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Abstract

:

Zircon with polycrystalline or polygranular appearance is either produced in the magmatic environment through crystallization, or due to deformation in metamorphic settings (including regional metamorphism and ductile shear zones), or as a result of shock-induced recrystallization. All three types can be easily confused and potentially lead to incorrect interpretations, especially if the crystallographic orientation analyses of zircon are not conducted. It is particularly important to establish the difference between tectonically-deformed polygranular zircon and shock-induced polygranular zircon because the latter serves as an indicator of shock event and is often used for dating asteroid impacts. In this paper, a series of polycrystalline zircon grains from ductile shear zones and metamorphic rocks are analyzed using a combination of techniques (BSE, CL, orientation contrast, EBSD, and microprobe mapping), and their properties are compared to reported polycrystalline zircons from magmatic and impact settings. This work shows how appearance, crystallographic orientation, and CL signature of “granules” differ between the different types of deformed zircon.
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1. Introduction


Zircon is an important accessory mineral, widely used for isotopic dating in geochronology [1,2,3,4]. Usually, the zircon phase grows in magmatic and metamorphic rocks as regular single crystals with euhedral and subhedral shapes, elongation ratio from 1 to 5, and from 30 to 250 µm in size [5,6]. Rarely, in felsic igneous rocks such as anatectic granites, zircon demonstrates twinning and aggregates of 2–20 interconnected grains [7,8,9,10,11]. In metamorphic rocks, detrital zircon can be fragmented or corroded and then healed and overgrown by a new metamorphic rim, resulting in “cauliflower” or complicated polygranular or polycrystalline shapes [12,13,14].



It was first discovered in the early 1990s that under shock conditions, zircon develops polygranular textures (also called “granular” or “polycrystalline” in the literature) with fine granules from 0.5 to 3 µm in diameter [15,16,17,18,19], but attempts to date an impact event with this polygranular zircon were not entirely successful [20,21]. In the last decade, zircon was intensely studied for shock-induced deformation, and various polycrystalline types were distinguished using an electron backscatter diffraction (EBSD) mapping [22,23,24,25,26,27,28]. For example, polygranular neoblastic zircon with systematically-oriented fine granules is believed to be formed after reidite and can be dated for the age of an impact event [28,29]. The fine granules in such zircon have metamict cores, well-crystalline rims, and are (sub)rounded in shape [30]. At the same time, the parent grain might retain its initial zonation [30].



Zircon re-crystallized to larger unsystematically-oriented granules also yields isotopic ages of impact events [22,23,27]. Such granules have euhedral shapes, concentric CL-zoning and can be from 5 up to 100 µm long, being located within the boundaries of pre-existing grain [22,27]. Other described types of polygranular zircon include fine granules with random orientations and granules with no misorientation with respect to each other [28,30]. Polygranular zircon was also found in lunar samples [31,32,33,34] and meteorites [35], but the nature of its re-crystallization is not well understood. Likely, there are more types of shock-induced polycrystalline textures in zircon to be discovered.



Occasionally, polygranular zircons derived from impactites appear to be shock-recrystallized, judging from their exterior but do not yield the isotopic age of an impact event, or show discordant ages [23,28]. The polycrystalline appearance of such grains might not be related to the impact event, but could be a result of pre-impact metamorphic deformation and re-working [36]. This study demonstrates the types and properties of deformed zircon from Alpine shear zones and metamorphic rocks that have a polycrystalline appearance and compares them to reported shock-recrystallized and magmatic grains. The motivation is to understand the nature of the differences and prevent confusion of polycrystalline genetic types in the future. This work will improve interpretations of polygranular zircons from terrestrial and lunar impactites and has implications for geochronology.




2. Geological Settings and Samples


The samples were collected from localities within the Southern Alps (Italy) and Eastern Alps (Austria).



2.1. The Ivrea-Verbano Zone, Val d’Ossola, Northern Italy, Southern Alps


The Ivrea–Verbano Zone (IVZ) in the Southern Alps is a tectonic unit that has a lens shape and stretches from southwest to northeast. The IVZ consists of meta-sedimentary and meta-igneous mafic rocks, ultrabasic mantle tectonites, and a mantle igneous complex. The sequence is overturned so that the metasedimentary rocks are exposed in the SE, whereas metabasic rocks and depleted metapelites are exposed in the NW. Metamorphism gradually increases from amphibolite facies in the SE to granulite facies in the NW. The IVZ is a section of the lower continental crust that was metamorphosed during the uppermost Palaeozoic, and then tectonically uplifted and rotated sideways to its present position. The Insubric shear zone limits IVZ at the NW, and the Pogallo line limits it at the SE [37,38,39]. The IVZ is crosscut by a network of shear zones stretching along the general NE–SW elongation direction [37], which accommodate a post-Hercynian lower crustal extension [40]. Shear zones were formed in simple shear conditions, as supported by structural observations [37,41,42].



The sample (IV12-07A) was collected at the village Premosello in Val d’Ossola, from one such shear zone (46°00′15.04″ N, 08°19′44.11″ E). The sample is a strongly restitic, highly dehydrated metasedimentary felsic ultramylonite with thin pseudotachylite veins [43]. This lithology was described in more detail by [44] and [45,46]. The mylonitic metapelite is metamorphosed under amphibolite-facies conditions with the peak P–T estimates of 550–650 °C and 0.4–0.6 GPa [44]. Pseudotachylytes in the sample are overprinted by ultramylonites and are interpreted to have formed coevally [44]. The sample contains garnet clasts ranging from 50 to 500 μm in size, surrounded by a fine-grained foliated matrix consisting of alternating plagioclase-, quartz-, and biotite-ilmenite rich layers. Zircon and monazite are common accessory minerals [46].



In the studied thin section, 38 zircon grains were observed, mostly enclosed in the mylonitic matrix, with only four grains hosted by garnet porphyroclasts. Zircons are subrounded, with the aspect ratio from 1:1 to 1:2, from 8 to 60 µm in length, with the average size of 30 µm. Most of them have CL-dark detrital cores with concentric or mosaic zonation, overgrown by wide CL-bright metamorphic rim. A few grains have diffuse CL-bright signature. From 38 grains, three have a polycrystalline appearance (ca. 8%), 12 exhibit moderate fractures (including two of the three polycrystalline grains, ca. 32%), 4 have a very low degree of internal lattice deformation (ca. 10%).




2.2. The Western Tauern Window, Tyrol, Southern Austria, Eastern Alps


The Western Tauern Window (WTW) within the Eastern Alps exposes the footwall of the Austro-alpine nappe stack, in particular, the continental and oceanic rocks of the Penninic and sub-Penninic nappe sequence. Nappe stacking and amphibolite-facies peak metamorphism in the sampling area are related to the closure of the Neotethys and continental collision in the Tertiary [47]. Samples were collected from the ‘Zillertaler Kern’ lobe of the ‘Zentralgneis’ formation [46,48]. The age of the granitic protolith of the ‘Zentralgneis’ formation is uppermost Devonian to lower Permian [49]. These granitoids intruded into pre-Carboniferous polymetamorphic basement composed of schists, meta-sedimentary, and meta-igneous rocks, amphibolites, and meta-ophiolites. The ‘Zentralgneis’ formation in the Zillertal section was metamorphosed under the amphibolite-facies regional conditions of 550–600 °C and 0.5–0.7 GPa at ca. 30 Ma [48], accompanied by ductile deformation localized along fractures and other planar heterogeneities [50]. After metamorphism, the unit experienced rapid exhumation at ca. 20 Ma [51].



In the studied area, deformed and foliated granodioritic gneisses are observed, with abundant sigma-clasts, bookshelf structures, deformed and offset dykes and veins, and ductile shear zones. The ca. 50 m-thick ductile fluid-aided shear zone is exposed on the NE slope of the small valley that joins the main Zemmbach valley from the southeast (47°01′39.308″ N, 11°50′3.669″ E). The shear zone represents a zone of alternating ultramylonitic and mylonitic portions of the quartz-biotite orthogneiss (samples BH12-01 and BH12-02 accordingly; BH12-02 contains sigma-clasts), which are hosted by weakly- to strongly-foliated gneiss of granitic composition (samples BH12-04 and BH12-06 accordingly), enriched in biotite and muscovite and crosscut by leucocratic veins (see also [14], “shear zone 1”).



Sample BH12-01 comprises ultramylonite in sharp contact with foliated granitic gneisses. The ultramylonitic layer is composed of a fine-grained, recrystallized plagioclase-quartz matrix (grain size: 70–300 µm in diameter, >95 vol.%), with minor amounts of biotite, white mica and epidote (<5% in total), which form a weak foliation. Along plagioclase boundaries, a few µm-thin K-feldspar-veins occur. Zircon, apatite, and titanite are common accessory minerals. Zircon forms small (5–10 µm in diameter) rectangular grains, with aspect ratios from 1:1 to 1:3.



The foliated granite gneiss in contact with ultramylonite in the sample BH12-01, as well as samples BH12-02, BH12-04, and BH12-06, exhibit varying degrees of metamorphic recrystallization. Sample BH12-02 exhibits lower recrystallization than the BH12-01 and contains sigmoidal clasts of plagioclase and quartz enclosed in the mylonitic matrix. Samples BH12-04 and BH12-06, collected from the host rock of shear zone, are weakly recrystallized, non-foliated, or weakly-foliated granitic orthogneiss. The granite gneisses are composed of plagioclase, quartz, biotite, and white mica, as well as K-feldspar veinlets. Biotite is locally replaced by an association of titanite, chlorite, quartz, and epidote. The even or sigmoidal foliation is represented by leucocratic layers of plagioclase-quartz and layers consisting of plagioclase, quartz, biotite, white mica, and epidote. In some domains, the foliation is defined by pure mica bands. Zircons in this sample sequence have 2 to 50 µm grain size, euhedral to subhedral shapes, and aspect ratio from 1:1 to 1:2. In samples BH12-04 and BH12-06, the zircon aspect ratio reaches 1:5. Zircons are hosted by plagioclase or biotite grains, sometimes associated with epidote and apatite. The smaller non-deformed grains show oscillatory and sector zoning, which is truncated by recrystallization zones or marginal overgrowths, both of which appear bright in CL-images. More than half (57%) of the investigated zircon grains from a sample suite appear to be plastically and/or brittlely deformed. Sample BH12-02 contains ca. 46% of deformed zircon grains. Samples BH12-04 and BH12-06 contain ca. 16% plastically and/or cataclastically deformed zircon grains [14].



In the sample BH12-01, in its ultramylonitic part, 17 zircon grains were observed. Of those, one has a polycrystalline appearance of metamorphic origin (see explanation below, ca. 6%), and three have open or healed fractures (ca. 18%). In the foliated mylonitic part of the sample BH12-01, 91 zircon grains were observed from two thin sections. Of those, 18 have the polycrystalline appearance of metamorphic origin (ca. 20%), and 15 reveal moderate fracturing, open or healed (ca. 16%). In the sample BH12-02, 60 zircon grains were examined in one thin section, of those 8 have a polygranular appearance of metamorphic origin (13%) and 16 exhibit fractures, open and, more frequently, healed (27%). In the sample BH12-04, 53 zircon grains were observed in one thin section, of which four have a polygranular appearance of magmatic origin (see explanation below, ca. 7%), nine have the polygranular appearance of metamorphic origin (17%) and six exhibit opened or healed fractures (11%). In the sample BH12-06, in two thin sections, 103 zircon grains were observed. Of those, 26 possess the polygranular appearance of metamorphic origin (25%), and 22 have open or healed fractures (21%).





3. Methodology


3.1. Sample Preparation


Zircon grains were examined in polished thin sections, mechanically prepared with 0.25 μm diamond paste, and chemically polished with alkaline colloidal silica solution (Köstrosol 3530; pH 9.2–10) on a rotary-head polishing machine for 4 h.




3.2. Scanning Electron Microscopy (SEM) and Cathodoluminescence (CL) Imaging


All zircon grains were identified and characterized by secondary electron (SE), backscattered-electron (BSE), and cathodoluminescence (CL) images, using an FEI Inspect S scanning electron microscope equipped with a MonoCL system (Gatan) at the Faculty of Earth Sciences, Geography and Astronomy, University of Vienna (Vienna, Austria). Imaging conditions were at 10 kV accelerating voltage, with a CL-image resolution of 1500 × 1500 to 2500 × 2500 pixels using a dwell time of 80.0–150.0 ms and probe current/spot size 4.5–5.0.




3.3. Electron Backscatter Diffraction (EBSD) Analysis


Zircon grains were examined for potential crystal–plastic deformation microstructures using orientation contrast images taken by a forescatter electron detector (FSD) mounted on the EBSD-tube of an 3D FEG instrument (FEI Quanta) equipped with a Schottky field emission electron source, at the Faculty of Earth Sciences, Geography and Astronomy, University of Vienna (Vienna, Austria). Electron beam conditions were 15 kV accelerating voltage, 2.5–4 nA probe current using the analytic mode. Stage settings were at 70° tilt and 14–16 mm working distance. After identification of potentially deformed crystals, EBSD orientation mapping was applied to selected zircon crystals using the same instrument, which is equipped with an EDAX Pegasus Apex 4 system consisting of a Digiview IV EBSD camera and an Apollo XV silicon drift detector for EDX analysis. EDX intensities and EBSD data were collected simultaneously using OIM v6.21 data collection software (Supplementary Materials). Texture component EBSD maps and pole figures were produced using the EDAX OIM v6.21 Analysis software. Local misorientation EBSD maps were produced by the MatLab MTEX 3.5.0 toolbox. For detailed EBSD methodology and data representation, see [45,46].




3.4. Microprobe Mapping


Wavelength dispersive X-ray element distribution maps were obtained with a JXA-8500F Hyperprobe electron probe microanalyzer (EPMA, JEOL), equipped with a thermal field emission gun (Schottky emitter) at the Helmholtz Centre Potsdam, GFZ, Germany. The following trace elements were mapped: Al, K, Pb, Si, U, Y, Yb, and Zr. For more analytical and calibration details, see [52].





4. Results


4.1. Sample IV12-07A, Felsic Mylonitic Metapelite, Ivrea Zone


Grain 32 has a crescent shape and is composed of several large subgrains, up to 30 µm across. Cumulative misorientation within the grain does not exceed 3°, and misorientation between individual subgrains varies between 1.5 and 3°. The misorientation of the fragments is not systematic (see [46], their Figure 8C). In CL, grain 32 has a dark core with complicated faint zonation and polycrystalline lobate appearance, and a bright irregular concentric rim 5–20 µm thick. Subgrain boundaries are visible in CL image, crosscutting the dark core as bright linear features with bright areolae (Figure 1D). These CL-bright low-angle boundaries create a polygranular and lobate appearance of the CL-dark core. The low-angle boundaries between subgrains are sharp in EBSD maps (Figure 1B,C), but are diffuse in the CL image, revealing areolae of CL-lighter material extending into CL-dark core. These areolae could be as wide as 10 µm. Central low-angle boundary in the upper part accommodates the least misorientation and has no CL-bright areola. Thus, alteration is less along the subgrain boundaries with smaller misorientation and more along the subgrain boundaries with larger misorientation.



Grain 33 has an irregular quartz inclusion in the middle and consists of multiple subgrains from 5 to 50 µm in size, with the maximum relative internal misorientation of ca. 9° (Figure 2A). The misorientation of the fragments is not systematic (see [46], their Figure 8D). Several subhorizontal fractures crosscut the grain (Figure 2C, black lines), but only two accommodate significant misorientation (Figure 2A, black dashed lines). Most of the misorientation is accommodated by the low-angle boundary network (Figure 2A, white, red, and black solid lines, see figure caption for color-coding). CL imaging reveals dark irregularly-shaped and concentrically-zoned core and a bright rim. The CL-dark core contains bright and, less frequently, dark features that spatially correspond to low-angle boundaries in the EBSD map (Figure 2B, arrows). The BSE image reveals a bright core and darker rim; few BSE-dark features spatially correspond to low-angle boundaries (Figure 2C), but most of the low-angle boundaries coincide with the sharp transitions in BSE intensity, which represents orientation contrast.



Chemical maps reveal a Y-, U- and Yb-enriched irregularly-shaped core and depleted irregular rim. REE- and U-depletion in the CL-bright rim indicates its formation as metamorphic overgrowth or by interface dissolution-reprecipitation [53,54]. Trace element-enriched core is crosscut by linear features of depletion corresponding to sub-horizontal fractures that produce misorientation (thick dotted lines in Figure 2A,D) and to low-angle boundaries (Figure 2D, solid lines).



Depleted zones mostly correspond to those low-angle boundaries, which misorientation exceeds 2° (red and black solid lines in Figure 2). These depleted linear zones, however, are thicker than corresponding low-angle boundaries and do not exactly coincide spatially; the lack of exact coincidence could be related to re-polishing of the samples before microprobe mapping. The chemical mapping of Al and K did not yield any data within the zircon grain and are not included in this paper. Si and Zr are depleted along the open fractures, and Pb appears to be homogeneously distributed (Figure 3).



A similar example of a polygranular zircon (grain 04b) from this sample is presented by [55] (their Figure 6). That grain has a CL-dark core, which is crosscut by bright linear features corresponding to low-angle boundaries. The latter can also be traced through the CL-bright rim. Chemical maps derived with the same method using EMPA show an Y- and U-enriched core that is being crosscut by linear features of Y- and U-depletion corresponding to low angle boundaries.




4.2. Sample Suite BH12, Mylonitic and Foliated Granitic Gneisses, Western Tauern Window


In this suite of samples, gneisses with various degrees of deformation reveal zircon grains with a polycrystalline appearance. Mylonitic orthogneiss (BH12-01) contains grain 06b, which is a resorbed zircon with three main detached fragments. Fragments have irregular shapes and polygranular appearance, with several “granules” building up each fragment (Figure 4A,B). Fragments have internal misorientation varying from 4 to 25°, which is mostly accommodated by granule boundaries (Figure 4B).



Crystallographic axes within each fragment scatter unsystematically, especially in those where cumulative misorientation is high (fragments 1 and 3, Figure 4C). In fragment 2, where misorientation does not exceed 4°, crystallographic axes seem to rotate around one of the <100> axes. Fragments preserve initial concentric growth zoning in CL, where growth zones can be traced across boundaries of the granules (Figure 4D). Boundaries between granules crosscut fragments and are CL-bright; some contain trails of mineral inclusions (Figure 4A,D). Granules have various shapes and sizes, are sub-rounded to angular and elongated, and 3 to 25 µm across. Most of the granules are strain-free, but some are internally strained.



Grain 36 is from the same mylonitic orthogneiss (sample BH12-01). It has a crescent shape and contains inclusion trails cutting across the grain in various directions (Figure 5A). In the EBSD map, these trails are coincident with low-angle boundaries. Cumulative misorientation of this grain does not exceed 4°, but the crystallographic axes show unsystematic dispersion or asterism (Figure 4B,C). In CL image, low-angle boundaries/inclusion trails appear as bright linear features that crosscut initial concentric growth zoning. As in the previous cases, CL-bright features are thicker than the corresponding low-angle boundaries. Thin CL-bright rim can be traced around the grain and also truncates the initial zoning (Figure 5D, lower left, upper right). CL image suggests that this grain is a fragment of a larger grain that had a CL-dark core visible at the left-hand side of the presented fragment.



Grains 11 and 30 are from the mylonitic quartz-biotite orthogneiss (sample BH12-02). Grain 11 is elongated, grain 30 is equidimensional, and both have a polycrystalline texture with large mineral inclusions trapped between the granules (Figure 6 and Figure 7). In the grain 11, inclusion trails are mostly coincident with the low-angle boundaries, whereas, in grain 30, only the largest inclusions are coincident and aligned with the low-angle boundaries. Crystallographic axes in both grains dispersed slightly, but their rotation is unsystematic (Figure 6C).



Cumulative misorientation does not exceed 6–8° (Figure 6B and Figure 7B). Granules/subgrains are from 5 to 20 µm in diameter and have irregular and angular shapes. In CL, bright linear features truncate the initial growth zoning and are coincident with, but significantly wider than the low-angle boundaries (Figure 6D and Figure 7D). CL traces are particularly wide when corresponding to low-angle boundaries with higher misorientation (e.g., Figure 6B vs. Figure 6D). In the grain 30, the CL-bright central part is about 5 µm thick and has jigsaw boundaries with the CL-dark material (Figure 7D), whereas corresponding low-angle boundary is sharp (Figure 7C).



One more example of a polygranular zircon from this sample is shown by [14] (their Figure 8). In that case, the fragments of a zircon grain are dispersed in the matrix, similar to what is shown here in Figure 4. Such dispersed aggregates were observed in the most deformed samples—BH12-01 and BH12-02, as well as in a strongly-foliated sample BH12-06.



Weakly-foliated orthogneiss (sample BH12-04) contains grain 01 (Figure 8), which is small (ca. 10 µm in diameter), equidimensional and rectangular. The rectangle seems disturbed as if affected by shearing with the dextral sense of shear, where the left part of the grain was shifted upwards, and the right part of the grain was shifted downwards along the low-angle boundary between them (Figure 8B, arrows). Zircon has inclusion trails that do not necessarily coincide with the low-angle boundaries (Figure 8A).



Grain 01 has an internal misorientation of ca. 15° that is accommodated by a network of low-angle boundaries (Figure 8B). Some of the low-angle boundaries are subparallel to each other, but the crystallographic axes are unsystematically dispersed (Figure 8C). Low-angle boundaries are coincident with broad (1–1.5 µm in width) CL-bright features, truncating CL zonation (Figure 8D).



Strongly-foliated orthogneiss (BH12-06) contains layers of biotite hosting multiple zircon grains (Figure 9A, bright phase), some of which are fractured, others appear polycrystalline (Figure 9B–F). These grains vary in shape and size, have internal misorientation of 3–10°, which does not depend on the size of the grain (Figure 9B,D). Subgrain boundaries are bright in CL and crosscut growth zoning as thin lines. Studied grains show the unsystematic rotation of the crystallographic axes (Figure 9E). Grains 02a and 02c are, possibly, fragments of some larger pre-existing grains that were fractured and dispersed within the biotite layer.



Two more examples of polygranular zircon textures from the same sample (BH12-06) are shown in Figure 10 and Figure 11, grains 08 and 11a accordingly. Both grains are composed of irregular subgrains/granules from <5 to 40 µm in size. Cumulative misorientation is relatively small and reaches only 5° in both grains (Figure 10B and Figure 11B). Low-angle boundaries appear bright in CL and truncate initial growth zoning (Figure 10D and Figure 11D). Grain 08 has inclusions that are often aligned with the subgrain boundaries. Both zircons appear to be fragments of larger grains.



In the WTW samples, not only polycrystalline zircon formed due to metamorphic deformation is present. Many growth-related polycrystalline aggregates are observed (Figure 12). Such zircons often share one crystal face between the two grains and form L-shaped intergrowths (Figure 12A,B), T-shaped intergrowths (Figure 12C,D), and chains of crystals (Figure 12E,F). In such aggregates, each granule has its own concentric or sector zoning (Figure 12B).





5. Discussion


5.1. Various Types of Polygranular Zircon


Zircon aggregates are not common in magmatic rocks. In granitoids, such as anatectic granites, zircon rarely occurs as twins and aggregates with several differently oriented grains (Figure 13). Occurrences of zircon polycrystalline aggregates in granitoids (Figure 13; [7,8,9,10,11]) is explained by the high viscosity conditions within the granitic magma during zircon nucleation. Viscous melt facilitates the formation of polycrystalline zircon aggregates by allowing several nucleation points to be located close to each other and to come into contact during subsequent growth, sharing a crystallographic plane [7,56]. In this case, individual zircon grains within the aggregate should have magmatic growth zoning (Figure 12B,D,F), if zoning is not destroyed by secondary fluid-induced processes, as shown by [11]. Euhedral shapes with well-defined faces characterize magmatic zircon in aggregates [9], which are sometimes rounded due to metamorphic overprint [6]. Such intergrown zircon grains occasionally demonstrate twin relationships or rotations at equal angles with respect to each other [7]. For example, [11] described an aggregate of four zircon grains from the aplite dike, each rotated at ca. 60° to its neighbor (Figure 13D). In a different example, [11] show two intergrown crystals rotated at 65° to each other and sharing one of the <110> axes. Zircon growth aggregates of two or more interconnected crystals from the granitoid samples from WTW [11] (their Figure 4; and present study, Figure 12) are likely produced by specific growth conditions in granitic/aplitic protolith for the Zentralgneis.



However, far more common are zircon grains with polygranular textures formed in metamorphic and ductile deformation conditions (Figure 1, Figure 2, Figure 3, Figure 4, Figure 5, Figure 6, Figure 7, Figure 8, Figure 9, Figure 10 and Figure 11). The properties of such polygranular grains do not differ depending on the deformation style of the host rocks: they are similar in comparatively broad shear zones (e.g., samples IV12-07A, BH12-01 and BH12-02) and in regionally-metamorphosed rocks (e.g., [13]; samples BH12-04 and BH12-06). In very localized shear zones, the character of polycrystalline grains can be slightly different [57]. Such textures are also described as “cauliflower” [6,12] and interpreted as grains being fractured and/or crystal-plastically deformed, for example, due to hydraulic fracturing or high differential stress during deformation [13,57]. The fragments are then corroded and subsequently healed/penetrated with metamorphic fluid. This mechanism explains a specific CL signature in parent grains, where initial growth zoning is crosscut by CL-bright linear features, thin or wide. These features—healed fractures and low-angle boundaries, infiltrated by fluid, are REE- and U-depleted (Figure 2), and similar in trace element composition to metamorphic rims. Fractures and low-angle boundaries facilitate trace element and isotopic exchange between the deformed zircon grain and metasomatic agents [55]. Inclusions of fine-grained matrix phases within healed fractures (e.g., Figure 5) suggest that the zircon was being fractured as the host rock was mylonitized. In some cases, such polygranular zircon crystals are overgrown by metamorphic rims and can lose prominent polycrystalline external appearance (e.g., Figure 1; [13]). In other cases, fragments remain detached from each other and are being unsystematically rotated, for example, by grain boundary sliding at increasing angles with respect to the parent grain (Figure 4; [14]; “D-grains” in [57]). The term “D-grains” (D for deformed) was introduced by [57], to describe cataclastically and crystal-plastically deformed zircon fragments that had been detached from large porphyroclasts and possess high internal misorientation, irregular grain boundaries and a disturbed CL signature [57]. Crystallographic axes of granules shown in present work reveal unsystematic scattering around parent orientation (Figure 4C, Figure 5C, Figure 6C, Figure 8C and Figure 9C), but the cumulative misorientation of the metamorphic polygranular aggregates is usually low (5–15°; and up to 25° in case of detached fragments, as in Figure 4).



As an additional type of polycrystalline metamorphic zircon, [57] described “Z-grains” that form from large zircon porphyroclasts and range from 50 to 100 µm in diameter for each granule. Z-grains are assembled into aggregates with 120° triple junctions, where each granule is concentrically-zoned in CL and has low internal strain (misorientation not exceeding 1°). Z-grains are randomly oriented, and their orientation is independent of a parent grain. Their chemical and isotopic composition also differs vastly from the parent porphyroclasts. The formation of Z-grains is explained by heterogeneous nucleation and growth during the retrograde stage of the deformation event, when Z-grains nucleate within the parent zircon lattice with increased dislocation density [57]. Considering the unusually large size of parent zircon porphyroclast (>1 mm) required to generate Z-grains, such textures are probably rather rare.



Polygranular zircon textures are often described from impact settings and found in a variety of impactites, such as suevite, diaplectic glass, tectites, impact glasses and impact melts, fallback and distal ejecta [15,17,18,21,58,59,60]. They are also described as “granular neoblastic” textures, assuming that the shock-induced granules are related to new nucleation and growth, and/or solid-state recrystallization [25,28]. Shock-related polygranular zircon textures were studied with EBSD, and multiple types were described:




	(1)

	
Polycrystalline domains that have fine granules (<1 µm) and twin orientation of the domains with rotation by 65° about [110] axis [61]. This textural type is said to be indicative of recrystallization under high shock pressure (20–30 GPa, [61]) and/or differential stress upon shock pressure release [62].




	(2)

	
Polycrystalline domains with fine granules (1–3 µm) and specific crystallographic orientation of granules with respect to each other. Their c-axes are clustering around three mutually orthogonal directions, while the individual c-axis of each cluster is coincident with one of the [110] axes of each other cluster. Such orientation is said to indicate phase transformation from high-pressure zircon polymorph reidite, so-called “former reidite in granular neoblastic” (“FRIGN”) zircon (Figure 14C) [26,28,29,61,63]. This polycrystalline type might be indicative of high shock pressure (ca. 30–35 GPa) and subsequent heating (>1200 °C), which allowed for zircon to transform to reidite and for the reidite to revert back to zircon [64]. Such recrystallized grains may show remnant initial growth zoning, while the individual neoblasts, in turn, contain metamict cores and well-crystalline rims [30].




	(3)

	
Fine granules with “FRIGN” orientation and micro-inclusions of baddeleyite [24,25,29,65]. This texture is believed to indicate not only zircon-reidite-zircon transformation but also zircon decomposition at high temperature into Zr and Si oxides.




	(4)

	
Domains composed of small granules with “FRIGN” orientation, mixed with granules and/or lamellae of reidite [26,65]. This texture indicates high shock pressure with incomplete post-impact high-temperature annealing.




	(5)

	
Polycrystalline domains composed of fine granules with no systematic orientation [28,30]. These can be grains with distorted “FRIGN” zircon signature or a different type of shock-induced texture.




	(6)

	
Small granules (ca. 5 µm) with one orientation (Figure 14D) [28]. This textural type was observed in one grain, which might be unrelated to shock deformation, and could be metamorphic or related to shearing, pre- or post-impact, or affected by some long-term post-impact deformation; therefore, this type will not be taken into account further.




	(7)

	
Large granules (10–100 µm) with concentric zoning [22,23,27,66], which nucleate inside the parent grain (Figure 14E–H). In some cases, granules cluster together and form triple junctions [23,67]. In other cases, they are spread randomly within the host grain [27]. Such neoblasts likely grew post-impact, due to elevated temperatures maintained after the shock event, for example, by the exposure to superheated impact melt [22,27].









Many of these types (1)–(7) can be easily confused using only “traditional” SEM imaging such as SE, BSE, and CL (Figure 14A–H). They can also be confused with metamorphic textures in zircon (Figure 14I–K; [23,36]). At the same time, each of these polycrystalline types (1)–(7) indicates distinct impact and post-impact conditions of the zircon environment, such as pressure and temperature vs. time [65]. Therefore, polygranular neoblastic zircon is a tool for the reconstruction of deformation regimes [30], as well as for isotopic dating of impact events [27,28,29]. Thus, it is important to recognize and correctly interpret polycrystalline textures in zircon, providing the potential to discover new types. To make reasonable interpretations, crystallographic mapping (EBSD) is critical in many cases.




5.2. Key Differences between Textures Observed in Polygranular Zircon Types


In most cases, polygranular metamorphic zircon can be distinguished from igneous polycrystalline aggregates using the CL signature and crystallographic orientation. In deformed zircon, the CL signature of every granule indicates a fragment of a preexisting grain (Figure 2B, Figure 4D and Figure 5D), and orientation is scattered around the orientation of a parent grain (Figure 4C, Figure 5C, Figure 6C and Figure 8C). In growth (magmatic) aggregates, each granule has a CL zonation of an independent grain (Figure 12B,C,F), if zonation is preserved. The orientation of each grain in growth aggregates is also independent, sometimes making systematic angles with neighbors (such as 60°, 65° or 90°, [7,11]). These systematic angles cannot be observed in rotated fragments of grains, deformed in metamorphic settings or ductile shear zones. In the case of Z-grains [57], aggregates that are deformed in a shear zone can indeed look like magmatic intergrowths with their 120° triple junctions, independent orientation and oscillatory zoning of each granule. However, Z-grains are rather rare, and where described, occur within the contours of their parent grain and in proximity to D-grains in thin sections [57]. D-grains are clearly a product of deformation and could be used as an indicator of the formation mechanism of the adjacent Z-grains.



Tectonically-deformed zircon resulting in polycrystalline textures also differs from shock-related polygranular zircon. Fine-grained shocked types (1)–(6) are composed of much smaller granules than the metamorphic granules, which usually are widespread in size. Shock-recrystallized polycrystalline aggregates often reveal either systematic orientation (such as FRIGN zircon signature) or completely unsystematic orientation, opposite to scattering of metamorphic granules around some parent orientation. Furthermore, fine-grained shock aggregates often contain inclusions indicative of high-pressure and high-temperature conditions, such as baddeleyite and reidite phases, absent in metamorphic aggregates. Large granules type (7) have concentric growth zoning within each granule [27], whereas metamorphic granules usually represent fragments of one preexisting zoned grain (Figure 7D, Figure 9C,E, Figure 10D and Figure 11D). Nevertheless, it can be difficult to distinguish shock- recrystallized type (7) with tectonically-deformed grains, as the CL signature is not always clear (Figure 14G,H vs. Figure 14I). In that case, EBSD analyses should show the independent orientation of every granule for the shock- recrystallized aggregates and scatter around one direction for the tectonically-induced aggregates or no scattering at all [36]. Specifically, Z-shaped metamorphic aggregates can be confused with shock- recrystallized polygranular aggregates type (7), as both are concentrically-zoned, have triple junctions, randomly- and independently-oriented, and found within the boundaries of the parent grain [23,27,57]. To distinguish between Z-grains and shock-related type (7), the proximity of Z-grains to D-grains can be used in thin sections, as well as mineral inclusions such as ilmenite trapped between Z-grains. However, taking into account all the morphological similarities, it is likely that their formation mechanisms are similar, and it is possible that the Z-grains can be formed during post-impact metamorphic overprint, representing impact-induced type (7) at the same time.



Igneous aggregates can be confused with impact-related aggregates type (7). However, in most cases, impact-related aggregates occur within the parent grain, replacing it partially or entirely (Figure 14E,G,H). In contrast, igneous aggregates have a shape of a druse or a cluster of intergrown crystals (Figure 13). Still, they can be fairly similar (Figure 13A vs. Figure 14F), and caution should be taken when interpreting the aggregate’s origin. Igneous intergrowths of zircon could also be formed from the impact-generated melts and yield the isotopic age of an impact event.





6. Conclusions and Recommendation


Polygranular or polycrystalline zircon can be a useful tool for the isotopic dating of magmatic and deformation events [22,23,57,66]. However, as demonstrated above, polygranular zircon can be produced in a variety of unrelated magmatic, metamorphic, and impact settings. Often, genetically different polycrystalline types have only very subtle textural differences, not easily revealed by traditional SEM-CL imaging of zircon. Therefore, in many cases, the application of the EBSD technique is recommended. The properties of different genetic types of polycrystalline zircon grains are summarized in Table 1.



Besides, the nature of an impact process is such that it can produce magmatic rocks [69,70,71,72] and induce metamorphic processes, especially in large impact structures [73,74,75,76]. Igneous polycrystalline aggregates can be crystallized from impact-generated melts, whereas metamorphic Z-grains can be theoretically produced within thermally-overprinted impactites. Therefore, when using polygranular zircon grains for isotopic dating of a geological event, ambiguity can be present. In that case, isotopic analyses of other minerals and rocks should be used to support the obtained ages [23].
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Figure 1. Maps of the zircon grain 32, sample IV12-07A. (A) Orientation contrast image showing several subgrains. (B) Cumulative misorientation EBSD map or texture component map, the orientation of each pixel is shown relative to the orientation of the user-selected reference point (white star). Misorientation varies from 0 (blue) to ca. 3° (orange). (C) Local misorientation EBSD map, showing misorientation of every pixel with respect to its neighbors. Local misorientation does not exceed 4°. The map shows low-angle boundaries that separate strain-free subgrains. (D) CL image showing a dark core and bright metamorphic rim. 
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Figure 2. Images of the zircon grain 33, sample IV12-07A. (A) Cumulative misorientation EBSD map, showing the orientation of every data point with respect to a reference point (white star). Misorientation varies from 0 (blue) to 10° (red). (B) Panchromatic CL image, arrows point to dark and bright features that spatially correspond to low angle boundaries. (C) BSE image of the grain, arrows as in B. (D) Qualitative chemical map of Y distribution derived with FEG-EMPA. (E) Qualitative chemical map of U distribution derived with FEG-EMPA. (F) Qualitative chemical map of Yb distribution derived with FEG-EMPA. Color-coding in D-F indicates the number of counts, different for each map. Superimposed lines in A, D, E, and F indicate positions of low-angle boundaries; white lines correspond to <2° of misorientation between the subgrains, red lines correspond to 2–5° of misorientation, solid black lines correspond to 5–15° of misorientation, thick black dotted lines highlight open fractures that produce misorientation. 
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Figure 3. Additional chemical maps of the grain 33, sample IV12-07A. (A) Qualitative chemical map of Zr distribution. (B) Qualitative chemical map of Si distribution. (C) Qualitative chemical map of Pb distribution. Color-coding indicates the number of counts, different for each map. Lines as in Figure 2. 
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Figure 4. Data on the grain 06b, sample BH12-01. (A) EBSD pattern quality map revealing several detached fragments. (B) Cumulative misorientation or texture component EBSD map, showing the orientation of every data point with respect to a user-selected reference point (white star). Misorientation varies for each fragment according to the provided scales. (C) Lower hemisphere equal area projection pole figures, showing crystallographic axes [001], <100> and <110> orientation for each fragment. Color-coding as in corresponding EBSD maps in B. (D) Panchromatic CL image. 
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Figure 5. Data on the grain 36, sample BH12-01. (A) EBSD pattern quality map. (B) Cumulative misorientation or texture component EBSD map, showing the orientation of every data point with respect to a user-selected reference point (white star). Misorientation varies from 0 (blue) to 4° (red). (C) Lower hemisphere equal area projection pole figure, showing unsystematic dispersion of the crystallographic axes [001], <100> and <110>. Color-coding as in the EBSD map in B. (D) Panchromatic CL image. 
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Figure 6. Data on the grain 11, sample BH12-02. (A) Orientation contrast image. (B) Cumulative misorientation or texture component EBSD map, showing the orientation of every data point with respect to a user-selected reference point (white star). Misorientation varies from 0 (blue) to 8° (red). (C) Lower hemisphere equal area projection pole figure, showing unsystematic dispersion of the crystallographic axes [001], <100> and <110>. Color-coding as in the EBSD map in B. (D) Panchromatic CL image. 
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Figure 7. Data on the grain 30, sample BH12-02. (A) Orientation contrast image. (B) Cumulative misorientation EBSD map, showing the orientation of every data point with respect to a user-selected reference point (white star). Misorientation varies from 0 (blue) to 6° (red). (C) Local misorientation EBSD map, showing misorientation of every pixel with respect to its neighbors. Local misorientation does not exceed 6°. The map shows low-angle boundaries that separate strain-free subgrains. (D) Panchromatic CL image. 
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Figure 8. Data on the grain 01, sample BH12-04. (A) Orientation contrast image. (B) Cumulative misorientation EBSD map, showing the orientation of every data point with respect to a user-selected reference point (white star). Misorientation varies from 0 (blue) to 15° (red). Arrows show the apparent relative movement of subgrains along low-angle boundaries. (C) Lower hemisphere equal area projection pole figure, showing unsystematic dispersion of the crystallographic axes [001], <100> and <110>. Color-coding as in the EBSD map in B. (D) Panchromatic CL image. 
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Figure 9. Data on the grain 02a and 02c, sample BH12-06. (A) BSE image showing the petrological context of the deformed zircon grains. (B) Cumulative misorientation or texture component EBSD map of the grain 02a, showing the orientation of every data point with respect to a user-selected reference point (white star). Misorientation varies from 0 (blue) to 4° (red). (C) Panchromatic CL image of the grain 02a. (D) Cumulative misorientation EBSD map of the grain 02c, showing the orientation of every data point with respect to a user-selected reference point (white star). Misorientation varies from 0 (blue) to 10° (red). (E) Panchromatic CL image of the grain 02c. (F) Lower hemisphere equal area projection pole figure for the grain 02c, showing unsystematic dispersion of the crystallographic axes [001], <100> and <110>. Color-coding as in the EBSD map in D. 
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Figure 10. Data on the grain 08, sample BH12-06. (A) Orientation contrast image. (B) Cumulative misorientation EBSD map, showing the orientation of every data point with respect to a user-selected reference point (white star). Misorientation varies from 0 (blue) to 5° (red). (C) Local misorientation EBSD map, showing misorientation of every pixel with respect to its neighbors. (D) Panchromatic CL image. 
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Figure 11. Data on the grain 11a, sample BH12-06. (A) Orientation contrast image. (B) Cumulative misorientation EBSD map, showing the orientation of every data point with respect to a user-selected reference point (white star). Misorientation within the grain varies from 0 (blue) to ca. 5° (orange). (C) Local misorientation EBSD map, showing misorientation of every pixel with respect to its neighbors. (D) Panchromatic CL image. 






Figure 11. Data on the grain 11a, sample BH12-06. (A) Orientation contrast image. (B) Cumulative misorientation EBSD map, showing the orientation of every data point with respect to a user-selected reference point (white star). Misorientation within the grain varies from 0 (blue) to ca. 5° (orange). (C) Local misorientation EBSD map, showing misorientation of every pixel with respect to its neighbors. (D) Panchromatic CL image.
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Figure 12. Examples of intergrown zircon crystals from the sample BH12-04. (A) Orientation contrast image of the two grains sharing a pyramidal face and forming an L-shaped aggregate. (B) CL image of an aggregate, shown in A. Each grain has its independent concentric zoning. (C) Orientation contrast image of the two grains forming a T-shaped aggregate. (D) CL image of the aggregate, shown in C. (E) SE image of a chain of three or four grains. (F) CL image of a growth aggregate, shown in E. 
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Figure 13. Examples of polycrystalline zircon from felsic magmatic settings. (A) Optical microscopy image after [7]. Twinned grain recovered from Precambrian granite gneisses from SW Greenland. (B) SEM image after [8]. Aggregate extracted from the metamorphosed trondhjemite from Massif Central, S France. (C) SEM image after [9]. Polycrystalline zircon aggregate was derived from the Suzhou granite pluton, E China. (D) Orientation contrast image of a chain of four zircon grains, after [11]. Grains are observed in situ in aplite dike, Western Tauern Window, S Austria. 
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Figure 14. Examples of polygranular zircon from impact and non-impact metamorphic settings, showing that they are easy to confuse. (A) SEM image of rounded polycrystalline zircon from tektite, Indochina, with its surface enlarged, after [16]. (B) SEM image of the surface of polycrystalline zircon from the K-T boundary in Spain, after [19]. (C) BSE image of zircon with small granules with “FRIGN” orientation from impact melt, Lappajärvi impact structure, after [28]. (D) BSE image of zircon grain composed of similarly-oriented small granules, source as in C. (E) and (F) SEM images of zircon composed of large randomly-oriented neoblasts from foliated norite, Vredefort impact structure, after [66] and [22] accordingly. (G) CL image of a zircon grain with large randomly-oriented granules, from the impact melt in Sudbury impact structure, after [27]. (H) CL image of zircon with a polygranular central domain with large granules, from the Vredefort impact structure (detrital), after [67]. (I) CL image of polygranular zircon from metamorphic settings, sample BH12-06 (present study). Compare to H. (J) SE image of zircon grain from metamorphic settings, sample BH12-06 (present study). (K) CL image of a grain shown in J. 
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Table 1. Characteristics of various polycrystalline zircon types.
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Polycrystalline Zircon Characteristics

	
Genetic Types of Zircon




	
Igneous

	
From Regional Metamorphic/Metasomatic Settings and Broad Shear Zones

	
Related to a Localized Shear-Zone, after [57]

	
Impact-Related




	
D-Grains

	
Z-Grains

	
Grains with Fine Granules (Types 1–5)

	
Grains with Large Granules (Type 7)






	
Grain shape

	
Subhedral to euhedral, in metamorphosed rocks–(sub)rounded

	
Cauliflower, crescent shapes of the aggregate; individual granules vary

	
Elongated to equidimensional irregularly-shaped

	
Equidimensional, polygonal

	
Subhedral, rounded or slightly elongated

	
Euhedral, elongated or equidimensional




	
Grain size

	
5–50 µm for individual grain in an aggregate

	
Parent grains are <10–>500 µm in length; resulting granules are <1–>30 µm

	
Range from very small <2

to 100–150 μm

	
50–100 μm

	
0.5–3 µm

	
10–100 µm




	
Type of boundaries

	
Sharp grain boundaries

	
Low- or high-angle subgrain boundaries, healed fractures with bright haloes

	
Serrated and irregular grain boundaries

	
Polygonal

grain boundary network with 120° triple junctions indicative of

textural equilibrium

	
Grain boundaries between the granules

	
Sharp grain boundaries between the neoblasts and parent grain, triple junctions between the neoblasts




	
Internal misorientation type

	
No internal misorientation

	
Cumulative misorientation <3–25° by low-angle boundaries or free dislocations

	
Low-angle boundaries and high-lattice distortions of 2–8° within a single grain

	
Low internal strain (misorientation not exceeding 1°)

	
No internal misorientation

	
No internal misorientation




	
Orientation with respect to each other or a parent grain

	
Twin relationships [7,11,68] or disorientation at high angles [11]

	
Unsystematic scattering around parent orientation with low total misorientation (5–15°)

	
Mostly random orientation and no relationship to the

porphyroclast

	
Little affinity to a parent grain, random orientation

	
Random orientation, three clusters of orthogonal c-axes, twin orientation

	
Random orientation, independent of the host grain




	
Inclusions

	
Magmatic rock-forming or accessory minerals (e.g., apatite)

	
Fine-grained matrix phases within healed fractures

	
Rutile and ilmenite, smaller zircon grains (Z-grains)

	
Ilmenite trapped between the Z-grains

	
Reidite, baddeleyite

	
None




	
CL signature

	
Individual zircon grains within the aggregate have magmatic growth zoning

	
Initial concentric growth zoning is crosscut by CL-bright linear features; in some cases, overgrown by CL-bright, Y and REE-depleted metamorphic rims

	
Bright CL signature, closely linked to the deformation

features

	
Concentric, slightly diffuse growth zoning

	
Concentric with dark cores and bright rims; the initial growth zoning of the parent grain is preserved

	
Concentric grown zoning as in igneous grains




	
Host rocks

	
Predominantly granitoids

	
Metaigneous and metasedimentary foliated (ultra)mylonites, peak conditions at amphibolite facies

	
High-strain mylonitic zone in the granulite facies meta-anorthositic body

	
High-strain mylonitic zone in the granulite facies meta-anorthositic body

	
Suevite, diaplectic glass, tectites, impact glasses and impact melts, fallback and distal ejecta

	
Impact melt rocks




	
Formation mechanism and temperature

	
Several nucleation points close to each other come into contact; crystallization temperature of granitoids

	
Fracturing and/or crystal-plastic deformation, e.g., due to hydraulic fracturing or high differential stress. The fragments are corroded and sometimes subsequently healed with metamorphic fluid. Peak metamorphic temperatures: 550–650 °C

	
Fragmentation with fragment detachment from each other. Fragments are being unsystematically rotated by grain boundary sliding. Deformation temperature ca. 620–690 °C

	
Heterogeneous nucleation/growth caused by a deformation-induced influx of fluids at the retrograde stage of deformation. Nucleate within the parent lattice with high dislocation density. (De)formation temperature ca. 725 to 750 °C

	
Recrystallization under high pressure-temperature conditions: solid-state or through melting. High impact temperatures: >1100–1200 °C [65]

	
Possibly, grew post-impact, due to elevated temperatures maintained after initial shock; could be similar to Z-grains. High post-impact temperatures of ca. 1000 °C




	
U-Pb dating

	
Age of crystallization of the igneous melt

	
Age of CL-bright metamorphic areas results in the age of regional metamorphism [4], the detrital cores might be partially reset [55]

	
Have a large

age spread, distorted isotopic system

	
Directly date the metamorphic reworking, complete resetting of the U-Pb system

	
May or may not yield the age of an impact; partial or complete resetting of radiogenic Pb

	
Age of an impact event; complete resetting of radiogenic Pb
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