins and host.
Electron probe micro-analyzer (EPMA) elemental mapping was undertaken
at Adelaide Microscopy at the University of Adelaide, South Australia. U, Th, Pb, Ce
and Y were qualitatively mapped using a Cameca SXFive EPMA running Peaksite
software with a focused electron beam of 15 kV and ~150 nA.
Tables

Appendix C, DR1, Table 1. Match unit for natural
monazite*
Laue group
2
Space group
a (Å)
b (Å)
c (Å)
α (°)
β (°)
γ (°)
Wyckoff positions
REE
P

P21/n
6.7902
7.0203
6.4674
90.0
103.38
90.0
x
y
z
0.28152 0.15929 0.10006
0.3048 0.1630 0.6121

O1

0.2501

0.0068

0.4450

O

2

0.3814

0.3307

0.4975

O

3

0.4742

0.1070

0.8037

4

0.1274

0.2153

0.7104

O
* Ni et al. (1995)
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Appendix C, DR1, Table 2. EBSD analytical conditions.
Tescan Mira3 FEG-SEM
Grain
Figure
Acquisition speed (Hz)
Background (frames)
Binning
Gain
Hough resolution
Band detection min/max
Average mean angular deviation (monazite)
Average mean angular deviation (zircon)
X steps
Y steps
Step distance (µm)
Noise reduction – ‘wildspike’
n neighbour zero solution extrapolation
Kuwahara Filter

Deformed
Und.
Monazite Monazite
1 C, DR 3
Dr 2
40.51
40.40
64
64
2x2
2x2
High
High
60
60
6/8
6/8
0.64
0.63

Zircon
DR 4
40.51
64
2x2
High
60
6/8

1479
1429
0.35
Yes
7
No

158
145
1.00
Yes
0
No

0.41
247
248
0.35
Yes
7
No

Yes
20
20.5
70

Yes
20
20
70

Yes
20
20.5
70

Tescan Mira3 FEG-SEM settings
EBSD system: Nordlys Dector - Aztec
Carbon coat (<5nm)
Acc. Voltage (kV)
Working distance (mm)
Tilt (degrees)
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Appendix C, DR1, Table 3. SHRIMP U-Th-Pb analyses
%
204
208
207
Spot
Th
comm
Pb/
Pb*
Pb*
206
206
232
235
no
U (ppm) Th (ppm)
/U
Pb
Pb
/ Th
/ U
Analyses in the host domain
1.1
734
18706
25.47
0.08 0.00005 0.1556 ± 0.0068 2.553 ± 0.053
1.2
631
19124
30.33
0.11 0.00007 0.1973 ± 0.0090 3.839 ± 0.078
1.3
255
19534
76.47
0.73 0.00045 0.1627 ± 0.0071 2.765 ± 0.088
1.4
643
20084
31.23
0.17 0.00011 0.2031 ± 0.0088 3.882 ± 0.076
Analyses in the recrystallized domains
2.1
542
17219
31.75
1.00 0.00058 0.1176 ± 0.0057 1.645 ± 0.053
2.2
492
17454
35.46
0.66 0.00039 0.1179 ± 0.0052 1.639 ± 0.058
2.3
547
18451
33.74
2.07 0.00121 0.1149 ± 0.0050 1.846 ± 0.066
2.4
592
19630
33.15
0.44 0.00026 0.1139 ± 0.0049 1.528 ± 0.048
2.5
627
19570
31.23
0.74 0.00043 0.1165 ± 0.0051 1.563 ± 0.045
2.6
603
18924
31.40
0.89 0.00052 0.1236 ± 0.0054 1.576 ± 0.046
2.7
631
25761
40.84
1.51 0.00088 0.1251 ± 0.0054 1.814 ± 0.071
2.8
558
18472
33.11
0.74 0.00043 0.1270 ± 0.0055 1.616 ± 0.047
Analyses overlapping host and twin
3.1
512
16378
31.97
0.18 0.00011 0.1779 ± 0.0078 3.215 ± 0.070
3.2
680
18883
27.76
0.12 0.00007 0.1716 ± 0.0075 3.250 ± 0.075
3.3
598
17519
29.29
0.10 0.00006 0.2059 ± 0.0089 3.752 ± 0.086
3.4
532
20352
38.29
0.71 0.00043 0.1451 ± 0.0063 2.940 ± 0.074
3.5
558
20658
37.05
0.52 0.00032 0.1885 ± 0.0095 3.527 ± 0.084
3.6
751
20669
27.52
0.20 0.00012 0.1418 ± 0.0061 2.147 ± 0.049
3.7
725
21650
25.47
0.41 0.00025 0.1876 ± 0.0087 3.179 ± 0.073
3.8
593
18297
30.83
0.40 0.00024 0.1819 ± 0.0079 3.142 ± 0.066
comm = common; conc = concordance
Age in Ma. Uncertainty in ages and isotope ratios is listed at 1σ
206
238
207
206
The % concordance is calculated as: [( Pb/ U age)/( Pb/ Pb age)] x 100
204
* indicates a Pb corrected Pb value after Ludwig (2001).

83
93
101
97

207

Pb*
206
/ Pb*

1443 ± 17
1666 ± 14
1338 ± 45
1636 ± 13

91
109
80
103
113
105
79
94

206

0.09084 ± 0.00080
0.10227 ± 0.00077
0.08600 ± 0.00202
0.10066 ± 0.00072

1057 ± 52
930 ± 53
1227 ± 59
923 ± 44
874 ± 45
931 ± 47
1221 ± 68
1016 ± 44

96
88
95
88
93
88
90
97

207

Pb*
238
/ U

0.07457 ± 0.00192 957 ± 17
0.07004 ± 0.00182 1011 ± 22
0.08123 ± 0.00245 984 ± 18
0.06980 ± 0.00150 950 ± 20
0.06818 ± 0.00148 991 ± 17
0.07009 ± 0.00160 974 ± 17
0.08099 ± 0.00279 970 ± 17
0.07309 ± 0.00159 959 ± 17

1501 ± 19
1583 ± 26
1632 ± 13
1502 ± 25
1599 ± 20
1266 ± 27
1543 ± 26
1471 ± 20

206

0.2038 ± 0.0038
0.2722 ± 0.0051
0.2332 ± 0.0050
0.2797 ± 0.0051

1433 ± 25
1392 ± 23
1546 ± 30
1322 ± 26
1486 ± 28
1110 ± 19
1391 ± 23
1424 ± 23

0.77
0.37
0.36
0.97
0.32
1.26
1.44
0.75

1.34
0.76
1.63
0.37

Pb*
Pb*
238
206
/ U Age / Pb*
%
Mean
(Ma)
Age (Ma) conc misorientation

0.1600 ± 0.0031
0.1697 ± 0.0040
0.1648 ± 0.0032
0.1588 ± 0.0036
0.1663 ± 0.0031
0.1631 ± 0.0030
0.1624 ± 0.0031
0.1603 ± 0.0051

0.09363 ± 0.00093
0.09782 ± 0.00134
0.10043 ± 0.00069
0.09369 ± 0.00125
0.09866 ± 0.00108
0.08287 ± 0.00116
0.09573 ± 0.00130
0.09220 ± 0.00095

1196 ± 21
1552 ± 26
1351 ± 26
1590 ± 26

0.2490 ± 0.0049
0.2410 ± 0.0045
0.2709 ± 0.0060
0.2276 ± 0.0049
0.2593 ± 0.0055
0.1879 ± 0.0034
0.2409 ± 0.0044
0.2472 ± 0.0045
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Appendix C, DR item 2
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Appendix C, DR item 3

100 µm
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Appendix C, DR item 4

Zircon
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APPENDIX D

Supplementary Data for Chapter 4: Empirical constraints on
shock features in monazite using shocked zircon inclusions
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Appendix D, DR item 1: Analytical methods
Identification of Shocked Monazites and Imaging External Shock Features
Heavy minerals were separated from loose sediment samples collected
within the Vaal River basin and grains were identified after the methods of Cavosie
et al. (2010) and Erickson et al. (2013). Organics were washed from the samples
and then the samples were processed with the heavy liquid Acetylene tetrabromide to separate the heavy mineral fraction. The heavy mineral fractions were
further divided using a Frantz isodynamic magnetic separator. Following which
monazites were mounted on Carbon tape on 1 cm Aluminum scanning electron
microscope (SEM) stubs. Exterior surface images of the detrital monazites were
collected using a Cambridge Instruments Stereoscan 120 SEM at the University of
Puerto Rico Mayagüez (UPRM), a Hitachi S-3400 at the University of Wisconsin,
Madison (UW), and a JEOL 5610LV SEM at Oberlin College. Energy dispersive
spectra (EDS) were collected from the monazites to confirm their composition using
the SEMs at UW and Oberlin.

Imaging Internal Shock Features
After exterior microstructures of shocked monazite and zircon were imaged,
they were cast and polished in 2.54-cm epoxy grain mounts. The grain mounts were
first given a 1 µm diamond polish before being given a chemical-mechanical polish
with a colloidal dispersion of 5 nm silica in NaOH. After polishing, internal textures
of the deformed monazites were imaged using the Tescan Mira3 field emission (FE)
SEM at the Microscopy & Microanalysis Facility, within the John de Laeter Centre
for Isotope Research (JDL), Curtin University, Western Australia. Backscattered
electron photomicrographs of the monazites were collected using an accelerating
voltage of 15 kV. Zircon inclusions were identified using EDS with an accelerating
voltage of 20 kV and were imaged by panchromatic cathodoluminescence (CL) with
an accelerating voltage of 10 kV. BSE and CL photomicrographs from all shock
monazite and zircon inclusions are included in Data Repository item 2.

254

T. M. Erickson

Appendix D: Chapter 4 supplemental data

EBSD Mapping of Monazites and Zircons
Deformed monazites and zircons were subsequently mapped by EBSD.
Electron backscatter patterns (EBSPs) were collected from the monazites and
zircons in orthogonal grids using a Nordsly Nano high resolution detector and
Oxford Instruments Aztec 2.4 acquisition software package on the Mira3 FEG-SEM.
EBSD analyses were collected with a 20 kV accelerating voltage, 70° sample tilt, ~20
mm working distance, and 18 nA beam current. Post-processing the EBSD data was
undertaken with Oxford Instruments Channel 5.11 software suite. Zircons were
mapped using the match unit Zircon 5260 after the methods of Reddy et al. (2007)
while monazites were mapped with the match unit described in Erickson et al.
(2015), which originates from crystallographic data of Ni et al. (1995). Operating
conditions and noise reduction parameters are summarized in Data Repository
Table 1. EBSD maps were produced using the Tango suite of Channel5, while pole
figures were processed in Mambo suite of Channel5. EBSD maps and pole figures
(lower hemisphere, equal area) of the shocked monazite and zircon pairs can be
found in Data repository 2. Shock textures of the monazites and zircons are
summarized in Data Repository Table 2, in which the following maps, produced with
Tango, can be found:
1. crystallographic orientation map using all Euler color scheme
2. special boundary maps in which boundaries between adjacent pixels are
color coded if they matched a specific misorientation axis and angle pair,
within 5°, consistent with a twin boundary. Inverse Pole Figure (IPF) color
scheme was added to each zircon in this figure.
3. Texture component map of the shocked monazite, which show up to 20°
of misorientation from the mean orientation of the host grain. The
mean orientation, as Euler angles, was measured using the “grain
detect” component of Tango. Zircons are colored in fuchsia to highlight
their locations within the host monazite.
4. Local misorientation map displaying amount of misorientation between
each pixel and the surrounding 3 X 3 grid.
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Conversion of EBSD disorientation data to deformation twins
Crystallographic orientation data obtained by EBSD can be used to calculate
the misorientation between two different crystallographic orientations. This is
commonly expressed as three superimposed rotations about axes specified by a
convention, where the rotation angles are known as Euler angles, or a single angular
rotation around a stated axis (angle-axis pair). Depending on the crystal symmetry
there may be more than one angle-axis pair that achieves the same rotation but the
rotation angles will be different. The disorientation convention used in this paper
means that the angle-axis pair with the smallest angular rotation is chosen from all
the symmetrically equivalent rotations. For monoclinic minerals, of which monazite
is one, there are only two symmetric equivalents. This arises from the diad axis of
symmetry parallel to the [010] direction and the fact that EBSD data can only
describe proper rotations (i.e. the mirror plane perpendicular to [010] is not a
proper rotation).
While the disorientation can be used to document twin microstructures, it is
often cryptic and not geometrically meaningful. The relationship between two parts
of a twin can be described by one (or both) of two 180° rotations that are
geometrically related to either the composition plane, K1 or shear direction, η1
(summarized in Figure D1 after Christian and Mahajan, 1995). For type 1 twins, the
twin is related to the host by a 180° rotation around the pole to (a rational) K1. For
type 2 twins, the twin is related to the host by a 180° rotation around (a rational)
η1. Composite twins satisfy both constraints.
To document the nature of the twins observed in monazite and identify the
composition planes pairs of Euler angles from twin and host were used to calculate
not only the disorientation axis but also its symmetrical equivalent. In each case,
except one, the misorientation calculation revealed a 180° rotation that was not
always apparent from the disorientation. Where the 180° rotation axis was close to
a pole to a rational plane this was noted to be a type 1 twin relationship and where
it was close to a rational crystallographic direction the twin was documented as a
type 2 relationship. For a number of twins (those with a disorientation rotation of
180°) both of these criteria were satisfied and they were noted to be composite
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twins. The procedure was implemented in Matlab as follows using the unit cell
parameters of natural monazite after Ni et al. (1995):
1. Constructs a list of directions and planes in the crystal reference frame,
removing collinear ones (e.g. 111 and 222).
2. Calculates the x,y,z orientation of each of the directions and plane normal
for a crystal with Euler angles (0 0 0). This takes into account the crystal
unit cell parameters.
3. Calculate the symmetry operators (Si) for the Laue group. In this case
there are only 2 symmetrical equivalents which are related by a 180
rotation around [0 1 0].
4. For each pair of sets of Euler angles do the following:
a. Calculate the rotation matrix (DCM) for each Euler angle triple
using equations B2 and B4 of Cho et al. (2005)
b. Calculate the rotation from one to the other (DCM3 = DCM2 –
DCM1)
c. Calculate the rotation matrix for each symmetric equivalent
(DCM3i = Si x DCM3)
d. Calculate the angle and axis (in Cartesian x,y,z co-ordinates) of
rotation for each resulting rotation matrix
e. Calculate the crystallographic index of each rotation axis. This
approach gives the closest zone axis. It should be noted that where
the rotation axis is a pole to a plane then it is not necessarily a
rational direction (especially in monoclinic minerals where only
(010)=[010]).
f. For a list of planes from where {h, k, l} are integers from -3 to 3
calculate the angle in x,y,z co-ordinates between the rotation axis
and the plane normal (using dot product of unit vectors). If the angle
is >90 then use the supplementary angle thereby ignore polarity of
the poles to planes i.e. (001) = (00-1).
g. Compile the data into an output format giving the angle and axis
(in x,y,z) for each symmetric variant, crystallographic vector (with
smallest value normalised to 1), angle between rotation axis and
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closest direction, closest direction, angle between rotation axis and
closest pole to plane, closest pole plane.
The input parameters and results of the script are summarized in DR3.

Figure D1. Twin mode conventions modified after Christian and Mahjan (1995)
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Appendix D, DR item 1, Table 1.1 EBSD analytical conditions grain 07VD07-39
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Appendix D, DR item 1, Table 1.2 EBSD analytical conditions grain 07VD07-39
continued
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Appendix D, DR item 1, Table 1.3 EBSD analytical conditions grain 07VD07-67
Figure
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Appendix D, DR item 1, Table 1.4 EBSD analytical conditions grain 09VD58-166
Figure
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Appendix D, DR item 1, Table 1.5 EBSD analytical conditions grain 07VD07-4
Figure
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Appendix D, DR item 1, Table 1.6 EBSD analytical conditions grains 09VD16-50, 09VD16-65
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Appendix D, DR item 1, Table 1.7 EBSD analytical conditions grains 09VD16-68 and 09VD53-26
Figure

09VD16-

09VD16-

09VD16-

09VD16-

09VD53-

68

68 AOI

68 Z1

68 Z2

26

Acquisition speed (Hz)

40

40

40

40

40

Background (frames)

64

64

64

64

64

Binning

4x4

4x4

4x4

4x4

4x4

Gain

High

High

High

High

High

Hough resolution

60

60

60

60

60

Band detection min/max

6/8

6/8

6/8

6/8

6/8

Mean angular deviation (monazite)

0.4413

0.6846

0.7411

0.6392

0.5608

Mean angular deviation (zircon)

0.3609

0.5403

0.5368

0.5662

0.4849

X steps

520

175

192

170

1767

Y steps

503

216

293

212

1089

Step distance (µm)

0.4

0.2

0.07

0.1

0.2

Noise reduction – ‘wildspike’

Yes

Yes

Yes

Yes

Yes

n neighbor zero solution extrapolation

7

7

7

7

7

Kuwahara Filter

-

-

-

-

-

SEM MODEL: Tescan Mira3 FEG-SEM
EBSD camera: Nordsly nano high resolution detector
Acquisition software: Aztec 2.4
Carbon coat (<5nm)

Yes

Yes

Yes

Yes

Yes

Acc. Voltage (kV)

20

20

20

20

20

Working distance (mm)

20

20

20

20

20

Tilt (degrees)

70

70

70

70

70

265

Appendix D: Chapter 4 supplemental data
T. M. Erickson

(µm)

Width

8

1

incs.

zrn

1

1

2

1

zircons

shocked

5

6

8

6

3

sets

twin

# of

1

1

1

1

1

(1)

<201>

95° /

1

1

1

1

(2)

<201>

95° /

1

1

1

1

1

<001>

180° /

1

1

1

1

1

/<100>

180°

1

1

1

1

<101>

180° /

/<001>

94°

<201>

180° /

<10-1>

147° /

<41-1>

107° /

<001>

55° /

<401>

85° /

<104>

91°

Bands

Def.

Planar

ules

gran-

micro

Appendix D, DR1, Table 2.1 Detrital shocked monazite microstructures

(µm)

Length

510

2

1

Grain
650
385

1

1

1

1

1

1

1

1

13

1

2

3

yes

yes

1

2

2

2

1

2

07VD07 M67
550
365

1

1
1

1

1

07VD07 M39

295

1

1

1

1

1

445

195

3

1

1

1

1

375

1

7

1

1

1

07VD08 m1 M4

360
1
1

4

3

1

09VD16 m3 M50

155
2

1

6

1

09VD53 m3 M26
200
150
2

8

yes

09VD16 m3 M65
200
-

7

1

09VD16 m3 M68
-

9

1

09VD58 m1 M166

18

6

293

8

397

Total (mean)

266

T. M. Erickson

Appendix D: Chapter 4 supplemental data

Appendix D, DR item 1, Table 2.2 Microstructures of detrital zircon inclusions
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Appendix E.1. Methods
Samples and separation techniques
The sample from the Vredefort Dome (09SA06) is an ~1 kg sample collected from
the field locality of the Inlandsee leucogranofels in Gibson and Reimold (2008), located at
27˚ 2.870’ S, 27˚ 29.603’ E, where a small quarry was dug near the center of the Vredefort
Dome. The sample was separated using a Selfrag electric pulse disaggregator (EPD), in the
John De Laeter Centre (JDLC), Curtin University, Western Australia. After disaggregation,
the sample was sieved, sent through heavy liquids and then further separated using a
Frantz isodynamic magnetic separator. The sample from Araguainha (ARA) comes from the
melt rock sample of Tohver et al. (2012), located at 16° 49.329’ S, 53° 0.150’ W, and the
monazite and zircons were separated using a similar method, although the rock was
crushed, rather than disaggregated by EPD.

Electron imaging/analysis
Monazite and zircon from each sample was hand-picked and mounted in a separate
~25.4 mm epoxy rounds with standards. The epoxy rounds were given a 1 µm diamond
polish before being given a chemical-mechanical polish with a colloidal dispersion of 5 nm
silica in NaOH. After polishing, monazite and zircon grains were imaged using back scatter
electron (BSE) atomic contrast imaging and cathodluminescence (CL) imaging, then
confirmed using energy dispersive spectroscopy (EDS). All scanning electron microscope
(SEM) analyses were undertaken on the Tescan Mira3 field emission-gun (FEG) SEM at the
Electron Microscopy Facility, within the JDLC. BSE photomicrographs were collected using
an accelerating voltage of 15 kV, and CL images were collected with an accelerating voltage
of 10 kV.

Electron backscatter diffraction analysis
Deformed monazites and zircons were subsequently mapped by electron
backscatter diffraction (EBSD). Electron backscatter patterns (EBSPs) were collected from
the monazites and zircons in orthogonal grids using a Nordsly Nano high resolution detector
and Oxford Instruments Aztec 2.4 acquisition software package on the Mira3 FEG-SEM.
EBSD analyses were collected with a 20 kV accelerating voltage, 70° sample tilt, ~20 mm
working distance, and 18 nA beam current. EBSPs were collected with the following
parameters; an acquisition speed of ~40 Hz, 64 frames were collected for a background
noise subtraction, 4 x 4 binning, high gain, a Hough resolution of 60, and band detection
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min/max of 6/8. Maps were collected in orthogonal grids with a step size between 0.5 µm
and 0.05 µm. Mean angular deviation values ranged from the maps ranged between 0.73
and 0.29. Zircons were mapped using the match unit Zircon 5260 after the methods of
Reddy et al. (2007) while monazites were mapped with the match unit described in
Erickson et al. (2015), which originates from crystallographic data of Ni et al. (1995). In
addition, apatite inclusions found within the 09SA06 monazite were mapped using the
Oxyapatite match unit after Alberius Henning et al. (1999). A total of 8 monazites were
analyzed be EBSD from the Vredefort ILG sample 09SA06, from which 4 shocked zircons
were also analyzed. From the Araguainha sample, ARA, 11 monazites and 3 zircons were
analyzed.

Processing EBSD data
Post-processing the EBSD data was undertaken with Oxford Instruments Channel
5.11 software suite. All EBSD data was given a wild-spike noise reduction and a 6 nearest
neighbour zero-solution correction. EBSD maps were produced using the Tango suite of
Channel5, while pole figures were processed in the Mambo suite of Channel5. EBSD maps
and pole figures (as equal area, lower hemisphere projections) of the shocked monazite
and zircons can be found in Appendix 2-3 (09SA06) and 4-5 (ARA). Using Tango the
following mas were produced for the shocked monazites:

1. All Euler crystallographic orientation map
2. Grain misorientation map, using the grain rotation orientation direction
(GROD)-angle function of Channel5, which helps visualize the
substructure of the grains by plotting each deviation angle of each pixel
from the mean grain orientation, grain boundaries are defined as >10°.
Blue domains are low strains, while warm colors represent higher
degrees of misorientaiton.
3. Local misorientation map displaying amount of misorientation between
each pixel and the surrounding 3 X 3 grid, highlight low-angle boundaries
and strained domains.
4. Special boundary maps in which boundaries between adjacent pixels are
color coded if they matched a specific misorientation axis and angle pair,
within 5°, consistent with monazite twin boundaries. Additionally, an
inverse pole figure (IPF) color scheme was applied to zircons inclusion for
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grains 09SA06-1, 09SA06-4, ARA-6., and apatite inclusions were colored
blue.
All shocked zircons EBSD maps were produced using the inverse pole figure
(IPF) crystallographic orientation color scheme.
To assess the effects of dislocation-related microstructures on the U-Th-Pb ages,
the mean grain orientation spread (GOS) for each SHRIMP spot was calculated using the
Channel5 software package. For the Araguinha monazite grains, domains were selected
from the EBSD map that corresponded to the SHRIMP analytical spots and were sub-setted
from the map, then the GOS value for the analytical area was calculated using the Channel5
grain detect function. For the Vredefort ILG sample, we calculated a similar value, but due
to posts shock deformation, instead of calculating the GOS value for the area of the SHRIMP
analytical spot we calculated the GOS value for the total subgrain, which we then called
GOS avg.

Microprobe elemental mapping
To help further document the textural features within the shocked monazites,
electron probe micro-analyzer (EPMA) elemental mapping was undertaken at Adelaide
Microscopy at the University of Adelaide, South Australia. U, Th, Pb, Ce and Y were
qualitatively mapped using a Cameca SXFive EPMA running Peaksite software with a
focused electron beam of 15 kV and ~150 nA. 5 monazite grains from Vredefort and 6
monazite grains from Araguainha were selected for elemental mapping.

SHRIMP U-Th-Pb analysis
Following EBSD and EPMA mapping of the monazite, U–Th –Pb isotopic
measurements were carried out using the SHRIMP-II at the John de Laeter Centre for Mass
Spectrometry, Curtin University, and analyzed with ~0.6 nA O2 − primary beam focused on
to ~10 μm spots, a 5-scan duty cycle, and a mass resolution of ~5000, as described by
Fletcher et al. (2010). For sample 09SA06, SHRIMP U-TH-Pb analyses were carried out with
the primary monazite standard India, 509 Ma, 206Pb/238U=0.082133, and the secondary
standard GM3, 488 Ma, 206Pb/238U=0.0784946 (Kennedy and Kinny, 2004; Wingate and
Kirkland, 2012). While for the Araguainha sample PD95 was used as a primary standard,
1703 Ma, 206Pb/238U=0.304085 (Fletcher et al., 2010). Isotopic data was reduced using
SQUID2 software (Ludwig, 2001) and plotted using Isoplot 3 (Ludwig, 2003).
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Isotopic age data are given in Table 1 and 2; uncertainties given for individual
analyses (ratios and ages) are 1σ values. The calculated 208Pb/232Th, 206Pb/238U, 207Pb/235U,
and 207Pb/206Pb ages are reported with 1σ uncertainties. Tera–Wasserburg concordia plots
with 2σ error ellipses for all the data are shown on Fig. 6,7. Selection criteria for the
analytical spots were based on the EBSD data, and both the strained domains and the strain
free neoblastic domains of the shocked monazite were targeted.
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ILG Mnz 4
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Appendix E, item 3. Indlandsee leucogranofels zircon
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Araguainha Mnz 6
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Araguainha Mnz 11
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Appendix E: Chapter 5 supplemental data

Appendix E, Item 5. Araguainha melt sheet zircon
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