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Abstract: A highly resistant mineral, zircon is capable of preserving information about impact pro-
cesses. The present review paper is aimed at determining the extent to which Raman spectroscopy
can be applied to studying shocked zircons from impactites to identify issues and gaps in the usage
of Raman spectroscopy, both in order to highlight recent achievements, and to identify the most
effective applications. Method: Following PRISMA guidelines, the review is based on peer-re-
viewed papers indexed in Google Scholar, Scopus and Web of Science databases up to 5 April 2022.
Inclusion criteria: application of Raman spectroscopy to the study of shocked zircon from terrestrial
and lunar impactites. Results: A total of 25 research papers were selected. Of these, 18 publications
studied terrestrial impact craters, while 7 publications focused on lunar breccia samples. Nineteen
of the studies were focused on the acquisition of new data on geological structures, while six exam-
ined zircon microstructures, their textural and spectroscopic features. Conclusions: The application
of Raman spectroscopy to impactite zircons is linked with its application to zircon grains of various
terrestrial rocks and the progress of the electron backscatter diffraction (EBSD) technique in the early
2000s. Raman spectroscopy was concluded to be most effective when applied to examining the de-
gree of damage, as well as identifying phases and misorientation in zircon.

Keywords: zircon; impactites; Raman spectroscopy; radiation damage; microstructural
deformations; orientation effect; polymorphs; impactites; systematic review

1. Introduction

Impactites are unique rocks in terms of the maximum possible pressures, tempera-
tures and strain rate of processes occurring in planetary objects. Conditions during an
impact process can reach hundreds of GPa and thousands of degrees Celsius in a few
seconds (e.g., [1]). The process of meteorite impact cratering results in such effects as struc-
tural deformation, shock metamorphism, melting, and vaporization of the target materi-
als [2]. While laboratory methods for creating such conditions are rather laborious and
have limitations [3-5] (high cost of experiments, small sample volume, short melt transfer
distances and short cooling times), the material from terrestrial impactites is quite easily
accessible and opens up the possibility of studying the behavior of matter that had expe-
rienced extreme conditions (e.g., [1,2]). On the one hand, impactite minerals and glasses
are of interest for material science as a high-entropy substance with potentially promising
properties [6]. On the other hand, the study of terrestrial and lunar impact rocks leads to
a better understanding of the processes of mineral formation at the early stages of Earth’s
formation, when impact metamorphism played a significant role in the development of
the Earth’s crust due to the large number of meteorite impacts. The study of the properties
and composition of impactites makes it possible to determine the conditions under which
deformations, transformation, melting, and evaporation of minerals occurred. A compar-
ison of the data on the minerals of terrestrial and lunar impactites can reveal the
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characteristic features of minerals from both planetary bodies due to the difference in the
conditions of post-impact evolution. Therefore, the study of processes involved in impact
cratering, or which result in impact craters at the moment of impact and subsequent trans-
formation, as well as dating of these events, etc., is of utmost importance.

In such studies, a key role is played by the accessory mineral zircon (Zr5iOs), which
is capable of preserving information about processes occurring up to pressures of 80 GPa
(e.g., [1,4,7,8]) due to the resistance of the mineral structure to high pressures, tempera-
tures and chemical alteration, as well as its low capacity to incorporate trace elements into
the structure during crystallization. While shock microstructures can be obscured in
phases such as quartz, metamorphism following impact crater formation can be preserved
in zircon (e.g., [5]). Zircon has been successfully used for dating young and ancient rocks
using the U-Pb isotope system to obtain thermal history data on the basis of radiation
dose calculation (e.g., [7,9]), as well as using the (U-Th)/He isotope system (e.g., [10]) and
Ti content in zircon (e.g., [11]), and for determining the source of the lithology according
to the trace element and isotope composition (e.g., [12-15]), etc.

The decay of radioactive impurities U and Th causes metamictization (amorphiza-
tion) in zircon. This significant factor must be taken into account since it changes the prop-
erties of zircon and its durability (e.g., [9,16,17]). Micro-Raman spectroscopy is one of the
most informative local quantitative methods for characterizing the metamict state (e.g.,
[9,16]). Raman spectra depend on the chemical composition, structure, interatomic bonds
and degree of amorphization, as well as the orientation of the crystal lattice, etc. (e.g., [18]).
This method is uniquely effective in terms of these measured local characteristics, low
requirements for sample preparation (the surface of a solid material of any complexity,
liquid and gaseous aggregate state of matter), as well as the high prevalence and availa-
bility of Raman devices in analytical labs. Among microbeam methods, micro-Raman
spectroscopy is perhaps second only to optical and electron microscopy approaches, in
terms of its effective use in earth sciences.

Raman spectroscopy is used for the following tasks in studies of the zircon [19,20]:
identification of the mineral and high-pressure polymorphs (e.g., reidite, baddeleyite)
[4,5,8,21-26]; diagnosing phase homogeneity [27]; characterization of the order/disorder
state and measuring the degree of metamictization [28]; obtaining indirect data on the
orientation and microstructural deformations of the crystal structure [29,30]; study of
structural parameters and chemical bond characteristics (e.g., [31]); study of the phase
transitions at different pressures and temperatures [32], semi-quantitative and quantita-
tive measurement of the chemical composition based on empirical correlation of band pa-
rameters and composition of a solid solution (this is especially important for light ele-
ments and molecular groups) [33].

Moreover, attempts are being made to reveal Raman signatures of zircons of a certain
genesis (asteroids, Mars, and Earth [34]), whether shocked or unshocked [4]. The authors
of [4] showed that “Raman spectroscopy might be a useful tool for characterizing the
shock stages of zircon crystals from natural and experimental impact environments”.
However, the authors warned that the Raman spectra of shocked zircon may resemble
those of metamict zircon, since the broadening and frequency shift of the Raman bands
might also be due to strained zircon caused by shock waves or other sources of high-pres-
sure-induced deformation or disorder in zircon.

The analysis of existing literature shows that zircons from impact craters are typically
studied using electron backscatter diffraction (EBSD) in a scanning electron microscope
(EBSD-SEM), and only a relatively small number of studies are based on Raman spectros-
copy. There have also been a few attempts to investigate deformed zircon grains using
Raman spectroscopy in combination with EBSD [23,29,30]. It has been demonstrated that
shock deformations also affect the Raman spectra of zircon. Conversely, in studies of ter-
restrial zircons of non-impact origin, Raman is quite often used in comparison with EBSD
[9-17,19,20,27,28]. Here, a discrepancy in the experience of the scientific groups using the
different techniques can be noted. It is possible that progress in the study of impact zircons
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is being hindered by an underestimation of the informational content and capabilities of
Raman spectroscopy.

Thus, the aims of this review article are: (1) to determine the extent to which peer-
reviewed scientific studies have applied Raman spectroscopy for investigating shocked
zircon from terrestrial and lunar impactites over time; (2) to attract attention and encour-
age specialists to use the Raman spectroscopy method in the study of shocked zircons
from impactites; (3) to highlight recent achievements and applications of Raman spectros-
copy in this field.

2. Materials and Methods

A systematic literature review was carried out to identify data generated using Ra-
man spectroscopy when studying shocked zircon grains in terrestrial and lunar impac-
tites. Here, the major aim was to identify gaps in the use of Raman spectroscopy and pro-
pose the most effective applications. The review was produced in three steps: (1) a search
for relevant studies; (2) selection of relevant studies; (3) analysis and synthesis of selected
studies. For this systematic review, the PRISMA 2020 approach was used [35]. In accord-
ance with this approach, a specialized flow diagram (Figure 1) and checklist (Supplemen-
tary Table S1) were completed.

[ Identification of studies via databases and registers ]
Records identified from
databases:
Google Scholar (n = 94) —>
.E Scopus (n = 39)
Web of Science (n = 1)
5 Records removed before
5 screening: duplicate records,
° non-peer-reviewed, irrelevant
v studies (n = 23)
Additional records identified
through other references (n=3) | ’
P
o Irrelevant studies excluded:
2 . 5. :
£ Stu_dles assessed for eligibility | gutsnd_e th_e method of _
@ (n=114) investigation, minerals studied,
§ not reporting new data (n = 89)
~—
v
2
= Studies included in review
© (n=25)
=
| —

Figure 1. The systematic review protocol to obtain records for synthesis was conducted according
to PRISMA guidelines, adapted from [35]. See PRISMA checklist in Supplementary Table S1. Com-
bination of keywords A and B are shown below in Table 1. The search was carried out on 5 April
2022.



Minerals 2022, 12, 969

4 of 23

Table 1. Search strategy: number of hits on keywords and combined keywords in Google Scholar,
Scopus, and Web of Science (Search: 5 April 2022).

Keywords Google Scholar Scopus Web of Science
(1) “Raman” 3,220,000 1,392,577 383,538
(2) “Shocked zircon” 534 476 61
(3) “Impactites” 5420 1666 306

(4) “Lunar breccia” 2790 2285 54
Combined keywords
A=(1)and (2) and (3) 83 26 1
B=(1) and (2) and (4) 11 13
Combinations A or B 94 39 1

2.1. Information Sources and Search Strategy

The search was based on Google Scholar, Scopus and Web of Science databases. Here,
the studies of interest were those in which the method of Raman spectroscopy was applied
to investigate natural zircon grains obtained from terrestrial and lunar geological impact
structures that experienced a significant shock deformation. The material from extrater-
restrial impactites was obtained through sampling during lunar missions or in the form
of meteorites.

The eligibility criteria formulated for studies was set out as follows: “peer-reviewed
studies in English language about the application of Raman spectroscopy to investigate
shocked zircon obtained from natural terrestrial and lunar impactites”. The keywords
chosen were: (1) “Raman”, (2) “shocked zircon”, (3) “impactites”, and (4) “lunar breccia”
(Table 1). The set of keywords defined the method of investigation (1), the group of min-
erals (2), and the geological rocks (3, 4) in which they occur. Although results and conclu-
sions were not included in the search criteria, an analysis of the results obtained in the
papers is the subject of the “results” and “discussion” section of this work. In order to
guarantee the eligibility criteria “application of Raman spectroscopy to investigate
shocked zircon obtained from natural terrestrial and lunar impactites”, two combinations
of keywords A = {(1) and (2) and (3)}, B={(1) and (2) and (4)} were included in the search
strategy (Table 1, Figure 1). From an examination of the bibliographies of the remaining
papers and other sources, an additional 3 related studies were identified and scrutinized.
The search was carried out on 5 April 2022.

2.2. The Process of Studies Selection, Inclusion and Exclusion Criteria

Microsoft Excel software was used to collage data reports and complete the first stage
of the study selection. Search reports (combinations of keywords A and B) from databases
(Scholar Google, Scopus, Web of Science) were imported via Excel worksheets. The sheet
tables were filled by the listing of bibliographic citations in alphabetical sequence. To min-
imize the risk of bias, the search in the databases, and the data collection from each report,
was independently performed twice.

To guarantee the robustness of the present review, only peer-reviewed studies in
English were taken into consideration: comments and replies, conference abstracts, post-
graduate dissertations and theses, and irrelevant book chapters were outside of the re-
view’s scope. To decide whether a study met this inclusion criterion, the database page
devoted to each study or publisher page was read. The data on the studies were checked
(peer-review, language, type of study) and markers were added in the document. After
combining the data into a single worksheet, duplicated results were filtered, to result in
114 remaining unique results (Figure 1).

The studies were exported in free Mendeley desktop software [36] as reference list
and PDF files, and metadata were downloaded automatically from the Mendeley online
database. The completeness of all study metadata was checked and corrected by the au-
thor. To check the correspondence eligibility criteria, detailed analysis of the metadata
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and full text reading of the studies was performed at the second stage of the study selec-
tion. Only studies that investigated terrestrial and lunar impactites were included for con-
sideration in this review. The full texts were checked for the presence of keywords “Ra-
man”, “shocked zircon”, “impactites” or “Lunar breccia”. Studies with keywords in the
reference list and in context, but without new data, were removed. Three additional rec-
ords were identified through additional references. Irrelevant studies of computer mod-
elling, synthetic, experimentally shocked zircon, other minerals were excluded. Studies
were marked as “include” or “exclude” in metadata tag fields. Thus, a total of 25 studies
were selected for the present review (Table 2). Among the reviewed studies were 20 sci-

entific articles and 5 book chapters.
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Table 2. Results of the literature search (search: 5 April 2022). Studies are listed chronologically.

Publication Data (Bibliometric Parameters)

Raman Data Presented

Application of Raman Data

Microstructures in Zircon and EBSD Data
N . Measured Band Phase Iden- Radiation Orienta-
Authors Year Publication Related Phases Spectra Maps Presented .7 | .
Parameters ! tification > Damage tion Effect
1 Wopenkaetal. [37] 1996 American Mineralogist No data yes no P,W no Zrn no3 no
Cratering in Marine Envi t
2 Gucsik et al. [4] p0p4 rATETIME I Viatne EIVITOMMENS b ocence of reidite in zircon yes no p no Rdt, Zm yes 4 no
and on Ice
Granular texture, planar micro- Zen. Rdt
3  Wittmannetal. [5] 2006 Meteoritics and Planetary Science structure yes yes P,W no Z; o ’ yes 4 no
in zircon; reidite; ZrO:z :
4 Gucsik [38] 2007  Acta Mineralogica Petrographica Presence of reidite in zircon yes no P no Rdt, Zrm yes 4 no
5 Pati et al. [39] 2008 Meteoritics and Planetary Science PFs, PDFs, granular texture no no P no Zrn no no
. . Planar microstructures and gran-
Geological Society of A Spe-
6 Wittmann et al. [22] 2009 eological Sociely ot America Spe ular yes no P no Zrn, Bdl no no
cial Paper 458 L
texture in zircon; ZrOz
7 DPidgeonetal [40] 2011 Canadian Journal of Earth Sciences  Subparallel linear fractures yes no P no Zrn yes 4 no
8  Zhangetal. [41] 2011  Meteoritics and Planetary Science Polycrystalline textures yes no P no Zrn, ZrO2 no no
9 Chen et al. [42] 2013  Meteoritics and Planetary Science ~Lamellae reidite in zircon grain yes no P no Rdt, Zrn no no
G 1 ixt f zi d
10 Grangeetal. [43] 2013 Journal of Geophysical Research ranuiar mlleig Ot zircon an yes no No no Bdl, Zm no no
2
Geological Society of America Spe PF, granular texture, microporos-
11 Singletonetal. [7] 2015 & . Y p ity yes no P no Zrn, Rdt yes 4 no
cial Paper 518 S . q
texture in zircon; reidite
Contributions to Mi 1 d PDBsinzi ; lamell d
12 Ericksonetal. [23] 2017 ontributions fo Mineralogy an S zireon a'm 'e aean yes yes P,W,R yes Rdt, Zrn yes > no
Petrology granular reidite;
13 Li et al. [44] 2018 Gondwana Research PFs, PDFs in zircon; reidite yes no P no Rdt, Zrmn no no
14 McGregor et al. [45] 2018 Earth and Planetary Science Letters PFs, granular textures in zircon yes no P no Zrn no no
15 Pidgeonetal. [46] 2018 Meteoritics and Planetary Science Non-planar fractures yes no P,W no Zrn yes 5 no
16 Kovalevaetal. [29] 2019 Geology Granular texture no yes P,W,R yes Zrn yes > yes
17 Pati et al. [47] 2019  Meteoritics and Planetary Science Granular texture in zircon; reidite  yes no P yes Rdt, Zrn no no
18 Waltonetal. [48] 2019 Earth and Planetary Science Letters Granular texture in zircon; reidite  yes no P yes Zrn, Rdt no no
Lamellar text f reidite in zir-
19 Xing et al. [49] 2020 Geophysical Research Letters ametiartex uzr(\) reidie m e yes no P yes Zrn, Rdt no no
Geological and Geo-Envi tal
20 Kaulinaetal. [50] 2021 cological and LEO-BIVIIONMENTAL  presence of reidite in zircon yes no P yes Rdt, Zrn yes 4 no

Processes on Earth
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1 Kovalera and Za- 2021 Geological society of America Spe- PDBs, microtwin.s, grain-size re- yes yes P, W, R yes 7 yes yes
myatin [30] cial Paper 550 duction
Contributions to Mi 1 d
22 McGregor et al. [51] 2021 ontributions to Auneralogy an Granular texture yes yes P yes Zrn yes 4 no
Petrology
P1 icrostruct i ;
23 Wittmann et al. [52] 2021 Earth and Planetary Science Letters anar ml.cr.o sHructures zircon yes no P yes Zrn, Rdt no3 no
reidite lamellae
24 Huidobroetal. [53] 2021  ACS Earth and Space Chemistry No data yes no P no Zrn no no
25 Tarteseetal. [54] 2022 Meteoritics and Planetary Science Presence of reidite in zircon yes no P no Zrn no 3 no

! P—position; W—width; R—intensity ratio of Raman bands. 2 Zrn—zircon; Rdt—reidite. 3 Radiation dose calculated based on U, Th, Pb concentration; age by
data isotope methods.  Radiation damage degree estimated qualitatively based on widening of zircon Raman bands. °* Equivalent radiation dose Dad estimated

using FWHM Raman band v (5iOa).
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2.3. Data Collection Process

Mendeley desktop was used to extract data from each study using the search option,
by keywords (or their combination) along with analysis of abstracts and full texts. The
data items extracted from studies were as follows: bibliometric parameters to characterize
the level of research (authors, year, name of journal or book, quartile); geological objects
and zircon microstructures to show how widely the Raman method was applied (terres-
trial crater or lunar breccia, microstructures); Raman spectroscopy data presented in stud-
ies (spectra, maps, measured band parameters); application of Raman spectroscopy data
to define what the method was used for (phase identification, radiation damage degree,
orientation effects); EBSD data usage. These data were included in tabular form (Table 2)
designed in accordance with the objectives of the review. The data items were ordered
and presented in chronological sequence. Other variables for which data were sought in-
cluded the journal quartile in SCImago, specialization of journals and books, methods,
estimated pressures and temperatures.

To guarantee the robustness of the present review, only peer-reviewed studies pub-
lished in English were considered. Abstracts were individually screened in order to ex-
clude comments and replies, conference abstracts, postgraduate dissertations and theses,
as well as irrelevant book chapters. After the filtration of duplicated papers, 114 unique
studies remained (Figure 1) for which the full texts were then obtained. The reference list
was exported using free Mendeley desktop software [36] in order to screen the abstracts
and full text.

3. Results

The number of finds on keywords and combination of keywords in Google Scholar,
Scopus, and Web of Science (searched on 5 April 2022) are presented on Table 1. The high-
est numbers of finds were through Google Scholar, while a significantly smaller number
of articles resulted from the search using Scopus; fewer again were obtained using Web
of Science. However, the analysis showed that more than half of the articles found through
Google Scholar were not compliant with the eligibility criteria used for the review. Mean-
while, when using Web of Science, a significant number of included studies were lost. The
closest number of matches was obtained from the Scopus database report.

The combination of keywords required the presence of each word to occur in the
study. It can be observed from the table that the Raman method was a very commonly
used term, but the objects of our study were less popular. There were very few studies of
shocked zircons. Among the four keywords, the term “shocked zircon” was the narrowest
criterion.

3.1. Objects and Specialization of Studies

Eighteen works examined terrestrial impact structures obtained from the following
confirmed impact structure locations: Ries (Germany), Dhala (India), Chicxulub (Mexico),
Popigai (Russia), Chesapeake Bay (U.S.A.), Haughton (Canada), Lac La Moinerie (Can-
ada), Steen River (Canada), Nicholson Lake impact (Canada), Vredefort (South Africa)
and Xiuyan (China), as well as potentially new terrestrial impact craters at Javrozero and
Jarva-varaka (Kola—Karelian Region). Only four works performed a detailed study of lu-
nar breccia samples obtained from Apollo missions 14, 15 and 17, and three works inves-
tigated NWA 11273, Sayh al Uhaymir 169 and Dhofar 458 lunar meteorites.

Book chapters were published in specialized books on the study of terrestrial impact
craters, namely, The ICDP-USGS Deep Drilling Project in the Chesapeake Bay impact structure:
Results from the Eyreville Core Holes, Cratering in Marine Environments and on Ice, and Geo-
logical and Geo-Environmental Processes on Earth, and proceedings of the homonymous in-
ternational conference on all aspects of impact cratering and planetary science “Large Me-
teorite Impacts and Planetary Evolution V, VI”. Eleven papers (55% of the reviewed
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studies published in journals) were published in specialized journals Meteoritics and Plan-
etary Science [5,39,41,42,46,47,54], Earth and Planetary Science Letters [45,48,52], and ACS
Earth and Space Chemistry [53]. Nine papers (45%) were presented in journals covering a
wide scope of geology, mineralogy and petrology: Geology [29], Gondwana Research [43],
American Mineralogist [37], Canadian Journal of Earth Sciences [40], Contributions to Mineral-
ogy and Petrology [23,51], Acta Mineralogica Petrographica [38], Journal of Geophysical Research
[43] and Geophysical Research Letters [49]. Nineteen papers were published in high-ranking
journals of the first and second quartile (SCImago).

3.2. Microstructures in Zircon and Related Phases, Raman Spectroscopy Application

Zr-bearing phases were reported in reviewed studies (Table 2): zircon, reidite and
ZrOz. The following microstructures in zircon and related phases were found: grain-size
reduction, microtwins, granular texture, planar microstructures (planar fractures, planar
deformation bands, planar deformation features), microporosity, lamellae reidite in zir-
con grains, granular reidite, ZrOz, granular mixture of zircon and ZrO, curviplanar and
non-planar fractures.

In all studies, the Raman peak position was presented, and phase identification was
performed (Table 2). Raman spectra were not shown in [29,39] (8% of reviewed studies).
Only five studies [5,23,29,30,51] used mapping to study zircon (20%). In 11 studies [2-
5,7,23,29,30,38,40,46,50,51], Raman spectroscopy data were used to draw conclusions
about the zircon radiation damage (44%). The radiation dose was calculated based on U,
Th, and Pb concentration and ages using data isotope methods in three studies [37,52,54]
(12%). Equivalent radiation dose D«1 was estimated using a full width at half-maximum
(FWHM) Raman band vs (5iOs) in four studies [23,29,30,46] (16%). In seven studies
[4,5,7,38,40,50,51], the degree of radiation damage was qualitatively estimated based on
the widening of zircon Raman bands (28%). Only nine reviewed works [23,29,30,47-52]
conducted investigations using the EBSD method (36%).

3.3. Main Results of Studies Found

According to the main results obtained, the reviewed studies could be roughly di-
vided into two categories:

(1) Acquisition of new data and characterization of geological structures (nineteen
studies): terrestrial impact craters [7,22,39,42,44,45,47,48,50-52,54] and lunar breccia
[37,40,41,43,46,49,53]. These works were devoted to the dating of impact and post-impact
events [39,41,43,44,49,51], the study of pressure-temperature paths at extreme conditions
[7,22,42,45,47,48,52,54], obtaining data on radiation and thermal history [40,46], geochem-
ical and mineralogical characterization [53], investigation of potentially new craters and
identification of signs of impact processes [50]. In these 19 papers, Raman spectroscopy of
zircon was recorded mainly to reveal polymorphic modifications and decomposition
product of ZrSiOs (zircon, reidite, ZrOz) by the presence of the corresponding Raman
bands in spectra. The presence of polymorphs provided a fairly reliable indication of tem-
peratures and pressures [1,2,8]. In some studies [7,22,37,46,50,51], the authors drew con-
clusions about the degree of zircon metamictization at a qualitative or quantitative level
by band broadening or measuring the FWHM of the Raman band Big (1008 cm™), which
is interpreted as asymmetric stretching of vibration mode vs (5iO4) [20,31,55];

(2) Investigation of different or specific deformations and identification of their tex-
tural or spectroscopic features (six studies): [4,5,23,29,30,38]. In these six papers, more de-
tailed studies using Raman spectroscopy, its original applications, as well as the identifi-
cation of Raman spectra in shocked zircons, were presented. The authors proposed to use
Raman spectroscopy to diagnose the impact origin of zircons [4,5,23,38], to assess the de-
gree of zircon metamictization [4,5,23,29,30], and reveal orientation effects [4,29,30,56].

The main results of the reviewed studies were briefly considered, to highlight the
diversity of the outcomes of studies that used Raman spectroscopy (in chronological or-
der, Table 2). Wopenka et al. [37] found that variations in the concentrations of U and Th
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correlated strongly with those of other high-field-strength trace elements and with
changes in Raman spectral parameters. Gucsik et al. [4] showed experimentally that shock
damage of the zircon lattice resulted in broadening of the Raman spectral bands. Witt-
mann et al. [5] confirmed that shock deformation could cause amorphization of zircon
crystal lattice. Gucsik et al. [38] concluded that Raman spectroscopy was a potentially use-
ful tool that could be used to characterize the shock stage of zircons; a frequency shift of
the 1000 cm™! band was found in shocked zircon similar to that in radiation-damaged zir-
con. Pati et al. [39] confirmed the impact origin of the Dhala structure. Wittmann et al. [22]
formed conclusions about temperature variations in the Chesapeake Bay crater. Pidgeon
et al. [40] compared terrestrial and lunar shocked zircon grains. Examination of zircon
samples did not reveal any grains with terrestrial-like shock features; most lunar zircons
showed no evidence of a disturbance of their U-Pb systems. Zhang et al. [41] estimated
that pressure > 60 GPa and temperature > 1700 °C was achieved in lunar meteorite Dhofar
458; the U-Pb ages of impact event were measured. Chen et al. [42] studied the occurrence
of reidite in the Xiuyan crater of China. Grange et al. [43] demonstrated that the U-Pb
system of zircons indicated the age of resetting impact events; the pressure and tempera-
ture were estimated as >60 GPa and ~1700 °C. Singleton et al. [7] explored the effects of
shock metamorphism on zircon from the Haughton impact structure (Canada); Raman
spectroscopy data showed evidence of radiation damage, impurities, the presence of
reidite, and recrystallized grains. Erickson et al. [23] studied zircon-reidite relationships
to refine the impact conditions that produce this transformation, and quantified the geo-
metric and crystallographic orientation relationships between these two phases. Li et al.
[43] found that the REE patterns of zircon grains from structure Dhala were suggestive of
a hydrothermal recrystallization in the presence of alkali-enriched fluids. McGregor et al.
[45] applied in situ laser ablation inductively coupled plasma mass spectrometry (LA-ICP-
MS) to obtain U-Pb ages, combined with the microstructural analysis of zircons; the au-
thors proposed the use of relic phases as an alternative method for dating impact craters.
Pidgeon et al. [46] demonstrated the unique value of zircon radiation damage ages in
providing information on the thermal history and provenance of breccia samples from the
Apollo 14 landing site. Kovaleva et al. [29] studied granular zircon from Vredefort grano-
phyre (South Africa) and found radiation damage heterogeneity in individual neoblasts;
the authors suggested that the host lithic clast was possibly captured near the top of the
impact melt sheet and transported to the lowermost levels of the structure, traveling ap-
proximately 8-10 km. Pati et al. [47] provided a detailed look at shocked samples from the
Dhala structure and reported on shatter cones, crystallographic indexing of planar defor-
mation features, EBSD data for ballen quartz, and analysis of shocked zircon. Walton et
al. [48] performed Raman spectroscopy and electron backscatter diffraction (EBSD) map-
ping, which confirmed the presence of reidite and coesite within some Steen River car-
bonate melt-bearing breccias. Xing et al. [49] discovered reidite in the regolith breccia of
lunar meteorite Sayh al Uhaymir 169 and suggested that the reidite could have formed
under localized transient pressure spikes during the initial stage of asteroid impact into
porous lunar regolith. Kaulina et al. [50] studied potential astroblemes in the Kola—Kore-
lian region bearing signs of impact origin. Kovaleva and Zamyatin [30] used a combina-
tion of microbeam techniques to reveal the manifestation of deformation microstructure;
they found that the ratio Big/Es of Raman band intensity maps combined with metamicti-
zation degree maps was sensitive to shock deformation features in zircon. McGregor et al.
[51] provided a microstructural framework outlining the sequential evolution of zircon,
titanite, and apatite during shock and thermal metamorphism. Wittmann et al. [52] re-
vealed a statistically significant correlation of the occurrence of planar fractures in zircon
with the types of host materials, and suggested amplification of pressure due to shock
impedance contrasts between zircon and its mineral hosts. Huidobro et al. [53] analyzed
a lunar feldspathic breccia meteorite NWA 11273 to compensate for the lack of scientific
data available about its mineralogy and geochemistry. Tartese et al. [54] studied zircon
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and monazite from the uplifted Variscan crystalline basement of the Ries impact crater,
produced U-Pb dating and did not confirm reidite presence by Raman spectroscopy.

A non-systematic primary review of the literature showed that Raman spectroscopy
was applied to impact terrestrial rocks, and that the Raman method was even more lim-
ited for meteorites and lunar rocks due to the small grain size of zircons. The presence of
deformations in zircon grains is rare and irregular in meteorites, and a small number of
high-pressure polymorphs has been discovered in lunar samples [34].

4. Discussion

This section discusses the application of Raman spectroscopy to certain aspects of the
study of shocked zircons from impactites, highlighting advantages, working and promis-
ing applications, and formulating some recommendations on the use of the equipment.

4.1. Increase in the Number of Studies

Of the 25 identified studies, the earliest publication [37] investigated a single zoned
zircon grain in a thin section of a 23 mg lithic fragment, comprising lunar samples 14, 161
and 7069 obtained from an Apollo 14 soil (Table 2). The next study was a chapter in the
book Cratering in Marine Environments and on Ice [4], which studied cathodoluminescence,
electron microscopy, and Raman spectroscopy of experimentally and naturally shocked
zircon crystals. This investigation set out to understand the capability of SEM-CL and Ra-
man techniques to determine whether specific CL or Raman effects in zircon/scheelite-
structure can be used to determine particular shock pressure stages. The next published
paper was “Shock-metamorphosed zircon in terrestrial impact craters” [5]. Here the au-
thors compared zircon grains from Ries, Popigai and Chicxulub impact craters, which
were subjected to pressures of up to 80 GPa. Since 2006, papers in which Raman spectros-
copy was used to study zircons in terrestrial and extraterrestrial impacts have been pub-
lished every year (Figure 2). The maximum number of studies published annually was
five (2021).
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Figure 2. Number of reviewed studies per year (filled cycle), and number of reviewed studies where
Raman and SEM-EBSD methods were used (open triangle). The search was carried out on 5 April
2022.

The history of the application of Raman spectroscopy to the investigation of impactite
zircons is linked with the development of Raman spectroscopy in studying zircons from
various rocks and origin. A search for the keywords “Raman” and “zircon” in the Scopus
database showed that one of the first published texts containing these words dates back
to 1969 [57]. After that, there were regular studies in the amount of less than 20 per year
until 1994. Since 1996, their number has doubled; since 2005, the number of studies per
year has not fallen below 100. In 2021, a peak value of 767 studies was observed. One of
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the triggers for the dramatic increase in studies was the progress in applying Raman spec-
troscopy to the study of zircon samples that had been fully or partially amorphized due
to radioactivity [28] and the establishment of quantitative correlations between Raman
band parameters and the degree of radiation damage (metamictization) [9,16,28,58].
Another important factor in the growth of shocked zircon studies was the develop-
ment of the EBSD technique in the early 2000s. Before 2017, the zirconology of impactites
was developing in the fields of deformation analysis, U-Pb-dating and the study of U-Pb-
isotope system behavior as a response to various impact pressures and temperatures (e.g.,
[59,60]). The first publication of Raman spectra in a scientific article [23] occurred only in
2017, where Raman spectra were presented for a qualitative characterization of the degree
of zircon metamict together with analysis of microstructural deformations in shocked zir-
cons according to EBSD data. Since then, the number of studies reporting EBSD and Ra-
man spectroscopy data together has begun to increase (Figure 2). Nevertheless, it should
be noted that, even today, specialists in deformation zirconology pay scant attention to
the Raman spectroscopy method. According to the Scopus database, 141 articles were
published in 2021 in which the words “zircon” and “EBSD” appear, of which only four
reported the Raman spectra of zircons (Figure 2). This would seem to imply a narrowly
utilitarian use solely for assessing the degree of metamictization and identifying poly-
morphs. The unpopularity of the method is probably either due to the EBSD method al-
lowing researchers to obtain the necessary data without involving the application of Ra-
man spectroscopy, or to an underestimation of the possibilities of the Raman method.

4.2. Radiation Damage Degree and Raman Spectroscopy Signatures of Shocked Zircon

Zircon of any origin experiences radiation damage due to radioactive decay of U and
Th elements incorporated during growth and secondary alteration processes (e.g.,
[17,61,62]). Different U and Th concentrations in zircon zones (domains) and complicated
thermal annealing histories lead to various extents of radiation damage in zircon zones,
which can be easily detected in grains using CL and BSE images (e.g., [61,63]). The most
reliable and well developed microbeam method for measuring the degree of radiation
damage in zircon zones is Raman spectroscopy [20,33]. The increase in radiation dose
shifts and widens the Raman bands, leading to a decrease in their intensity (Figure 3).
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Figure 3. Raman spectra in zircon with various degrees of radiation damage (structure disorder)
and high-pressure polymorph reidite. Modified after [9,56].
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The correlation of FWHM of Raman band v3 (SiOs) at ~1008 cm™ with radiation dose
(Figure 4) in natural zircons is well studied [9,16,28,58]. It allows the measurement of the
radiation damage degree and the study of the thermal history [9,10,28,46,64]. Equivalent
dose Daed could be measured using a developed equation (e.g., [40,65]) taking the FWHM
of v3(5iOs). The data on U and Th concentrations in spots measured by laser ablation in-
ductively coupled plasma mass spectrometry (LA-ICP-MS), electron probe microanalysis
(EPMA), or secondary ion mass spectrometry (SIMS), could be used to calculate accumu-
lated (time-integrated) radiation dose Da in accordance with [66,67].
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Figure 4. Raman band parameters and radiation doses: (a) Raman shift and FWHM (full width at
half maximum) of band v (SiO4) polygons were built using the data of [5] (dark-gray field 1 is Reis,
dark-gray field 2 is Popigai, dark-gray solid line 3 is Chicxulub crater, dotted line is boundaries
between levels of structure disorder); (b) Plot of FWHM vs3 (SiOs) against the equivalent radiation
dose Da?; the positions of percolation points pi, p2 [68,69] and the boundaries between levels of
structure disorder (colors) are debatable and shown approximately. The light gray fields with bro-
ken lines (in (a,b)) are regions of calibrated values on natural unaltered and unstressed samples,
according to [9].

The time needed to generate the observed radiation damage is referred to as the ra-
diation damage age. The dating of geological events of significant thermal heating can be
roughly used as an approximation to radiation damage age in the equations [45]. Using
the value of Dacd or FWHM vs3 (SiOs), the metamictization degree of zircon can be classified
(Figure 4b), while the edges between stages of structure disorder are not strictly defined
[66,67,70]: well-ordered (Dacd < 0.2-10'8 a-decays/g; FWHM v3(SiO4) < 2 cm™); mildly dam-
aged (0.2-10' < Daed < 0.5-10%8; 2 < FWHM < 8); moderately damaged (0.5-10'8 < Dacd < 2 x
1018; 8 < FWHM < 25); strongly damaged (2-10'8 < Dasd < 8:1078; 25 < FWHM < 35); or meta-
mict (Daed > 8:10'8; FWHM > 35). The first and second percolation points (critical points in
changing properties with an increase in the degree of radiation damage) p: and p2, corre-
spond approximately to doses of 0.75-10'8 and 3-10'8 a-decays/g [68,69].

Since the ratio of Raman band intensities in zircon is sensitive to radiation damage,
the degree and mapping of the band ratio can be used to reveal the distribution of damage
[23]. Additional orientation effect on band ratios could also be significant [29,30]. Hence,
itis preferable to reveal the damage by mapping the Raman band width. The Raman band
v3 (5i0s) FWHM was measured in reviewed papers [5,23,29,30,40,50]. The equivalent or
accumulated radiation doses were calculated in [23,29,37,40,51]. Conclusions about the
radiation annealing history were drawn in [29,37,40,51].

Wittmann et al. [4] found that Raman spectra showed variable intensity ratios of the
v3 (5§i04) Raman bands of zircon that spanned a range of frequencies and FWHM, that
were in accordance with the amorphization trends of relic zircon domains in
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experimentally shocked ZrSiOs [4]. Erickson et al. [23] showed, using Raman spectroscopy
mapping, that moderate metamictization could inhibit reidite formation, thereby high-
lighting that the transformation was controlled by zircon crystallinity. The mapping of the
ratio of vs3(SiO4) to the v1(SiOs) peak was sensitive to short-range order of the crystal struc-
ture, and thus was a proxy for metamictization. The authors of [40] concluded that the
Raman spectra of zircon grains consisted of the typical zircon peaks and showed a broad-
ening of the bands with increasing U content of the zircon; there was no evidence in the
Raman spectra for a component of damage that could be attributed to shock as reported
by [4]. It was highlighted in [50] that zircon cores were mainly represented by crystalline
domains with moderate to strong degree of metamictization, while the total absence of
peaks in the spectrum of rims could indicate amorphization of the crystal lattice.

The crystallinity of zircon at the moment of meteorite impact determines the trans-
formation to reidite among other factors [5,23,71]. Erickson et al. [23] highlighted that
“Although moderately metamict zircon will hinder the development of lamellar reidite
during shock metamorphism, granular reidite will preferentially nucleate in zircon do-
mains with high levels of amorphization.” These peculiarities distinguish shocked zircons
from their non-shocked equivalents. The degree of radiation damage of zircon grains from
meteorites is also at the stage of detailed study [34]. Roszjar et al. [34] measured FWHM
and vs (SiOs) band position in zircon to indicate a certain degree of radiation damage and
structural annealing observed in grains. The authors suggested that a subset of zircon
from meteorites grains showed an unusual downshift in the position of the band, com-
pared with terrestrial grains. Hence, the calculation of the radiation damage degree at the
moment of impact and the study of the annealing history are of particular importance for
impactite zircons.

Gucsik et al. [72,73] performed the first systematic CL and Raman studies of shocked
zircon grains from nature and laboratory shock experiments. Gucsik et al. [4] reported an
increase in the width of Raman band vs (5iOs) in experimentally shocked natural zircon at
a shock pressure of 20 GPa. The authors noted that “this observation could imply a possi-
ble similar defective crystal structure between the (radiation) damaged and shocked zir-
con” and that “frequency shifts of the 1000 cm™ band by a few cm™ might be due to
strained zircon caused by shock waves or high-pressure-induced deformation or disorder
in zircon. Similar frequency shifts were observed in radiation-damaged zircon.” The
change in the position and width of the v3 (5iO4) band was explained in terms of pressure-
induced deformation, local defects and strain. The different values of these parameters in
the sample confirmed the heterogeneity of the shock pressure. Gucsik et al. [73] concluded
that Raman spectra provided a potential means to estimate shock pressure across the
bandwidth. The authors considered that changes in position and width of Raman bands
were most likely associated with defects, which made the application of these parameters
more difficult. In further studies of natural zircons, no evidence in the Raman spectra was
observed for a component of damage that could be definitely attributed to shock (e.g.,
[5,7,29,30,50]). The majority of Raman band shifts to low wavenumbers fell within the
range of error for the peak assignment (Figure 4), which was very similar to those repre-
senting damage induced by radiation [7,29,30,50]. Further detailed studies of the metamict
state caused by shock deformation are necessary; the effect should be taken into account
when interpreting the amorphization causes of shocked zircon and in understanding the
annealing history. To date, the only reliable Raman spectrum marker that could be con-
sidered as unique for shocked zircon is the presence of Raman bands of high-pressure
polymorphs reidite and ZrOx2 [4,5,8,21-25,73,74]. Nonetheless, the combination of BSE and
CL imaging with CL and Raman spectroscopy is a potentially useful tool that can be used
to characterize the shock stage of zircons obtained from impactites. The authors of [72,73]
found that shocked zircon could be a powerful tool for the shock stage determination of
shocked minerals using Raman and CL spectroscopy.



Minerals 2022, 12, 969

15 of 23

4.3. Orientation Effect and Microstructural Deformations

The following zircon microstructural impact-related features were reported in the
reviewed studies (Table 2): planar fractures, planar deformation bands, planar defor-
mation features, granular texture, micro-porosity texture, zircon micro-twin lamellae,
reidite lamellae, zircon decomposition to ZrQOz. The authors identified these diverse tex-
tural features as having arisen at various pressures up to 80 GPa, and temperatures up to
1700 °C (Table 2); textural features of micro-deformations were studied by optical micro-
scope and EBSD.

The authors of [29,30] applied Raman spectroscopy to distinguish textural features
(PDBs, microtwins, subgrains and granular zircon) in shocked zircon. The intensity of Ra-
man bands is not only sensitive to the crystal orientation of zircon, but also to other factors
(chemical composition, radiation damage degree, presence of other phases, etc.), which
presents challenges when applying Raman band intensities to quantitative analysis. In the
majority of terrestrial zircons that do not have microstructural deformation, the Raman
map by band intensity repeats the texture that appears in the Raman map by band width
that shows zircon zones with varying degrees of metamictization. The same textures are
revealed on BSE and CL images [19,23,29,30] and Raman maps by band position, in which
additional strain appears along the fractures. Nevertheless, mapping of the Raman band
intensity ratios can be effectively used to identify and visualize inhomogeneities in the
crystal lattice orientation.

The authors of [29] used the ratio of Raman band intensities Big (1008 cm™) to Eg (356
cm™) to distinguish crystal lattice misorientation in granular shocked zircon. The Raman
Big/Eg band intensity ratio map reveals a patchy signal (Figure 5d), which is different from
the systematic variations of FWHM Big caused by the degree of metamictization (Figure
5e). Notably, orientation of domains (region A and B) in the EBSD inverse pole figure map
(Figure 5a) and in the Raman B1g/Eg intensity ratio map (Figure 5d) are roughly correlated.
Thus, the heterogeneity in the Big/Eg ratio can be attributed to variations of crystal orien-
tation, but not to metamictization. The same effect was studied in tectonically deformed,
seismically deformed, and shocked zircon grains [30]. Here, the authors found that the
Big/Eg ratio was affected in shocked zircons, particularly in twinned domains with high
misorientation.

Ratio 1008/356

30

FWHM 1008 cm™*

Figure 5. Correlation of EBSD and Raman spectroscopy data: (a) EBSD orientation inverse pole
figure map, showing two major orientation groups: pink—orange (A), and green-blue (B); (b,c) equal
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angle lower hemisphere projection pole figures for zircon [001] and <110> directions, color coded as
in (a); (d) Raman band intensity ratio Big/Eg map shows patchy distribution (Eg is a Raman band at
356 cm!, Big is a band at 1008 cm™); (e) full width at half maximum (FWHM) of Raman band Big
(1008 cm™) shows spatial variations in degree of radiation damage. Modified after [29].
Orientational groups of domains are marked as regions A and B.

Thus, the difference in texture manifested by Big/Eg ratio mapping and metamictiza-
tion degree maps (FWHM of Big band or alternatively CL image) is a new signature of
shock deformation features in zircon, which could be used as Raman spectroscopy marker
of shocked zircon. Here, it is necessary to take into account that the variations in peak
intensity ratios in zircon grain depend on orientation with respect to the polarization
plane of the laser beam. Prospects for the practical use of this effect are limited by the
lower spatial resolution of Raman spectroscopy in comparison with the EBSD technique.

At the present time, the use of Raman spectroscopy for orientation analysis only al-
lows the diagnosis of high angle misorientations. Moreover, analysis of spectra in spots is
insufficient; hypermapping is significantly more informative. Analysis of several Raman
maps having different orientations of the polarization plane of the laser beam with respect
to the grain, along with the use of a polarizer, can significantly improve the accuracy of
misorientation diagnostics. It is anticipated that a polarizer can be used to determine the
relative orientation of the fragments. However, this is unlikely to obtain more accurate
data than the EBSD method.

4.4. Identification of Zircon Polymorphs and Products of Its Decomposition

Zircon responds to shock metamorphism in various ways: crystal-plasticity, twin-
ning, transformation to reidite, formation of granular texture, and decomposition to pol-
ymorphs zirconia (ZrO:z) and silica (SiO2). The resulting textural features consisting of
ZrSiOs, ZrO2 and SiO2 polymorphs provide robust thermobarometers that record different
extreme conditions [8]. Extreme conditions induce transformation of zircon to reidite at
pressures > 38 GPa (e.g., [4,5,21-23,75]), as well as decomposition to ZrO2 and SiO: poly-
morphs at T > 1673 °C (e.g., [5,8,22,24,25,73,74]). Depending on the P-T-path and other
factors (chemical composition, surrounding minerals, metamict state), SiO2 can be pre-
sented as cubic (B-cristobalite), trigonal (a-quartz), hexagonal (f-quartz, p-tridymite), or-
thorhombic (a-tridymite), tetragonal (a-cristobalite or stishovite), monoclinic (coesite, tri-
dymite) or amorphous silica glass (lechatelierite), while ZrO: can be presented as mono-
clinic (baddeleyite, m-ZrOz), cubic (c-ZrO2), tetragonal (t-ZrO2) or orthorhombic (ol-ZrO2
or oll-ZrOz2) polymorphs. Polymorphs of Zr-bearing high-pressure and high-temperature
phases have been found in terrestrial [7,22,23,38,42,44,46-48,50,52] and lunar [43] impac-
tites, as well as in lunar meteorites (e.g., the first discovered reidite in the regolith portion
of the Sayh al Uhaymir lunar meteorite [49]).

The well-known Raman spectra of ZrSiOs, ZrO2 and SiO:z polymorphs are composed
of a number of narrow and wide bands (Figures 3 and 6). However, determining the pol-
ymorphs of the mixture may be impossible due to the presence of several phases
[4,5,22,50]. The exact band location and intensity may be affected by a number of factors,
including degree of crystallinity (Figure 3), integration of nonformula elements, nearby
phases, and radiation damage [20,76,77]. A better phase search can be achieved by increas-
ing the spectral resolution of the equipment. To do this, it is necessary to choose an energy
range with higher spectral resolution on equipment having a long path monochromator
(at least 800 mm) and diffraction gratings with a high line density (at least 1800 g/mm). A
triple configuration Raman spectrometer (Horiba T64000) has the best spectral resolution.
However, no equipment can produce narrow Raman bands that are wide by nature.
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Figure 6. Raman spectra of ZrOz (a), and SiOz (b), polymorphs. Modified after [76,77].

Polymorphs typically appear in zircon grains as textural features of a few microme-
ters or less in size, descending to a few nanometers. Gucsik et al. [72,73] performed the
first systematic CL and Raman spectroscopy studies of the shocked zircon grains from
nature and experiment. The Raman spectra of the unshocked and experimentally shocked
samples at 20, 40, and 60 GPa pressures were distinctly different. The 40 and 60 GPa sam-
ples demonstrated the presence of a reidite phase. The authors considered that the differ-
ent Raman band intensities of zircon and reidite phases along the sample reflected the
heterogeneity of the shock pressure, while the intensity ratio reflected the relative contents
of the two phases. The presence of both phases in Raman spectra indicates that the un-
transformed zircon remnants are smaller than the laser beam size (~1 mm).

In comparison with EBSD, which allows registration at the level of tens of nanome-
ters, the spatial resolution is the main factor limiting the application of Raman spectros-
copy. The actual lateral and depth resolutions of Raman spectroscopy depend on surface
roughness, refraction, and many other factors [19]. The usage of a confocal optical system
equipped with a x100 lens offering a high numerical aperture (NA) value, laser excitation
lines with a short wavelength (e.g., 473, 488 nm) and small size of the entrance hole of
monochromator (<50 pm) allows lateral and depth spatial resolution to be increased to
below ~1 um. Even at this resolution, however, EBSD maps resolve significantly more
details, compared with Raman maps of micrometer phases. Nevertheless, in the case of
nano-sized mixtures, the EBSD method demonstrates smoothed low quality Kikuchi pat-
terns, which often do not allow the detection of phases in grains. In contrast, while the
spatial resolution of Raman technique is ~1 pm, its spectra usually contain components of
even nano-sized mixture phases (e.g., [3,23]). The different nature of Raman spectroscopy
and EBSD approaches inspire the combined usage of both techniques to study polymorph
mineral phases in shocked zircon, depending on the phase’s size. In particular, the Raman
technique offers advantages when studying nano-sized mixtures.

Z1SiOs, SiO2, ZrO:2 phases have a limited capacity to absorb trace elements. This
means that the corresponding Raman band parameters do not depend significantly on the
concentration of trace elements. Although peak positions and widths are potentially more
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sensitive to structural peculiarities and interatomic bonds arising due to zircon shock
modification, this issue has not been studied in detail.

For registration of correct spectra, it is important to perform a meticulous choice of
the laser line excitation. Laser lines 633, 532, 514, 488 and 473 nm are the most accessible
and widely used. Powerful blue laser lines can induce heating or transformation under
the laser beam. The laser lines 514 and 532 nm excite thin photoluminescent peaks of REE
in the range of main Si—O vibrations. These peaks can be misinterpreted as Raman bands
of zircon polymorph or product of decomposition (phases of ZrO: and SiO2). Since the red
line 633 nm is free of these disadvantages, it is the most preferable for recording zircon
Raman spectra.

4.5. The Advantages of Zircon in the Impact Studies

Publications that were relevant to the subject under consideration but did not meet
the eligibility criteria for the systematic review were also briefly considered. The main
types of shock effects are associated with increasing shock pressure: mechanical defor-
mations, phase transformations, decomposition, and/or melting. Common rock-forming
minerals, such as quartz, plagioclase, alkali feldspar, olivine, pyroxene, amphibole, bio-
tite, differ in terms of the range of these effects and demonstrate shock mosaicism, planar
deformation features, diaplectic glass formation, kink bands or twins [1]. In addition, ac-
cessory minerals such as garnet, sillimanite, cordierite, zircon, ilmenite, Fe-sulfides, mag-
netite, graphite, etc., also display shock effects. The advantages of zircon in comparison
with other minerals are as follows: it occurs in almost all target rocks; it is capable of pre-
serving information about processes occurring up to pressures of 80 GPa [1,4,7,8]; and it
is resistant to secondary alteration process and preserves deformation microstructures [8].
Dislocations in zircon form at pressures below 20 GPa, planar deformations bands form
at pressure of 5-25 GPa, microtwins form at pressure of 20-35 GPa, transition to reidite
occurs at >30 GPa, and decomposition into ZrO: and SiO: at post-shock temperatures
above 1670 °C [1,8]. It should be noted that microtwins do not form in zircon under pres-
sures below 13 GPa. In this range, it is possible to determine achieved pressures more
accurately using other minerals, such as titanite [78]. While consideration of several min-
eral systems is preferable, it is not always possible.

An indisputable advantage of zircon over other minerals when used in impact stud-
ies is its wide use for U-Pb dating. The U-Pb system in zircon has a higher closure tem-
perature in comparison with other minerals (apatite, baddeleyite, monazite, xenotime,
and titanite, e.g., [79]) and a longer decay time compared with other isotope systems. Zir-
con is a robust, refractory mineral that is isotopically resistant to post-impact thermal
overprinting, but shock metamorphism could reset the U-Pb content of zircon. These fea-
tures allow both the original age of the target rocks and the time of isotopic resetting to be
recorded even in large ancient terrestrial impact craters and lunar breccia. Kamo et al. [79]
noted “Thus, it would appear... that Pb loss in zircon is predominantly controlled by the
intensity of impact-induced shock metamorphism.” This conclusion is confirmed by other
studies [41,43,80-85]. The U-Pb system continues to be preserved at high pressures and
temperatures when other minerals might already have been melted down or altered, dis-
turbing the isotope systems. Zircon plays a key role, not only in the age determination of
the terrestrial impact structures [51,59,60,80,81], but also the lunar breccia and meteorites
[37,41,43,46,86]. All these features of zircon make it an outstanding mineral for studying
impact structures.

5. Conclusions

The current study presented a systematic literature review aimed at determining the
extent to which peer-reviewed scientific studies have applied Raman spectroscopy for in-
vestigating shocked zircon from terrestrial and lunar impactites over time, as well as high-
lighting recent achievements and the most effective applications of the Raman method. A
total of 25 research studies were selected for the present review. Among these studies
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were 20 scientific articles and 5 book chapters. Terrestrial impact structures were studied
in 18 papers, while only 4 studies investigated lunar breccia samples and 3 were devoted
to lunar meteorites. The reviewed studies were divided into two categories: (1) acquisition
of new data and characterization of geological structures (19 studies); and, (2) investiga-
tion of different microstructural deformations and identification of their textural or spec-
troscopic features (six studies).

The history of the application of Raman spectroscopy in the investigation of impactite
zircons is inextricably linked with the development of Raman spectroscopy as a means of
investigating zircons of various terrestrial rocks, as well as the development of the EBSD
technique during the early 2000s. The number of studies reporting both EBSD and Raman
spectroscopy data has started to expand since 2017. However, even today, specialists in
zirconology investigating deformations pay only scant attention to the Raman spectros-
copy method. The unpopularity of the method is probably either due to the EBSD method
allowing researchers to obtain the necessary data without involving the application of Ra-
man spectroscopy, or to an underestimation of the possibilities of the Raman method.

The main applications and capabilities of the Raman method in the study of shocked
zircon, as well as its advantages over the more commonly used EBSD approach, were
highlighted in this review:

(1) The degree of radiation damage at the moment of impact and the annealing history
are of particular importance when studying impactite zircons. When interpreting the
reasons for amorphization of shocked zircon and attempting to understand the an-
nealing history, the effect of widening Raman bands due to deformation should be
taken into account. For this, it is necessary to calculate and measure the degree of
damage using Raman spectra;

(2) Mapping of the Raman band intensity ratios can be effectively used to identify and
visualize inhomogeneities in the crystal lattice orientation. Thus, the Raman band
ratio of Big/Eg and degree of metamictization maps combined is a signature of shock
deformation features in zircon, which can be used as Raman spectroscopy marker of
shocked zircon;

(3) In the case of nano-sized phase mixtures, the EBSD method demonstrates smoothed
low quality Kikuchi patterns, which often create problems in the detection of poly-
morph phases. In contrast, Raman spectra typically contain components of even
nano-sized mixed phases. The different nature of Raman spectroscopy and EBSD
methods motivate the combined usage of both techniques to study polymorph min-
eral phases in zircon, depending on the size of the phase. The most reliable Raman
spectrum marker, which could be considered as unique for shocked zircon, is the
presence of Raman bands of high-pressure polymorph reidite and orthorhombic
ZrOy;

(4) The high availability, registration speed and low sample preparation requirements
of Raman spectrometers lowers the threshold to start studies on rocks obtained from
impact craters.

The main disadvantage of the Raman method is the low spatial resolution in com-
parison with EBSD (registration at the level of tens of nanometers) and low sensitivity to
the orientation of the crystal lattice.

The above indicates that the Raman spectroscopy method cannot replace EBSD. Ra-
ther, Raman spectroscopy comprises an independent sensitive search method for poly-
morphs obtaining unique data and preliminary data on misorientations. It is convenient
to first conduct an investigation on a Raman spectrometer, and then analyze the grains in
more detail using EBSD, to obtain data on the orientation of the grains. In this systematic
review, the capabilities of Raman spectroscopy have been highlighted. It is hoped that this
will initiate future progress in the investigation of impact zircons.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/min12080969/s1, Table S1: PRISMA 2020 checklist.
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