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ABSTRACT
Microdeformation features in zircon grains from borehole samples of the Colônia impact crater were char‑

acterized by transmitted‑light petrography. High‑resolution polarized‑light images of 40 zircon grains (>50 µm),
selected from 200 polished thin sections, were used to determine crystallographic orientations, classify textural do‑
mains, and characterize stress‑induced microstrain features. Zircon morphologies comprise 67% euhedral, 30%
subhedral or fragmented, and3%anhedral or roundedcrystals, with sizes ranging from30 to150µm. Euhedral pris‑
matic crystals, elongated parallel to the c‑axis, display aspect ratios of 3:1–4:1; rounded grains yield lower ratios ap‑
proaching 2:1. Microstructural analysis of six representative grains—three euhedral and three subhedral—reveals
five distinct deformation types: (i) recrystallization, (ii) crystallographic misorientation, (iii) growth‑zone disor‑
der, (iv) planar deformation features (PDFs), and (v) granular textures. Euhedral grains with metamorphic relict
cores predominantly exhibit recrystallization and crystallographic misorientation, consistent with intense thermo‑
mechanical overprinting. Subhedral crystals of igneous origin, by contrast, are dominated by granular textures and
PDFs, recording dynamic recrystallization and shock metamorphism under high‑strain conditions. The presence
of PDFs unequivocally establishes a shock origin; the remaining microstructures record progressive deformation
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across a range of pressure–temperature conditions. These microdeformation patterns reflect anisotropic strain
imposed by impact‑generated shock waves, which preferentially affected the mechanically weaker prismatic faces
{100} and {110}. Taken together, the results confirm the reliability of zircon as a recorder of extreme tectonother‑
mal events and provide crystallographic constraints for post‑impact structural reconstructions.
Keywords: Colônia Impact Crater; Zircon Crystal; Microdeformation Features; Shock Metamorphism

1. Introduction

Zircon (ZrSiO₄) occupies a central role in shock
metamorphism studies, providing critical insights into
the processes involved in impact crater formation across
diverse geological settings [1]. Owing to its exceptional
resistance to thermal and chemical alteration during
metamorphism andweathering, zircon ranks among the
most stable minerals in the Earth’s crust and preserves
both microstructural and geochemical evidence of high‑
energy events [2]. These properties establish zircon as
an effective mineralogical archive of extreme conditions,
distinguishing it from other rock‑forming minerals [3].

Impact cratering generates abrupt, extreme in‑
creases in pressure and temperature, inducing profound
mineralogical transformations in target rocks [4,5]. In zir‑
con, such conditions produce diagnostic structural mod‑
ifications, most notably the formation of reidite—a high‑
pressure polymorph that crystallizes at pressures ex‑
ceeding ~30 GPa [6,7]. Reidite is widely regarded as a
robust, unambiguous indicator of shock metamorphism
associated with impact events [8,9]. Zircon may also pre‑
serve a range of other shock‑related microstructures, in‑
cluding PDFs and mechanical twins, which typically de‑
velop under intermediate shock pressures [10]. A fur‑
ther distinctivemicrostructural signature is the granular
FRIGN (fragmented reidite‑inherited granular neoblas‑
tic) texture, interpreted as the product of zircon recrys‑
tallization during post‑shock cooling [11]. This texture re‑
sults either from reidite breakdown or from thermally
driven recrystallization associated with the dissipation
of impact‑generated heat [12,13].

The significance of zircon extends beyond the
preservation of shock‑relatedmicrostructures to encom‑
pass geochronological applications, particularly U–Pb
dating, owing to its exceptional capacity to retain radio‑
genic isotopes over billion‑year timescales [14]. Impact

events can partially disrupt this isotopic system, induc‑
ing lead loss or elemental redistribution within zircon
crystals. Consequently, shocked zircon provides a pow‑
erful means of directly dating impact events and con‑
straining the timing of major impacts that have shaped
Earth’s geological evolution [15–17].

Studies of the Chicxulub impact structure in Mex‑
ico exemplify the application of zircon in impact
research [17,18]. This crater is associated with the
Cretaceous–Paleogene mass extinction event at ~66 Ma,
and zircon grains recovered from its peak ring preserve
clear evidenceof shockmetamorphism, including reidite
and granular FRIGN textures. These microstructural in‑
dicators have enabled reconstruction of the pressure–
temperature conditions generated during the impact,
providing key constraints on the scale and intensity of
this globally significant event.

Shocked zircon has also been employed as a diag‑
nostic indicator in other impact structures, such as the
Mien crater in Sweden [19]. In these settings, the identifi‑
cation of shock‑related microstructures combined with
zircon geochronology has significantly improved the cal‑
ibration of shock barometers and refined models for the
formation of complex impact craters.

The Colônia impact crater represents an atypical
example among deeply eroded impact structures, ow‑
ing to its distinctive geological setting and remarkable
degree of preservation. Unlike many comparably de‑
graded structures—where primary textures and shock‑
metamorphic indicators are largely obliterated by in‑
tense weathering—Colônia retains a broad spectrum
of shock‑related microstructures in zircon and associ‑
ated mineral phases, principally quartz, feldspar, and
mica [20]. Despite this preservation potential, the struc‑
ture remains comparatively underexplored. Here, high‑
resolution petrography is integrated with systematic
zircon microstructural analysis to provide a compre‑
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hensive characterization of shock‑metamorphic features
within the crater. The documented preservation pat‑
terns impose new constraints on the stability and long‑
term survivability of deformation microstructures un‑
der prolonged weathering conditions. Furthermore,
these results establish a comparative framework for
evaluating other deeply eroded or strongly altered im‑
pact structures.

2. Geological Framework

The Colônia Crater, located in the Parelheiros dis‑
trict, approximately 40 km southwest of downtown São
Paulo (Figure 1a,b), has a diameter of ~3.6 km and
forms a well‑defined circular structure of geological
and geomorphological significance. Since its initial doc‑
umentation, this distinctive depression has attracted
sustained scientific interest owing to its morphology,
which is consistent with structures formed by the im‑

pact of extraterrestrial bodies [21]. The crater is situ‑
atedwithin the Ribeira Belt, amajor Neoproterozoic oro‑
genic province of southeastern Brazil. The regional crys‑
talline basement consists of metamorphic and igneous
lithologies of the Embu Complex, including mica schists,
quartzites, gneisses, migmatites, granites, and granodi‑
orites (Figure 1c), into which the crater is emplaced [22].
Geophysical surveys reveal that, below the crater, these
basement rocks occur at 285–400 m [23–25]. Subsequent
investigations [26–30] have been critical for characterizing
the sedimentary infill of the Colônia crater. Seismic data
indicate that the sedimentary succession reaches thick‑
nesses of up to ~275 m [30]. Samples recovered from
groundwater‑extraction boreholes penetrating depths
greater than 280 m reveal a heterogeneous assemblage
of impactite lithologies, which is largely composed of
allochthonous polymictic breccia, suevite breccia, and
fractured/brecciated crystalline basement rocks [20,31]
(Figure 1d).

Figure 1. Location and geological context of the Colônia impact crater. (a,b) Regional and local maps; (c) Modified schematic
geological map [22,28]; (d) Representative stratigraphic column [20]; (e) The Vargem Grande neighborhood is encircled by the
prominent southwestern crater rim visible in the background.
Note: Legends for Figure 1c: (1) Quaternary alluvial deposits; (2) Tertiary sediments; (3) Diorite and quartz diorite; (4) Mica schist and quartzite; (5) Gneiss and
migmatite. Drillhole locations according to Velázquez et al. [19,30,31]: ⊕1 and⊕2. A–A’ segment: stratigraphic column location.
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Given its morphological characteristics, the Colô‑
nia structure constitutes the dominant topographic fea‑
ture of the local landscape. The interior of the crater
consists of a swampy alluvial plain surrounded by low‑
relief hills with gentle slopes that rise to about 125 m
above the crater floor [28]. Currently, it is partially cov‑
ered by remnants of the Atlantic Forest, which are in‑
creasingly affected by anthropogenic activity, mainly as‑
sociatedwith the expansion of the VargemGrande neigh‑
borhood (Figure 1e).

The impact origin of the structure is conclusively
demonstrated by multiple shock‑metamorphism indica‑
tors, including PDFs in quartz, kink bands in mica, gran‑
ular textures in zircon, and ballen silica [20]. Impact‑melt
rocks, including spherules formed by vaporization and
rapid cooling of target material, provide unequivocal ev‑
idence for an impact‑cratering origin [31–33].

3. Materials and Methods

High‑resolution digital images were obtained from
zircon crystals >50 µm in size using 200 standard petro‑
graphic thin sections (30 µm thickness) prepared by Ac‑
tivation Laboratories Ltd. (Ancaster, Canada). The sam‑
ples derive from boreholes located within the crater in‑
terior (Figure 1c) and were previously investigated by
Velázquez et al. [19,30,31]. To ensure analytical robustness,
only inclusion‑free and fracture‑free grains lacking op‑
tical interference were selected for analysis. Each zir‑
con was systematically examined under polarized light
to assess textural preservation and to assign it to the
principal genetic categories, distinguishing magmatic
from metamorphic‑recrystallized domains. This screen‑
ing protocol enabled the consistent identification of the
dominant zirconpopulationswithin the analyzed litholo‑
gies.

Crystallographic orientations of the selected grains
were subsequently determined using an Olympus BX51
petrographic microscope, integrating grain morphology,
optical properties, and theoretical crystallographicmod‑
els [34–36]. From the total population of zircons exam‑
ined, 40 grains were selected for detailed analysis. This
subset was chosen to ensure representative coverage of
the main lithological units and sampled depth intervals,

while balancing statistical robustness with the practical
constraints inherent to grain‑scale analytical methods.

Optical images were acquired under cross‑
polarized light at 10° rotation increments to enhance the
identification and discrimination of microdeformation
features. Deformation microstructures were classified
according to their morphology and optical properties,
including geometry, crystallographic orientation, cross‑
cutting relationships, and birefringence behavior. The
identified features comprise: (i) undulatory extinction
bands, interpreted as indicative of crystal‑plastic defor‑
mation and/or recrystallization; (ii) closely spaced, pla‑
nar microfractures consistent with PDFs; (iii) sharp ex‑
tinction boundaries associated with granular textures;
and (iv) isotropic to weakly birefringent domains inter‑
preted as evidence of metamictization.

The software ImageJ,MTEX forMATLAB, andGwyd‑
dionwere utilized for image processing and quantitative
analysis. Adaptive threshold segmentation [37] was ap‑
plied to isolate internal deformation features and quan‑
tify their structural orientations. The relative degree of
deformation in each grain was calculated from the seg‑
mented deformation domains and expressed as the ratio
between their cumulative area and the total grain area,
providing a quantitative basis for comparing deforma‑
tion intensity among individual zircon grains.

4. Morphology, Primary Struc‑
tures, and Microdeformations
The external morphology of the 40 analyzed zircon

crystals exhibits considerable variation. Of these, 67%
are euhedral, 30% are subhedral or fragmented, and
3% are anhedral or display rounded edges (Figure 2a).
Most grains are relatively small, with sizes ranging from
30 to 150 µm. Crystals with prismatic faces oriented
parallel to the c‑axis display aspect ratios of 3:1 to 4:1,
whereasmore equidimensional grains yield ratios closer
to 2:1. Under plane‑polarized light, the crystals are pre‑
dominantly colorless, indicating a good state of preserva‑
tion; however, some grains locally exhibit a faint brown‑
ish hue, potentially attributable to compositional hetero‑
geneity, microscopic inclusions, or incipient metamicti‑
zation. Most grains exhibit well‑developed oscillatory
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growth zoning; its absence, restricted to a limited num‑
ber of crystals, likely reflects recrystallization, chemi‑
cal homogenization, or post‑crystallizationmodification.
Based on these internal structural characteristics [38],
two principal zircon groups are distinguished: grains
with irregular zoning—commonly displaying inherited
cores and heterogeneous internal structures—are inter‑
preted as metamorphic in origin, whereas grains with
concentric, symmetrical zoning are interpreted as mag‑
matic. Although primary growth zoning is preserved in
most crystals, it is locally modified or partially obliter‑
ated in associationwith shock‑metamorphicmicrostruc‑
tural features, including recrystallization textures, crys‑
tallographic misorientation, disrupted growth zoning,
planar deformation features (PDFs), and granular tex‑
tures (Figure 2b).

Figure 2. Graphs illustrating the morphological and mi‑
crostructural characteristics of the 40 analyzed crystals. (a)
Relative proportions of crystal morphologies; (b) Relative
abundances of the main microdeformation features.
Note: Detaileddescriptions andmorphological characteristics of the zircon types
are provided in Section 5.

5. Shock‑Induced Metamorphic
Features
Of the 40 analyzed grains, six representative zir‑

cons were selected for detailed microstructural investi‑
gation: three euhedral crystals containing metamorphic
relict cores (Grains 1–3) and three subhedral grains of
magmatic origin (Grains 4–6). All selected grains are ex‑
ceptionally well preserved, displaying sharply defined
crystal faces and well‑developed primary growth zon‑
ing. This preservation state permits a robust characteri‑
zation of shock‑metamorphic features.

5.1. Grain 1

The euhedral zircon crystal exhibits an aspect ra‑
tio of approximately 2:1, defined bywell‑developed pris‑
matic faces {100} and subdued pyramidal terminations
{101}. Its longest dimension in the image face is oriented
parallel to the crystallographic c‑axis (Figure 3, Grain
1). Growth zoning is pervasively disrupted, manifesting
as curved, distorted, and locally discontinuous patterns
with distinct lateral offsets, rather than well‑defined
concentric arrangements (Figure 3, Grain 1A). In sev‑
eral domains, interference colors are locally attenuated
or partially suppressed. Recrystallization is evidenced
by diffuse internal boundaries, gradual variations in in‑
terference colors, and pervasive undulatory extinction
throughout the crystal (Figure 3, Grain 1B). The occur‑
rence of subgrains with discrete extinction angles and
distinct crystallographicmisorientations further corrob‑
orates intracrystalline reorganization (Figure 3, Grain
1C). Planar deformation features are developed within
domains of pronounced birefringence variation and oc‑
cur as closely spaced, parallel lamellae, locally oriented
obliquely with respect to one another (Figure 3, Grain
1B, C). Stage rotation reveals small, irregularly bounded
neoblasts within the pyramidal sector; these exhibit low
birefringence and mosaic extinction, indicative of incipi‑
ent granular texture development.
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Figure 3. Representative euhedral crystal zircon containing metamorphic relict core (Grain 1) imaged under cross‑polarized
light, illustrating a range of internal microstructural features related to shock deformation.
Note: Left panels show full‑grain views, whereas circular panels (A–C) present higher‑magnification images of selected domains. The zircons record complex de‑
formation patterns, including PDFs, granular textures (GT), disturbed growth zoning (GZD), inherited cores (IC), crystallographic misorientation (CM), metamict
domains (MET), and undulatory extinction (UE). The spatial distribution and overprinting relationships among these features indicate heterogeneous shock strain
accommodation at the grain scale.

5.2. Grain 2

The crystal exhibits moderate to high interference
colors and an elongated morphology with an aspect ra‑
tio of approximately 4:1, terminating in slightly rounded
pyramidal faces. The long axis is oriented parallel to the
crystallographic c‑axis, permitting clear observation of
the prismatic face {110} (Figure 4, Grain 2). Secondary
overgrowth domains are locally developed and are dis‑
tinguished from the relict core by diffuse internal bound‑
aries and undulatory extinction. Growth zoning is perva‑
sively disrupted (Figure 4, Grain 2A): concentric zoning
patterns are deformed, growth bands are abruptly trun‑
cated by intragranular fractures, and zoning is partially
attenuated or obliterated in localized domains. The in‑
tragranular fractures display variable orientations and

exhibit both dextral and sinistral apparent offsets. Pla‑
nar deformation features occur as closely spaced, nar‑
row, rectilinear lamellae oriented parallel to one another
and aligned along specific crystallographic faces, includ‑
ing {100} and {101}. Under face‑polarized light, these
lamellae are difficult to resolve owing to their low relief
and limited birefringence contrast; they are locally ex‑
pressed as faint linear traces or as subtle birefringence
variations (Figure 4, Grain 2B, C). The lamellae intersect
and locally truncate primary growth zoning and are spa‑
tially associated with intragranular fractures. Granular
textures are widespread, comprising variably sized mi‑
crodomains distributed irregularly throughout the crys‑
tal. These domains locally modify birefringence inten‑
sity (Figure 4, Grain 2C) and produce undulatory to mo‑
saic extinction patterns.

Figure 4. Representative euhedral crystal zircon containing metamorphic relict core (Grain 2) imaged under cross‑polarized
light, illustrating a range of internal microstructural features related to shock deformation.
Note: Left panels show full‑grain views, whereas circular panels (A–C) present higher‑magnification images of selected domains. The zircons record complex de‑
formation patterns, including PDFs, granular textures (GT), disturbed growth zoning (GZD), inherited cores (IC), crystallographic misorientation (CM), metamict
domains (MET), and undulatory extinction (UE). The spatial distribution and overprinting relationships among these features indicate heterogeneous shock strain
accommodation at the grain scale.

5.3. Grain 3

The zircon crystal exhibits an aspect ratio of approx‑
imately 4:1 and an elongated prismatic habit with sub‑

tly rounded terminations. Internally, it preserves well‑
developed concentric growth zoning that parallels the
external morphology and encloses a xenomorphic relict
core distinguished by strongly contrasting birefringence
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(Figure 5, Grain 3). In longitudinal section parallel to
the c‑axis, the symmetry of the prismatic face {100} is
clearly expressed. Under polarized light, discrete internal
domains attain extinction at slightly different rotation an‑
gles, and abrupt transitions in interference colors across
concentric growth zones are accompanied by local varia‑
tions in extinction orientation. Deformation is expressed
within the growth zoning as sharp shifts in interference
colors between adjacent zones and as disruptions in zon‑
ing continuity. The zones are locally distorted, curved,
or laterally offset rather than forming continuous concen‑

tric bands (Figure 5, Grain 3A, C). The relic core exhibits
strongly contrasting interference colors and mosaic ex‑
tinction (Figure 5, Grain 3B), and is composed of discrete
optical domains that attain extinction at slightly differ‑
ent stage positions. This internal heterogeneity contrasts
markedly with the comparatively uniform optical charac‑
ter of the surrounding overgrowth domains. Extremely
thin, dark, planar lamellae occur as parallel to subparallel
sets that attain complete extinction at specific stage ori‑
entations. These lamellae define regularly spaced arrays
and intersect adjacent sets at variable angles.

Figure 5. Representative euhedral crystal zircon containing metamorphic relict core (Grain 3) imaged under cross‑polarized
light, illustrating a range of internal microstructural features related to shock deformation.
Note: Left panels show full‑grain views, whereas circular panels (A–C) present higher‑magnification images of selected domains. The zircons record complex de‑
formation patterns, including PDFs, granular textures (GT), disturbed growth zoning (GZD), inherited cores (IC), crystallographic misorientation (CM), metamict
domains (MET), and undulatory extinction (UE). The spatial distribution and overprinting relationships among these features indicate heterogeneous shock strain
accommodation at the grain scale.

5.4. Grain 4

The zircon crystal is visibly fractured and exhibits
an elongated subhedral habitwith sharply defined edges
and an aspect ratio of approximately 4:1 (Figure6, Grain
4). Concentric growth zoning, although locally discon‑
tinuous, broadly parallels the external crystal morphol‑
ogy. The heterogeneous birefringence and rectangular
outline are consistentwith a lateral, slightly obliqueview

of the prismatic face {100}. Rounded internal domains
developed preferentially along the grainmargins display
diffuse boundaries, gradual variations in interference
colors, and undulatory extinction. Planar deformation
features occur as thin, closely spaced, parallel to subpar‑
allel lamellae (Figure 6, Grain 4A, C). Adjacent domains
attain extinction at slightly different stage orientations,
producing mosaic extinction (Figure 6, Grain 4B, C).

Figure 6. Representative subhedral crystal zircon of magmatic origin (Grain 4) imaged under cross‑polarized light, displaying
complex internal microstructures associated with shock‑related deformation.
Note: Left panels show full‑grain views, whereas circular panels (A–C) present higher‑magnification images of selected domains. Abbreviations as in Figures 3–5.
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5.5. Grain 5

The zircon crystal exhibits a short prismatic habit
with locally well‑defined edges, while other faces dis‑
play slightly rounded contours. The dominant crys‑
tallographic form corresponds to the prismatic face
{110}, with the c‑axis oriented parallel to the image
face (Figure 7, Grain 5). At the base of the crystal, do‑
mains with diffuse internal boundaries are character‑
ized by gradual variations in birefringence. Adjacent

sectors, by contrast, exhibit abrupt changes in interfer‑
ence colors, transitions from finely crystalline to gran‑
ular textures, and mosaic extinction developed within
discrete zones (Figure 7, Grain 5A). Along the lateral
margins, concentric growth zoning is strongly distorted,
exhibiting pronounced curvature and systematic devia‑
tions from the primary concentric geometry (Figure 7,
Grain 5B, C). Planar fractures occur with variable orien‑
tations throughout both the basal and marginal regions.

Figure 7. Representative subhedral crystal zircon of magmatic origin (Grain 5) imaged under cross‑polarized light, displaying
complex internal microstructures associated with shock‑related deformation.
Note: Left panels show full‑grain views, whereas circular panels (A–C) present higher‑magnification images of selected domains. Abbreviations as in Figures 3–5.

5.6. Grain 6

The crystal exhibits an aspect ratio of approxi‑
mately 4:1 and a slightly rhombohedral pyramidal termi‑
nation associatedwith the prismatic form {110} (Figure
8, Grain 6). The crystallographic c‑axis is oriented ap‑
proximately parallel to the longest dimension of the crys‑
tal. Several sectors display undulatory extinction accom‑
panied by locally reduced birefringence. Domains lack‑
ing discernible internal zoning occur as optically homo‑
geneous orweakly birefringent patches that obscure pri‑

mary growth structures; along the grain margins, dif‑
fuse and poorly defined zones are locally developed. Mo‑
saic extinction is confined to discrete regions, where ad‑
jacent subdomains attain extinction at slightly different
stage orientations (Figure 8, Grain 6A). Growth zoning
is strongly disrupted, appearing segmented, discontinu‑
ous, and locally curved (Figure 8, Grain 6B). Thin, regu‑
larly spaced, dark lamellae occur as parallel to subparal‑
lel sets oriented obliquely relative to the growth zoning
(Figure 8, Grain 6C).

Figure 8. Representative subhedral crystal zircon of magmatic origin (Grain 6) imaged under cross‑polarized light, displaying
complex internal microstructures associated with shock‑related deformation.
Note: Left panels show full‑grain views, whereas circular panels (A–C) present higher‑magnification images of selected domains. Abbreviations as in Figures 3–5.
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6. Zircon Microdeformation as
Indicators of Shock Metamor‑
phism
Zircon remains highly resistant to recrystallization

and chemical alteration even under extreme geological
conditions. This resilience promotes the preservation
of microstructural features in terranes subjected to in‑
tenseweathering and tectonic overprinting [39,40]. Conse‑
quently, zircon constitutes a key mineral for identifying
extensively modified impact craters, particularly where
diagnostic macroscopic features—such as shatter cones
and radial ejecta patterns—have been eroded or obliter‑
ated. In such settings, systematic microstructural anal‑
ysis of zircon—especially targeting shock‑related indi‑
cators such as partial recrystallization, PDFs, granular
textures, and othermicroscale deformation structures—
provides an independent, high‑resolution line of evi‑
dence for confirming an impact origin [40,41].

Numerous studies have documented the diagnos‑
tic value of preserved shock microstructures in zircon
and demonstrated their capacity to record hyperveloc‑
ity impact signatures [17,40–44]. Owing to these properties,
zircon‑based approaches are particularly effective for in‑
vestigating highly eroded or tectonically reworked im‑
pact structures inwhich subsequent geological processes
have removed conventional macroscopic indicators.

Six representative zircon grains—subdivided into
two morphological groups (euhedral metamorphic zir‑
con: Grains 1–3; subhedral magmatic zircon: Grains 4–
6)—were subjected to detailed microstructural analysis
(Figure 9). Five primary deformation categories were
identified: recrystallization, crystallographic misorien‑
tation, growth zoning disruption, planar deformation
features (PDFs), and granular textures. Each featurewas
quantified by relative abundance (%) and ranked accord‑
ing to deformation intensity. The co‑occurrence ofmulti‑
ple microstructural features within individual grains in‑
dicates a complex, polyphase deformation history [2,4,6].

Figure 9. Relative proportions of deformation‑related microstructural features quantified in individual zircon grains from the
studied samples.
Note: The distribution of features highlights systematic variations in deformation style and intensity as a function of both shock level and grain morphology.

In the euhedral grains, recrystallization and crys‑
tallographic misorientation are the dominant deforma‑
tion features, each reaching up to 30%, particularly in
Grain 1. These features indicate that, despite the preser‑
vation of external crystal morphology, the grains experi‑
enced substantial thermal and mechanical overprinting
following crystallization. Grain 2 exhibits 25% recrystal‑

lization and 30% growth zoning disruption, consistent
with a significant thermal overprint. Grain 3, by con‑
trast, displays thehighest degreeof internal deformation
(37%), accompanied by 21% crystallographic misorien‑
tation and 20% recrystallization. Collectively, these ob‑
servations support the interpretation of multiple super‑
imposed thermo‑mechanical events [8,13,15].
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The subhedral grains display comparable deforma‑
tion complexity, with more pronounced recrystalliza‑
tion and granular textures. Grain 4 exhibits 27% recrys‑
tallization, 23% growth zoning disruption, 17% crystal‑
lographic misorientation, and 15% PDFs, indicating ex‑
posure to high‑pressure conditions. Grain 5 shows a
more evenly distributed deformation pattern, compris‑
ing 20% recrystallization, 21% crystallographic misori‑
entation, 25% growth zoning disruption, and 23% gran‑
ular texture, indicative of pervasive polyphase deforma‑
tion. The most intense overall deformation occurs in
Grain 6, which records 23% PDFs, 30% granular texture,
and25%growth zoning disruption—features consistent
with abrupt, high‑strain events typically associated with
shock‑wave propagation [2,4].

The occurrence of PDFs in nearly all examined
grains (10–23%) constitutes strong evidence for shock
metamorphic processes. These microstructures are
widely recognized as diagnostic indicators of high‑
pressure shock events associated with meteorite im‑
pacts [12,45,46]. Their co‑occurrence with recrystalliza‑
tion textures and disrupted growth zoning further in‑
dicates overprinting by multiple deformation regimes,
likely reflecting alternating high‑pressure and high‑
temperature conditions. Growth zoning disruption, par‑
ticularly in euhedral grains, records thermal and me‑
chanical modification following crystallization. The
higher proportions of recrystallization and granular tex‑
tures in subhedral grains are consistentwith dynamic re‑
crystallization under intermediate‑ to high‑temperature
conditions [7,10].

The preferential localization of microdeformation
along the prismatic crystal faces {100} and {110} pro‑
vides important constraints on the deformation his‑
tory of the analysed zircon grains. These faces cor‑
respond to directions within the tetragonal zircon lat‑
tice characterized by lower atomic bond density and
greater interatomic spacing relative to basal faces such
as {001} [4,8,13,15]. Consequently, they represent mechan‑
ically weaker, energetically favorable sites for stress ac‑
commodation [46,47] and exhibit lower critical resolved
shear stresses. These conditions promote disloca‑
tion nucleation and glide, intracrystalline misorienta‑
tion, and PDF formation [48,49]. Such crystallographic

anisotropy exerts a primary control on zircon deforma‑
tion, with slip preferentially occurring along prismatic
faces and producing localized strain accumulation [50].
The concentration of deformation along these mechan‑
ically susceptible faces indicates a directionally con‑
strained, anisotropic stress field, consistent with rapid,
high‑strain events associated with shock‑wave propaga‑
tion during meteorite impact—wherein deformation lo‑
calizes along crystallographically favored slip systems
rather than being uniformly distributed throughout the
crystal lattice [10,13,15].

The face {100}, oriented parallel to the c‑axis, pref‑
erentially accommodates vertical compressive stresses
or lateral shear, whereas the face {110} records oblique
and complex strain patterns characteristic of high‑
pressure, high‑temperature environments. Preferential
activation of these crystallographic directions, therefore,
reflects the original grain orientations at the time of de‑
formation and constrains the geometry and magnitude
of the imposed stress fields. Furthermore, PDFs devel‑
oping obliquely to these faces constitute unequivocal ev‑
idence of high‑energy shock deformation [40,45], record‑
ing selective reorganization of the crystal lattice under
extreme stress conditions [47].

Partial recrystallization and granular textures are
likewise concentrated along these faces, supporting a
mechanism of internal energy dissipation under dynamic
deformation. This observation reinforces the interpreta‑
tion that the analyzed zircon grains recordmultiple defor‑
mation episodes, characterized by progressive recrystal‑
lization and stress redistribution along structurally sus‑
ceptible crystallographic orientations [2,4,14].

A critical reassessment of two alternative
hypotheses—regional tectonic deformation and re‑
metamorphism—demonstrates that neither satisfac‑
torily accounts for the full spectrum of observed mi‑
crostructures. An impact origin remains the only inter‑
pretation consistent with the complete dataset. The tec‑
tonic hypothesis is rejected primarily on the basis of the
absence of regional structures capable of generating lo‑
calized, high‑strain‑rate deformation in mechanically re‑
silient minerals such as zircon [21,28]. Moreover, the spa‑
tial distribution of shock microstructures—including
deformation lamellae and recrystallization bands—is
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highly restricted and heterogeneous, in sharp contrast
to the pervasive and systematic patterns characteristic
of tectono‑metamorphic deformation [4,7,12].

Re‑metamorphism is similarly inconsistent with
the mineralogical and textural constraints. The host
lithological unit lacks metamorphic associations in‑
dicative of the temperatures or pressures required to
produce the documented microstructures [28]; notably,
neoblastic growth of index minerals (e.g., garnet, stau‑
rolite, sillimanite) is absent, and no evidence for diffuse,
large‑scale recrystallization has been identified [21]. Al‑
though certain zircon microstructures may develop un‑
der high‑grademetamorphic conditions, such processes
require extreme pressure–temperature regimes [8] un‑
supported by either the stratigraphic record or min‑
eralogical re‑equilibration [21,28]. Furthermore, the ob‑
served microstructures exhibit diagnostic signatures
of ultra‑rapid, high‑pressure deformation—including
multidirectionalmicrofractures and crystallographically
controlled lamellae—that are incompatiblewith the pro‑
longed, low‑strain‑rate conditions characteristic of pro‑
gressive or static metamorphism [4,13,18].

Multiple independent lines of evidence converge
on an impact event as the most plausible mecha‑
nism [20,30,31]. The most compelling evidence is the di‑
rect spatial correlation between zircon microstructures
and other mineralogical shock signatures, reinforcing
their interpretation as features diagnostic of impact pro‑
cesses [33]. Quartz from the relevant stratigraphic inter‑
vals containswell‑preserved PDFs [30], arranged inmulti‑
ple parallel sets with characteristic crystallographic ori‑
entations, whose formation requires transient pressure
pulses far exceeding those generated by tectonic com‑
pression.

Further support derives from the occurrence of
Fe–Mg–Si‑rich spherules at the same stratigraphic level,
interpreted as condensates from an impact‑generated
plume [32]. Their morphology, chemical composition,
and sedimentary context are consistent with well‑
documented impact‑related systems and have no plausi‑
ble volcanic, tectonic, or metamorphic counterparts [32].

Microdeformation analysis of zircon from the Colô‑
nia impact crater constrains both the intensity and the
nature of the tectonothermal processes experienced

by this mineral. Systematic mapping of deformation
along the crystallographic faces {100} and {110} per‑
mits reconstruction of strain patterns while simultane‑
ously providing thermodynamic constraints for mod‑
elling post‑impact processes and regional geological evo‑
lution. Integration of intracrystalline deformation data
reveals complex overprinting histories, underscoring
the sensitivity of zircon to subtle but geologically sig‑
nificant local thermodynamic variations. Furthermore,
the anisotropic distribution of microdeformation con‑
stitutes a robust diagnostic criterion for distinguishing
shockmetamorphism from regionalmetamorphism and
magmatic overprinting.

7. Conclusions

Detailed examination of six representative grains
from a population of 40 zircon crystals provides criti‑
cal insights into themineral’s deformation behavior dur‑
ing shock metamorphism. Microstructural analysis re‑
veals diagnostic features of dynamic recrystallization
and stress accommodation under high‑pressure–high‑
temperature conditions. These results refine current
understanding of micromechanical processes during im‑
pact cratering and underscore the significance of zircon
as a mechanically robust, chemically stable mineral un‑
der extreme geological conditions. The principal evi‑
dence for the mechanical response of zircon under such
conditions is summarized as follows:

The systematic occurrence of PDFs, crystallo‑
graphic misorientation, disrupted growth zoning, and
granular textures across awide range of grainmorpholo‑
gies reflects a complex, polyphase deformation history
characteristic of hypervelocity impact events.

The occurrence of PDFs—particularly when associ‑
atedwith other deformation textures—unequivocally in‑
dicates shock pressures exceeding those attainable dur‑
ing endogenous metamorphism, thereby confirming the
impact origin of the analyzed samples.

Crystallographic orientation exerts a strong control
on deformation behavior, with stress preferentially ac‑
commodated along the prismatic faces {100} and {110}.

Microstructural preservation differences between
euhedral and subhedral grains indicate heterogeneous
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post‑impact thermal and mechanical overprinting, con‑
sistent with differential recrystallization pathways un‑
der variable pressure–temperature conditions.

Intracrystalline deformation mapping in zircon
constitutes a high‑resolution tool for constraining both
the intensity and temporal evolution of impact‑related
processes, enhancing the recognition and interpretation
of eroded or tectonically overprinted impact structures.

The preservation of shock‑related microdeforma‑
tion features in zircon—even within weathered and re‑
worked terranes—confirms its reliability as a robust
mineralogical proxy for identifying impact events.

The concurrence of high‑pressure zircon micro‑
textures, shock‑diagnostic planar deformation features
in quartz [20], and spherule‑bearing deposits [32] consti‑
tutes a robust, internally consistent evidential frame‑
work that effectively excludes regional tectonic deforma‑
tion and subsequent metamorphism as viable alterna‑
tive explanations. The integrated dataset strongly sup‑
ports an impact origin for the microstructural features
preserved in the studied zircon grains.
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