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ABSTRACT 

Accurate and precise dating of terrestrial impact craters is a critical requirement for correlating 

impacts with events such as mass extinctions. A number of isotopic systems have been applied to 

impact chronology but it is important to understand what an age actually represents and, thus, if 

it accurately represents the ‘true’ impact age and is suitable for use in correlation. Here we report 

imaging, microstructural characterisation and high spatial resolution ion microprobe U-Pb 

analysis of shocked zircon from the approximately 23 km-in-diameter Lappajärvi impact 

structure, Finland, for which a well-established 
40

Ar/
39

Ar framework exists. Microstructural 

analysis identified two distinct styles of shock recrystallisation: (i) granular zircon that displays 

multiple domains of similarly oriented neoblasts, some of which are interpreted to be the product 

of reversion from the high-pressure ZrSiO4 polymorph, reidite, and (ii) granular zircon composed 

entirely of similarly oriented neoblasts. Only the former gave concordant U-Pb data interpreted 

to record the age of the impact. The U-Pb ‘concordia age’ reported here, 77.85 ± 0.78 Ma (1.0 

%; MSWD = 0.60; probability = 0.87; n = 8; 2σ; full external uncertainty), is resolvable from the 

previously published ‘best estimate’ 
40

Ar/
39

Ar age for impact melt rock (76.20 ± 0.29 Ma) and 

40
Ar/

39
Ar K-feldspar ages as young as 75.11 ± 0.36 Ma, and is therefore interpreted to more 

accurately reflect the age of the impact event. The resolvable disparity between the zircon U-Pb 

and the 
40

Ar/
39

Ar data indicates that even the oldest statistically robust 
40

Ar/
39

Ar ages obtained at 

medium- and large-sized impact craters may not accurately record the timing of an impact event 

at a kyr level. The offset between the U-Pb and 
40

Ar/
39

Ar data is interpreted to be, at least in part, 

a result of the zircon data recording a higher isotopic closure temperature, and the younger 

40
Ar/

39
Ar ages recording the progressive cooling of different domains of the impact structure. 

The Lappajärvi impact structure is the first Phanerozoic impact structure dated by U-Pb analysis 



 

 

of shock-recrystallised zircon to better than, or equal to, 1.0 % uncertainty. This further 

demonstrates that well-characterised granular zircon grains are likely to have wide utility in the 

accurate and precise dating of terrestrial impact events.  



 

 

1. INTRODUCTION 

Accurate and precise dating of terrestrial impact cratering events is critical to fully 

understanding their role in Earth history. Of the approximately 190 confirmed impact craters on 

Earth (Earth Impact Database, 2018) less than half have been assigned absolute ages, and only 

26 have ages that are considered reasonably accurate and precise (an uncertainty better than ±2 

% is a commonly stated, arbitrary goal for precision on an impact age; e.g., Jourdan et al., 2009, 

2012; Jourdan, 2012). Given this overall dearth of chronological data, the determination of even 

an approximate age for an impact crater represents a valuable contribution. These data are 

sufficient for purposes such as estimating the time-averaged flux of extra-terrestrial material to 

Earth through time (e.g., Meier and Holm-Alwmark, 2017). However, for correlating impacts 

with events such as mass extinctions, accurate and precise dating is critical (Racki, 2012; Renne 

et al., 2013). Although evidence for possible temporal overlap of a large impact with an event 

such as a biotic crisis is generally not evidence for a causal relationship, explicitly demonstrating 

that an impact and an extinction event were not synchronous may, more easily, rule out causality 

(e.g., if the impact event is resolvably younger). When an age is determined, it is, therefore, 

critical to understand what process this age is actually recording during crater formation – e.g., 

initial shock-induced deformation or degassing, crystallisation of an impact melt, or prolonged 

post-impact cooling and/or hydrothermal alteration – and if this accurately reflects the ‘true’ 

impact age. If, for example, multiple, resolvable ages are recorded for an individual crater due to 

varying closure temperatures of radiogenic isotope systems and the youngest one is used for 

correlation to biological events, the possibility of synchronicity may be erroneously rejected. 

Thus, demonstrating the feasibility of this hypothesis and the range of ages recorded by a single 

crater is the focus of this contribution. 



 

 

For many isotope systems and techniques the relatively large analytical uncertainty will 

mean that an age, regardless of what it is actually recording, is likely within uncertainty of the 

impact age. However, higher-precision data may not be (see discussion in Schmieder et al., 

2018). With the increasing ability to obtain precise data for many isotopic systems, it is 

important to critically evaluate what process is being dated and whether the age is suitable for 

correlation of events. 

Of the 26 terrestrial impact craters that have been assigned absolute ages with less than 2 

% uncertainty (Meier and Holm-Alwmark, 2017, and references therein) most have been dated 

with the 
40

Ar/
39

Ar method, five have been dated with the U-Pb system in zircon and other 

minerals which crystallised from coherent bodies of impact melt, and four have precise 

stratigraphic constraints (Jourdan et al., 2009, 2012; Jourdan, 2012). U-Pb geochronology of 

shocked accessory phases such as zircon (e.g., Moser, 1997; Moser et al., 2011; Cavosie et al., 

2015a; Kenny et al., 2017), monazite (e.g., Erickson et al., 2017b), baddeleyite (e.g., White et al., 

2017) and titanite (e.g., Papapavlou et al., 2018) has successfully reproduced many of these ages, 

albeit often at lower precision. Other methods that have utility in dating terrestrial impact 

structures include (U-Th)/He dating of minerals such as zircon, apatite and titanite (e.g., van 

Soest et al., 2011; Wartho et al., 2012; Young et al., 2013; Biren et al., 2014, 2016) and U-Pb 

geochronology of hydrothermal minerals (e.g., hydrothermal titanite; Ames et al., 1998). 

1.1. Some considerations for common methods of radiometric impact chronology 

Each isotope system and analytical approach in radiometric impact chronology has 

potential pitfalls (e.g., inherited 
40

Ar
*
 in 

40
Ar/

39
Ar dating or post-impact Pb loss from 

micrometre-scale granules in shock-recrystallised zircon); the considerations below assume a 



 

 

priori that the data in question have been evaluated with regard to these issues and are robust, 

and instead concern the interpretation of what the ages represent. 

The 
40

Ar/
39

Ar method is a powerful tool for dating impacts. However, a single crater can 

record a range of 
40

Ar/
39

Ar ages that are not within uncertainty of each other. For example, the 

approximately 23 km-in-diameter Lappajärvi crater, Finland, displays a number of 
40

Ar/
39

Ar 

ages that differ by at least 0.6 Myr when analytical uncertainties are considered (Schmieder and 

Jourdan, 2013). The ≥23 km-in-diameter Rochechouart crater, France, displays apparent 

40
Ar/

39
Ar ages that differ by at least 2 Myr (Schmieder et al., 2010; recalculated age listed in 

Jourdan et al., 2012; Cohen et al., 2017) and the approximately 24 km-in-diameter Nördlinger 

Ries crater, Germany, displays 
40

Ar/
39

Ar ages which differ by at least 60 kyr (Schmieder et al., 

2018). In the case of the Nördlinger Ries crater, in addition to the available 
40

Ar/
39

Ar data, 

petrographic and strontium isotope data also indicate that hydrothermal activity lasted for about 

250 kyr after impact (Arp et al., 2013). These ranges are interpreted to represent differential 

cooling of different domains of the craters (e.g., bodies or sheets of impact melt versus a central 

uplift, an annular crater moat, or the crater rim region in complex impact craters) through the 

relatively low closure temperature of the 
40

Ar/
39

Ar system (~150-350 °C for K-feldspar, ~225–

300 ºC for plagioclase, ~250-300 °C for biotite, ~300-350 °C for muscovite and ~500-550 °C for 

hornblende; Cassata et al., 2009; Carlson, 2011). These examples urge caution in the 

interpretation of single 
40

Ar/
39

Ar ages for impact sites even when the data appear robust 

(Schmieder and Jourdan, 2013). 

Zircon that crystallised from coherent bodies of melt in impact structures (e.g., an impact 

melt sheet or a large body of pseudotachylitic breccia) and is, therefore, unshocked has been 

used to date the Vredefort (Kamo et al., 1996), Sudbury (e.g., Davis, 2008), Manicouagan 



 

 

(Hodych and Dunning, 1992), Morokweng (Hart et al., 1997; Koeberl et al., 1997) and Mistastin 

Lake (Sylvester et al., 2013) impact structures. Isotope dilution thermal ionisation mass 

spectrometry (ID-TIMS) analysis of zircon from all of these sites has given ages with 2σ 

uncertainties less, or much less, than 1 %. The relatively high closure temperature of the U-Pb 

system in zircon (>900 °C; Cherniak and Watson, 2001, 2003) means that these ages are likely to 

be within uncertainty of the actual impact event because the initial cooling of the superheated 

impact melt (from temperatures >2,000 ºC down to subsolidus conditions) is rapid (Bischoff and 

Stöffler, 1984). However, slow cooling of very large impact melt bodies can result in 

complexities in high precision data. For example, Davis (2008) reported weighted average zircon 

U-Pb crystallisation ages for the base and middle of the up to 4 km-thick Sudbury impact melt 

sheet that are distinguishable at 2σ uncertainty (1849.53 ± 0.21 Ma and 1849.11 ± 0.19 Ma, 

respectively). If the oldest age is interpreted as the best estimate age of the impact, the younger 

one is not within uncertainty of this event. However, given the size of the Sudbury impact 

structure, the more protracted crystallisation of 0.1–1.0 Myr implied for igneous zircon 

associated with that event is unlikely to be relevant to many other terrestrial craters given their 

smaller melt volumes. 

Shock-metamorphosed zircon can exhibit a range of features, such as twinning, 

dissociation into zirconia and silica, preservation of the high-pressure ZrSiO4 polymorph reidite, 

and recrystallisation, i.e. the growth of neoblasts and the formation of a granular texture (Timms 

et al., 2017a, and references therein). Shock recrystallized zircon has so far shown the best 

potential for recording an impact age (e.g., Moser et al., 2011; Cavosie et al., 2015a; Kenny et 

al., 2017), whereas grains with other shock features, such as twinning or reidite, have not yet 

been employed in dating impacts but have utility in, for example, determining target rock ages 



 

 

and sources of detrital shocked material (e.g., Erickson et al., 2013b; Timms et al., 2017b). 

Neoblasts in shock-recrystallised grains have been documented to range from the sub-

micrometre scale to ~100 µm in size and appear to have a number of formation mechanisms. 

Small neoblasts (generally <5 µm) have been reported from numerous impact environments 

including shocked and partially shock-melted target rocks (Cavosie et al., 2016), impact melts 

(Kamo et al., 1996), lunar breccia (Grange et al., 2013), terrestrial impact breccia (Krogh et al., 

1996), distal ejecta deposits (Bohor et al., 1993), tektites (Deloule et al., 2001; Cavosie et al., 

2018a) and meteorites (Zhang et al., 2011). Electron backscatter diffraction (EBSD) 

investigations of finely granular shocked zircon at a number of craters (e.g., Cavosie et al., 2016; 

Erickson et al., 2017a; Timms et al., 2017a) indicate that at least some examples of this texture 

developed during or after shock decompression at high-T where zircon is stable (i.e., 

temperatures ≤1,673 ºC; Timms et al., 2017a). It appears likely that for most analytical methods 

this will be within analytical uncertainty of the impact event. Large neoblasts (generally 5-100 

µm) appear to be less common; in situ occurrences have only been reported for noritic impact 

melts emplaced beneath the Vredefort impact melt sheet (Moser, 1997; Moser et al., 2011) and a 

granodioritic melt associated with the roof rocks of the Sudbury impact melt sheet (Kenny et al., 

2017) while ex situ occurrences include modern alluvium at Vredefort (Cavosie et al., 2015a), 

Holocene sand in an esker at Sudbury (Thomson et al., 2014) and lunar breccia (Crow et al., 

2017). The size, cathodoluminescence-visible internal zoning, and sometimes euhedral nature of 

large neoblasts suggest that they form as a result of relatively protracted, post-impact growth at 

high-temperature (Moser et al., 2011; Kenny et al., 2017). Despite the relatively protracted 

nature of large neoblast formation, at the current level of analytical precision (~1 % on 



 

 

Palaeoproterozoic ages; Moser et al., 2011; Kenny et al., 2017) this is also accurately recording 

the age of the impact event. 

The goals of this study are to evaluate the accuracy with which shock-recrystallised 

zircon U-Pb and multi-phase 
40

Ar/
39

Ar dating can record the age of impact at a medium-sized, 

relatively slowly cooled Phanerozoic impact crater. In addition to implications for accurate 

dating of impact events, this study may also shed light on the longevity of impact-induced 

hydrothermal systems and, in turn, the calculation of impact structure cooling rates. These aims 

are addressed by presenting the first concordant zircon U-Pb data for the approximately 23 km-

in-diameter Lappajärvi impact crater, Finland, for which a well-established 
40

Ar/
39

Ar framework 

exists (Schmieder and Jourdan, 2013). As outlined by Öhman (2018), this study comes on a 

triple anniversary for the Lappajärvi crater – the 160
th

 anniversary of the first description of its 

impact melt rocks (Holmberg, 1858), the 50
th

 anniversary of the identification of planar 

deformation features (PDFs) in quartz (Svensson, 1968), and the 20
th

 anniversary of the 

discovery of impact diamonds (Langenhorst et al., 1999) – which has been marked by the 

creation of a new Craterlake Geotrail at the site (Öhman, 2017). 

1.2. Previous dating of the Lappajärvi impact structure 

The Lappajärvi crater is an approximately 23 km-in-diameter structure located in 

Palaeoproterozoic (ca. 1.90-1.87 Ga) metamorphic-crystalline rocks of the Svecofennian 

Province of the Baltic (Fennoscandian) Shield, which, at the time of impact, was locally overlain 

by sedimentary rocks of Mesoproterozoic and Palaeozoic age (Uutela, 1990, 1998; Pipping and 

Lehtinen, 1992; Korsman et al., 1997; Vaarma and Pipping, 1997; Fig. 1). Previous 
40

Ar/
39

Ar 

dating and shocked zircon U-Pb geochronology have indicated a late Cretaceous (Campanian) 

age for the impact event, meaning that Lappajärvi is likely to be the youngest currently known 



 

 

Finnish impact crater (Jessberger and Reimold, 1980; Mänttäri and Koivisto, 2001; Schmieder 

and Jourdan, 2013). 

 Jessberger and Reimold (1980) reported an 
40

Ar/
39

Ar age of 77.3 ± 0.4 Ma (0.5 %; all 

uncertainties are reported at 2σ unless otherwise stated) for the impact melt rock at Lappajärvi. 

They reported results for four samples with dates ranging from 78.6 ± 1.6 Ma to 76.6 ± 0.6 

(calculated using K decay constants of Steiger and Jäger, 1977) but excluded the apparently 

oldest and youngest samples (which included step ages above 80 Ma and below 73 Ma, 

respectively) and obtained the 77.3 ± 0.4 Ma age by averaging the two intermediate results. 

However, we note that the B4M (muscovite) fluence monitor used in the Jessberger and Reimold 

(1980) study has recently been shown to be somewhat heterogeneous (Heri et al., 2014) and, 

therefore, it is not appropriate to directly compare this age to more recently obtained 
40

Ar/
39

Ar 

and U-Pb data at a very high level of precision. 

 Schmieder and Jourdan (2013) reported results for step-heating 
40

Ar/
39

Ar analyses on six 

impact melt rock samples at Lappajärvi as well as recrystallised K-feldspar melt particles 

separated from a boulder of impact-metamorphosed granite found approximately 10 km south of 

the crater. The latter material was, more specifically, in situ-melted, vesiculated and 

recrystallized K-feldspar in a strongly shocked and partially melted coarse-grained granite, in 

which discrete K-feldspar domains are still in place next to microcrystalline and locally ballen-

textured silica and decomposed mica flakes. The six individual melt rock analyses were 

indistinguishable within error, giving an age of 76.37 ± 0.46 Ma. In contrast, the K-feldspar melt 

particles yielded seven ‘plateau ages’ ranging from 76.11 ± 0.35 Ma to 75.11 ± 0.36 Ma. We 

note that, in contrast to the 
40

Ar/
39

Ar data of Jessberger and Reimold (1980), Schmieder and 

Jourdan's (2013) data was calculated using the K decay constants of Renne et al. (2010, 2011). 



 

 

Schmieder and Jourdan (2013) combined the melt rock plateau ages with the apparently oldest, 

and syn-melt rock, K-feldspar date to give a ‘best estimate’ age for the Lappajärvi impact crater 

of 76.20 ± 0.29 Ma (0.4 %). The spread of 1.1 ± 0.5 Myr between the ‘best estimate’ age and the 

youngest K-feldspar melt separates was interpreted to represent prolonged crater cooling and 

impact-induced hydrothermal activity. Schmieder and Jourdan (2013) outlined a number of 

variable factors at Lappajärvi that may have delayed crater cooling. These include (i) an 

increased local geothermal gradient in response to impact-induced uplift coupled with (ii) 

residual heat from shock and friction within the central uplifted domain; (iii) a potentially 

relatively ‘dry’ state of the crystalline target rock resulting in relatively slow conductive heat 

transfer from the centre of the structure, (iv) the permeability of the target rocks (numerical 

models suggest that lower permeability values increase the theoretical duration of hydrothermal 

activity; Abramov and Kring, 2004, 2007; Osinski et al., 2013), and/or (v) the insulation of K-

feldspar-hosting granite clasts within or underneath a thick (≥145 m; Pipping and Lehtinen, 

1992; Varma and Pipping, 1997) and potentially dense and impermeable melt sheet. The 

presence of a localised impact-induced hydrothermal system at Lappajärvi is supported by the 

local deposition of phyllosilicate minerals, such as kaolinite, and pyrite but the generally fresh 

state of the impact melt rocks demonstrates that alteration was not uniform throughout the 

structure (Schmieder and Jourdan, 2013). 

 Mänttäri and Koivisto (2001) reported SIMS U-Pb data for five zircon grains separated 

from a “suevite boulder” found in an esker approximately 10 km from the centre of the crater. 

Analyses performed on two of the grains gave U-Pb data which lie close to concordia at ca. 1800 

Ma, whereas analyses on three grains showing significant recrystallisation in scanning electron 

microscopy (SEM) backscattered electron (BSE) imaging defined a zircon U-Pb discordia line 



 

 

with intercepts at 1854 ± 51 Ma and 73.3 ± 5.3 Ma (MSWD = 3.3; n = 12; 7.2 % uncertainty on 

the lower intercept). Mänttäri and Koivisto (2001) interpreted the lower ‘intercept age’ as the 

time of the impact event. Despite its imprecision, this result from the U-Pb isotope system lends 

strong support to a late Cretaceous impact age. 

2. SAMPLES AND ANALYTICAL TECHNIQUES 

A sample of clast-poor impact melt rock (known locally as kärnäite) was recovered from 

the northwest part of Kärnä Island in the centre of the Lappajärvi impact structure (Fig. 1). The 

same sample was used by Schmieder and Jourdan (2013) for laser step heating 
40

Ar/
39

Ar dating, 

allowing direct comparison of the new data presented here with theirs. Detailed petrography and 

geochemistry of the Lappajärvi melt rocks has been reported by, for example, Reimold (1982) 

and Tagle et al. (2007). Shock metamorphic features in the impact melt rock include quartz 

grains exhibiting PDFs, grains of ballen silica and phenocrysts of checkerboard feldspar – all of 

which are hosted in a microcrystalline melt matrix dominated by plagioclase and orthopyroxene 

(e.g., Lehtinen, 1976; Schmieder and Jourdan, 2013). 

Following standard mineral separation procedures (crushing, milling, magnetic separation 

and heavy liquid separation), zircon grains from the melt rock sample (lab number n5747) were 

picked and placed on conductive carbon tabs. The stub and grains were then coated in a thin 

layer of carbon and the grain exteriors were imaged in BSE mode on an FEI Quanta FEG 650 

SEM at the Swedish Museum of Natural History, Stockholm, Sweden, using an electron beam 

accelerating voltage of 20 kV and a working distance of 10 mm. The grains were subsequently 

mounted in 2.5 cm-diameter epoxy mounts and polished to expose their midsections, which were 

then imaged in cathodoluminescence (CL) mode, with a Gatan ChromaCL2 system attached to 

the above SEM, as well as BSE mode. 



 

 

Zircon U-Pb secondary ion mass spectrometrer (SIMS) analyses were performed on the 

CAMECA IMS1280 ion microprobe at the NordSIMS Laboratory, Swedish Museum of Natural 

History. The analytical procedure largely followed that described in detail by Whitehouse et al. 

(1999) and Whitehouse and Kamber (2005). The primary beam was operated in aperture 

illumination (Köhler) mode, yielding an analysis pit approximately 10 µm across. This beam 

size, smaller than the 15 or 20 µm-diameter spot typically used for routine zircon geochronology, 

enabled targeting of discrete zones within heterogeneously recrystallised grains (Fig. 2). 22 

analyses were made on nine grains in the course of three analytical sessions. In all sessions 

91500 standard zircon (ID-TIMS 
206

Pb/
238

U age = 1062.4 ± 0.8 Ma; Wiedenbeck et al., 1995) 

was used as the calibration reference material and Temora 2 (ID-TIMS 
206

Pb/
238

U age = 416.78 ± 

0.33 Ma; Black et al., 2004) was analysed as a secondary reference material. Full U-Pb data for 

the analyses on Temora 2 can be found in the Supplementary data table 2. In summary, two 

analyses on Temora 2 gave a weighted average 
206

Pb/
238

U age of 420 ± 12 Ma (2.8 %; all 

uncertainties reported at 2σ unless otherwise stated; mean square of weighted deviates [MSWD] 

= 0.31; probability = 0.58; one of three analyses was excluded) in the first analytical session, five 

analyses gave an age of 418.2 ± 5.4 Ma (1.3 %; MSWD = 0.16; probability = 0.96) in the second 

session, and three analyses gave an age of 419.1 ± 5.9 Ma (1.4 %; MSWD = 0.45; probability = 

0.64). These are all consistent with the accepted age of the standard. In the first of the three 

analytical sessions, each SIMS zircon analysis consisted of 12 acquisition cycles. This was 

increased to 18 for the second and third sessions and this resulted in better precision in these 

sessions. A routine correction for common Pb (Pbc) was applied during post-acquisition 

processing of the U-Pb data. The percentage of common 
206

Pb in the total measured 
206

Pb was 

estimated from measured 
204

Pb (Supplementary data table 1), assuming a modern-day Stacey and 



 

 

Kramers (1975) Pb composition, i.e. that Pbc encountered in the analyses is likely to be modern 

and related to unavoidable sample contamination (in crevices) during polishing of the grain 

mount (Zeck and Whitehouse, 1999). If the Pbc is not modern as assumed but actually ancient, 

the U-Pb ages reported here will be slightly over-corrected, i.e. slightly too young. This 

difference is negligible and recalculating U-Pb data at Lappajärvi assuming, for example, 1.9 Ga 

Pbc results in a U-Pb concordia age 0.14 Ma (<0.2 %) older than the one reported here. 

EBSD analysis was performed with an EDAX Hikari Super EBSD detector and TEAM 

software installed in an FEI Quanta 200 FEG SEM at the Scientific Center for Optical and 

Electron Microscopy (ScopeM), ETH Zürich. The methodology closely followed that of Kenny 

et al. (2017), and is similar to the established protocols of, for example, Cavosie et al. (2015a,b, 

2016); Reddy et al. (2015), Erickson et al. (2017a) and Timms et al. (2017a). After SIMS 

analysis, the epoxy grain mount was polished with 1 µm diamond paste to remove the 1-2 µm-

deep ion microprobe pits. The mount was then polished with 0.25 µm diamond paste and, finally, 

a colloidal silica suspension. EBSD automated mapping was performed on uncoated samples 

with the SEM operated in low vacuum mode (20 Pa H2O pressure) with an accelerating voltage 

of 20 kV, beam current of 8 nA and a working distance of 15 mm. Orientation data were 

collected at a 400 nm step size with an acquisition speed of about 150 patterns per second, with 

electron backscatter pattern (EBSP) binning of 5 x 5 pixels. EBSD background was collected for 

a total of 100 frames before subtraction from the patterns. Individual zircon grains were mapped 

using only the zircon reflector list (Hazen and Finger, 1979; 1 atm), and later reprocessed using 

the Neighbour Pattern Averaging and Reindexing (NPAR) feature from EDAX (Wright et al., 

2015) in OIM 8. During reprocessing, the reflector lists for reidite (Farnan et al., 2003; 0.69 

GPa), baddeleyite (monoclinic ZrO2; Howard et al., 1988), tetragonal ZrO2 (Howard et al., 



 

 

1988), cubic ZrO2 (Wyckoff 1963), orthorhombic ZrO2 (Suyama et al., 1987), quartz (Sands, 

1969), cristobalite (Downs and Palmer, 1994) and coesite (Kirfe et al., 1979) were added. Post-

acquisition data processing in OIM followed the routine outlined in detail by Kenny et al. (2017). 

The processing can result in either more or less data points being included in the final image than 

were initially indexed; the number of data points which indexed as zircon before/after processing 

in the three analysed grains are as follows: grain z2 – 241,245/247,085; grain z3 – 

366,594/361,414; grain z4 – 165,666/124,358. 

3. RESULTS 

3.1. Imaging 

Granular textures are the most prominent impact-induced feature of the recovered 

Lappajärvi zircon grains. Granules, up to 5 um in dimension, are visible on the exteriors and/or 

interiors of most grains (Fig. 2). Three grains (n5747-z2, -z3 and -z4) appear to be almost 

entirely granular (Fig. 2A-I). Material interstitial to the granules that is darker in BSE imaging 

(Fig. 2B, E, H) was found, by energy dispersive x-ray analysis (EDX), to be SiO2. The material 

did not index during EBSD analysis, demonstrating that it is likely glass. It is noted that granular 

textures in zircon are not uniquely impact-related features (e.g., Piazolo et al., 2012) and ex situ 

(e.g., detrital) occurrences should be treated with caution (Cavosie et al., 2015a). However, the 

recovery of these granular grains from an impact melt rock at Lappajärvi clearly indicates an 

impact origin. Given the presence of granular textures, it is perhaps surprising that no clear 

potentially shock-related planar microstructures (e.g., Wittmann et al., 2006; Erickson et al., 

2013a) were identified in the course of exterior and interior imaging; nor were domains of ZrO2 

(e.g., Schmieder et al., 2015; Timms et al., 2017a) observed. However, we note that some 

fractures appear to be partially filled with glass (e.g., Fig. 2K, N) and may be similar in nature to 



 

 

so-called curviplanar features documented in shocked zircon at, for example, Vredefort (Moser 

et al., 2011). 

3.2. EBSD analysis 

Orientation mapping was performed on three zircon grains that displayed pervasive 

granular textures (n5747-z2, -z3 and -z4). All three grains contain individual neoblasts with low 

degrees of local misorientation (Fig. 3A-C), indicative of strain-free, post-impact growth (cf. 

Moser et al., 2011; Cavosie et al., 2015a, 2016; Kenny et al., 2017). In local misorientation maps 

(Figs. 3A-C) the only distinction between granules in zircon grains z2 and z3 and those in grain 

z4 seems to be related to granule size; the granules are larger in z4 (modal diameter of ~5 µm in 

the studied plane) than in grains z2 and z3 (modal diameter of ~2 µm). However, there is a clear 

difference between grains z2 and z3 and grain z4 in terms of the relative crystallographic 

orientation of individual granules. Grains z2 and z3 are composed of multiple polycrystalline 

domains that are up to approximately 20 µm in diameter and composed of between ten and thirty 

similarly oriented granules (Fig. 3D-E). In contrast, grain z4 is composed entirely of similarly 

oriented granules (Fig. 3F). 

The observation of multiple domains within grains z2 and z3 presents an opportunity to 

study the grains for systematic orientation relationships that might be indicative of their phase 

heritage (Timms et al., 2017a). For example, the former presence of the high-pressure ZrSiO4 

polymorph, reidite, as well as shock-indicative twinning, can be inferred from specific 

orientation relations even when the grain has been reverted during cooling and is now composed 

solely of zircon (e.g., Cavosie et al., 2016, 2018a,b; Timms et al., 2017a). Grain z2 at Lappajärvi 

preserves at least one example of a systematic orientation relationship. Two neighbouring 

domains (highlighted in Fig. 3D) are observed to have (i) poles to (001) aligned with a <110> 



 

 

direction of the other domain, (ii) alignment of the second <110> for each domain, and (iii) 

alignment of a {100} with {112} of the other domain (Fig. 3G). These relations are the same as 

those described between zircon and the high-pressure polymorph, reidite (Leroux et al, 1999; 

Cavosie et al., 2015b; Reddy et al., 2015; Erickson et al., 2017a). Such relations in granular 

neoblastic zircon have been cited to indicate the former presence of this polymorph at Meteor 

Crater, USA (Cavosie et al., 2016); the Acraman impact structure, Australia (Timms et al., 

2017a), the Luizi impact structure, Democratic Republic of Congo (Cavosie et al., 2018b), the 

Pantasma structure of proposed impact origin, Nicaragua (Cavosie et al., 2018b) and in tektites 

of the Australasian strewn field (Cavosie et al., 2018a). The distinct relationship between some 

of the domains in granular zircon z2, therefore, provides evidence for the high-pressure 

polymorph’s former presence in this grain. Studies of coexisting phases in natural samples (e.g., 

Wittmann et al., 2006) and shock experiments (e.g., Kusaba et al., 1985; Leroux et al., 1999) 

have suggested that reidite formation requires shock pressures ≥30 GPa. The documentation of 

former reidite at Lappajärvi, therefore, indicates that pressures of at least 30 GPa were reached at 

this site. Regarding temperatures reached at the crater, previous work suggested that at the time 

of incorporation of clastic debris the temperature of the impact melt was in the range of 1800-

2100°C (Bischoff and Stöffler, 1984). However, we note that partial dissociation of zircon into 

zirconia (ZrO2) and silica (SiO2) phases is expected to occur at temperatures above 1673°C (e.g., 

Timms et al., 2017a) but was not observed in the approximately 20 zircon grains recovered in 

this study. This could indicate that the impact melt did not actually reach temperatures in excess 

of 1673°C or that, if it did, the zircon grains in this study were not directly exposed to these 

temperatures, for example, by being within a clast as opposed to being in direct contact with the 

melt. 



 

 

3.3. SIMS U-Pb analysis 

The U-Pb data for zircon grains studied here define a discordant array with an imprecise 

Palaeoproterozoic upper intercept and a Cretaceous lower intercept (Fig. 4A). This trend is 

similar to that observed by Mänttäri and Koivisto (2001) but, critically, the new dataset contains 

the first reported U-Pb results on concordia at the lower intercept. Eight analyses on the two 

granular zircon grains with multiple domains of similarly oriented neoblasts (n5747-z2 and -z3) 

yield a U-Pb concordia age of 77.85 ± 0.78 Ma (1.0 %; MSWD = 0.60; probability = 0.87; n = 8; 

2σ; full external uncertainty, decay constant uncertainties considered; Fig. 4B) – within 

uncertainty of the published lower intercept age but more precise. Three other analyses on these 

two grains plotted back along the discordant array (Fig. 4B), an effect related to the 

incorporation of incompletely recrystallized material that retained pre-impact radiogenic Pb. The 

incorporation of minor amounts of SiO2 glass interstitial to granules (Fig. 2) in the SIMS 

analyses is not likely to have affected the U-Pb results, which is supported by the weak scatter in 

the data (low MSWD). ZrO2 was not observed in the course of imaging (where it would appear 

brighter than zircon in BSE images) or EBSD analysis of the shocked grains at Lappajärvi. This 

is an important observation because its presence would adversely affect the calibration of U/Pb 

relative sensitivity factors and thus bias the final U/Pb ratios and ages; e.g., Crow et al. (2017) 

documented slight apparent reverse discordance in recrystallised lunar zircon with ZrO2 cores in 

some granules. 

Calculation of a discordia line through the data reported here gives a lower intercept age 

of 78.2 ± 2.2 (2.8 %; MSWD = 8.4; n = 21; excluding one analysis with an Archean 
207

Pb/
206

Pb 

age). This is consistent with the concordia age but less precise. Similarly, Mänttäri and Koivisto's 

(2001) discordia line had a relatively imprecise lower intercept age, 73.3 ± 5.3 (7.2 %; n = 12), 



 

 

and a somewhat high MSWD of 3.3. The imprecision in the intercept ages, and the associated 

scatter in the data highlighted by the MSWD statistics, appear to be the result of the zircon grains 

having a range of pre-impact ages. Regarding the upper end of the discordant array, Mänttäri and 

Koivisto (2001) reported two grains lying on or close to concordia at ca. 1785 Ma (one analysis 

was concordant at 1778 ± 56 Ma). However, of the apparently older analyses in the new dataset 

(which were on non-granular regions of partially granular grains), the analysis closest to the 

concordia curve has a 
207

Pb/
206

Pb date of 1981 ± 30 Ma. These zircon ages are consistent with 

the established ages of the bedrock in the Lappajärvi area – Svecofennian schists and granitoids 

(ca. 1.9 Ga) and granites and pegmatites (ca. 1.8 Ga) (Korsman et al., 1997; Mänttäri and 

Koivisto, 2001). The recognition of multiple Palaeoproterozoic zircon dates in at least our 

sample of impact melt rock, and likely also in Mänttäri and Koivisto's (2001) “suevite”, indicates 

that zircon grains may have been sourced from various types of target rock of variable age during 

impact, and that the calculation of a single discordia line is, in such cases, not ideal. 

A single grain in the new dataset (n5747-z5, which was partial granular) has an Archean 

207
Pb/

206
Pb date of 2683 ± 60 Ma (Supplementary data table 1). If the discordance is largely 

related to its apparently impact-induced partial recrystallisation (Fig. 2J-L), a ca. 2.8 Ga pre-

impact age is likely. This is in agreement with detrital zircon U-Pb ages obtained for 

metasedimentary rocks of the Svecofennian Province of the Baltic Shield (e.g., Claesson et al., 

1993) and suggests that the grain may have been a detrital zircon in the sedimentary portion of 

the target rocks. 

 

 

 



 

 

4. DISCUSSION 

4.1. Age of the Lappajärvi impact event 

The U-Pb concordia age of 77.85 ± 0.78 Ma (1.0 %; MSWD = 0.60; probability = 0.87; n 

= 8; 2σ) is interpreted to be the most accurate estimate for the age of the Lappajärvi impact 

event. This is the first age for shock-recrystallised zircon from a Phanerozoic impact crater to 

have better than, or equal to, 1.0 % uncertainty. U-Pb. The zircon U-Pb age is resolvable from 

the previously published 
40

Ar/
39

Ar data for the impact melt rock (76.37 ± 0.46 Ma), the ‘best 

estimate’ 
40

Ar/
39

Ar age for the impact crater (76.20 ± 0.29 Ma) and younger 
40

Ar/
39

Ar K-feldspar 

dates as recent as 75.11 ± 0.36 Ma (Fig. 5; Schmieder and Jourdan, 2013). We note that the 77.3 

± 0.4 Ma 
40

Ar/
39

Ar age reported by Jessberger and Reimold (1980) is within uncertainty of our 

U-Pb result and appears to be more precise. However, this 
40

Ar/
39

Ar age seems to be statistically 

less robust than that of Schmieder and Jourdan (2013) and may be compromised by an outdated 

age and compositional inhomogeneity of the dating standard (Heri et al., 2014). 

The interpretation of U-Pb data for finely granular zircon requires careful consideration 

of a number of factors. The small diffusion domain size of micrometre-scale neoblasts means 

that their U-Pb system may more likely to be compromised at lower temperatures and timescales 

than zircon grains which are 10s to 100s of µm in size (Schmieder et al., 2015). Post-impact Pb 

loss has resulted in erroneously young apparent ages for granular zircon at a number of terrestrial 

impact sites (e.g., Krogh et al., 1993; Kamo et al., 1996; Krogh et al., 1996; Kamo et al., 2011; 

Tohver et al., 2012; Schmieder et al., 2015). However, the consistency of the multiple analyses 

on the granular zircon grains from Lappajärvi (low MSWD; Fig. 4B) suggests that the grains 

have not suffered variable degrees of post-impact Pb loss as is typical of compromised grains. 

Insignificant Pb loss is also supported by the contiguousness of the U-Pb and 
40

Ar/
39

Ar data (Fig. 



 

 

5). Another issue to consider is that of inheritance possibly giving an erroneously old age. This 

refers to the SIMS analysis sampling either: i) non-recrystallised domains of the zircon, or ii) 

‘old’ Pb from the original pre-impact crystal that might conceivably be occupying interstitial 

space between the neoblasts. The large age difference of >1.7 Gyr between zircon in the target 

rocks and the impact event at Lappajärvi allows scrutiny of this. In this case, inherited 

Palaeoproterozoic-aged material will give analyses with a higher 
207

Pb/
206

Pb ratio, resulting in 

their plotting above the concordia line. This appears to have been the case for grain n5747-z4, 

which plots close to the lower intercept of the discordant array but lies above the concordia line, 

along the discordant trend (Fig. 4B). The concordant analyses on grains n5747-z2 and -z3 have 

not incorporated any extraneous ‘old’ Pb. Note, however, that this would be difficult to evaluate 

for craters for which there is not a sufficiently large age gap between the target rocks and the 

impact event (e.g., at the Araguainha and Vargeão Dome impact structures, Brazil; Tohver et al., 

2012; Nédélec et al., 2013), and inheritance would slide analyses along the concordia line. The 

high angle at which a discordant array will intersect the concordia curve is one reason that U-Pb 

analysis of shock-recrystallised zircon is well suited for the dating of Phanerozoic impact craters 

on, for example, the Precambrian Baltic Shield. A final consideration is the effect of the Pbc 

correction applied to the U-Pb data in post-acquisition processing. As is routine (Zeck and 

Whitehouse, 1999), we here applied a correction based on the Pb evolution model of Stacey and 

Kramers (1975), assuming that Pbc is modern, i.e., 0 Ga. This means that the U-Pb age reported 

here is the youngest possible estimate. If some or all of the Pbc is actually ancient, the true U-Pb 

age will be slightly older. However, this effect is negligible as in a ‘worst-case’ scenario (in 

which all Pbc in the Lappajärvi analyses dates to the ca. 1.9 Ga crystallisation age of most of the 



 

 

grains) the recalculated concordia age would be just 0.14 Ma (<0.2 %) older than the one 

reported here. 

4.2. Post-impact cooling of the Lappajärvi impact crater  

The range in 
40

Ar/
39

Ar ages documented at Lappajärvi has previously been interpreted as 

evidence for cooling and hydrothermally activity at the structure lasting at least 600 kyr after the 

initial rapid cooling of the impact melt (Schmieder and Jourdan, 2013). Although large impact 

basins are likely to host extensive hydrothermal alteration systems that may be active on an 

approximately 1 Myr timescale (e.g., modelling of Abramov and Kring, 2004, 2007), the 

40
Ar/

39
Ar data for the 23 km-in-diameter Lappajärvi structure offered one of the first suggestions 

that medium-sized impact craters may also, under certain conditions and at least locally, host 

similarly long-lived systems. As outlined by Schmieder and Jourdan (2013), a number of 

variable factors at Lappajärvi may have delayed crater cooling. These include an increased local 

geothermal gradient in response to impact-induced uplift; residual heat from shock and friction 

within the central uplifted crater domain; crystallization heat released during hydrothermal 

alteration; a potentially ‘dry’ state of the target rock resulting in relatively slow conductive heat 

transfer from the centre of the structure; the permeability of the target rocks (with lower 

permeability increasing the duration of hydrothermal activity); and/or the insulation of K-

feldspar-hosting granite clasts within or underneath a thick (≥145 m; Pipping and Lehtinen, 

1992; Varma and Pipping, 1997) and potentially dense and impermeable impact melt sheet.  

The U-Pb concordia age reported here appears to extend the duration of post-impact 

cooling (Fig. 5). The U-Pb concordia age is interpreted to most accurately reflect the time of 

impact, sampling a high isotopic closure temperature (>900ºC; Cherniak and Watson, 2001, 

2003), and the younger 
40

Ar/
39

Ar cooling ages appear to record the subsequent passing 



 

 

of different domains of the crater through the 
40

Ar/
39

Ar system’s lower closure 

temperature windows during cooling of the structure. There is a discrepancy of at least 240 kyr 

between the U-Pb concordia age for shock-recrystallized zircon and the 
40

Ar/
39

Ar age for the 

same impact melt rock, and an offset of >1 Myr between the zircon age and 
40

Ar/
39

Ar data for 

recystallised K-feldspar melt particles from a boulder of shock-metamorphosed and partial 

melted granite pegmatite sampled approximately 10 km south of the crater (Fig. 5). This raises 

the possibility that temperatures >200ºC may have lasted locally for at least 1 Myr. 

Despite the strong evidence for extended crater cooling at Lappajärvi (including variation 

within the 
40

Ar/
39

Ar dataset alone), the possibility that at least part of the observed range in ages 

might be related to imperfect integration of the U-Pb and 
40

Ar/
39

Ar isotope systems also needs to 

be considered. Although this remains a possibility, much recent U-Pb and Ar/Ar work on the 

Cretaceous-Palaeogene (K-Pg) boundary and surrounding magnetochrons suggests the two 

isotopic chronometers are converging (e.g., Renne et al., 2013; Clyde et al., 2016; Sprain et al., 

2015, 2018; also see discussions on the intercalibration of the U-Pb and Ar/Ar chronometers in, 

e.g., Min et al., 2000; Villeneuve et al., 2000; Renne et al., 2010, 2011; Schwarz et al., 2011). 

4.3. Implications for the accurate dating of impact events 

The new temporal framework for the formation and cooling of the Lappajärvi impact 

crater (Fig. 5) has important implications for the accurate dating of impact events. The resolvable 

disparity between zircon U-Pb and 
40

Ar/
39

Ar ages indicates that even the oldest, statistically 

robust 
40

Ar/
39

Ar ages obtained at craters of approximately Lappajärvi-size may not accurately 

record the timing of the impact event within a few hundred kyr. 
40

Ar/
39

Ar cooling ages from 

crater-hosted impactites may, therefore, not always be suitable for very high-resolution 

correlations, such as the correlation of impact events with mass extinctions. If a crater cools 



 

 

quickly enough, 
40

Ar/
39

Ar cooling ages may be within analytical uncertainty of the impact age 

but if there is evidence for prolonged cooling and/or hydrothermal activity (e.g., in the form of a 

range of 
40

Ar/
39

Ar cooling ages) this may not be the case. It is important to note that in contrast 

to crater-hosted impactites discussed here, impact melt/glass from distal ejecta (e.g., tektites and 

microtektites) outside their source craters is likely to have cooled very quickly after landing, and 

may be more likely to record the ‘true’ impact age in the 
40

Ar/
39

Ar system (Renne et al., 2017; 

Schmieder et al., 2018). 

The high closure temperature of the U-Pb system in zircon and the timeline for the 

Lappajärvi crater reported here suggest that robust U-Pb data for shock-recrystallised zircon are 

more likely to represent the impact age. Dating the crystallisation of an impact melt body or 

sheet with the U-Pb system in unshocked, newly crystallised zircon avoids concerns regarding 

inheritance or post-impact Pb loss in finely granular zircon and remains the most robust means 

for acquiring an accurate and precise age for an impact event from crater-hosted impactites. 

However, the apparent rarity of newly crystallised igneous zircon at terrestrial impact craters 

indicates that shock-recrystallised grains are likely to have wider utility. 

As demonstrated by the age framework for the Lappajärvi structure (Fig. 5), multi-phase, 

multi-isotope system studies are ideal for dating impact events as geologic processes. A dataset 

such as this takes advantage of the relative strengths of different methods and enhances 

confidence in determining whether an age is likely to be within uncertainty of the impact event 

or is recording later cooling. Last but not least, recording the thermal stages of the impact 

cratering process using various geochrono-thermometers helps constrain the time-temperature 

characteristics and lifetime of post-impact cooling and associated hydrothermal activity, enabling 

assessment of the potentially crucial role of cooling impact craters as habitats for microbial life 



 

 

on the early Earth (e.g., Kring, 2003; Abramov and Kring, 2004, 2005, 2007; Schmieder and 

Jourdan, 2013). 

4.4. EBSD analysis in geochronology of granular zircon 

EBSD studies of shocked zircon suggest that zircon neoblasts in recrystallized, granular 

grains can nucleate from, at least, (i) the host grain’s orientation, (ii) shock twins and/or (iii) 

reidite (Timms et al., 2017a). Where the last of these has been identified, it has been referred to 

as the presence of Former Reidite In Granular Neoblastic zircon, or FRIGN zircon (Cavosie et 

al., 2018b). Larger neoblasts, which can reach 100 µm in dimension and do not appear to have 

systematic crystallographic orientations (e.g., Moser et al., 2011; Cavosie et al., 2015a; Kenny et 

al., 2017), represent an additional type of granular zircon related to protracted, post-impact 

growth in a heat- and/or fluid-rich crater environment (Moser et al., 2011; Kenny et al., 2017). 

Understanding if certain types of neoblasts, or polycrystalline granular domains thereof, are more 

likely than others to give an accurate impact age is clearly important for shocked zircon 

geochronology and the dating of terrestrial and extra-terrestrial impact craters. 

At Lappajärvi EBSD microstructural analysis distinguished between the two granular 

zircon grains that record the impact age and the granular grain that does not (Fig. 3D-E 

compared to Fig. 3F). In this case, the granular zircon grains that are composed of multiple 

orientation domains indicative of phase transitions (i.e., zircon to reidite and back to zircon; 

FRIGN zircon) record the impact age whereas the granular grain with neoblasts that crystallised 

with the host grain’s orientation does not. The different U-Pb results for the two types of shock-

recrystallized zircon might be a result of (i) the process of multiple phase transitions in the 

FRIGN zircon offering more opportunity for pre-impact radiogenic Pb to be expelled, (ii) more 

pervasive and complete recrystallisation of the FRIGN zircon relative to the non-FRIGN zircon 



 

 

granular grain, and/or (iii) analyses on the FRIGN zircon grains being less likely to incorporate 

material interstitial to neoblasts which could theoretically host pre-impact radiogenic Pb. The last 

is considered the least likely given that analyses on grain z2 at Lappajärvi (which gave a 

concordant impact age) appear to have incorporated as much interstitial SiO2 glass as grain z4 

(which retained pre-impact radiogenic Pb) – compare Figs 2B and 2H. 

This result may have important implications for the study of shock-recrystallised zircon 

at other impact craters. Zircon that has multiple domains of similarly oriented neoblasts (such as 

granular grains where FRIGN zircon is identified) may be more likely to record an accurate 

impact age than zircon with neoblasts sharing the host grain’s initial orientation. This may be 

useful in (i) the selection of grains to target for shocked zircon U-Pb studies, and (ii) evaluation 

and interpretation of discordant arrays after U-Pb analysis. This might have particular utility in 

the interpretation of discordant arrays that are approximately parallel to the concordia line (e.g., 

Tohver et al., 2012), i.e. for craters where there is a relatively small difference between target 

rock zircon ages and the age of the impact event. 

 

5. CONCLUSIONS 

 The U-Pb concordia age for shock-recrystallised zircon reported here – 77.85 ± 0.78 Ma 

(1.0 %; MSWD = 0.60; probability = 0.87; n = 8; 2σ; full external uncertainty) – is 

interpreted to be the most accurate estimate currently available for the timing of the 

Lappajärvi impact event. 

 The new age for the Lappajärvi impact event increases the estimated extent of prolonged 

crater cooling and impact-induced hydrothermal activity at the crater and raises the 

possibility that temperatures >200ºC may have lasted locally for at least 1 Myr. 



 

 

 The resolvable disparity between the zircon U-Pb and 
40

Ar/
39

Ar data indicates that even 

the oldest statistically robust 
40

Ar/
39

Ar ages obtained at medium- and large-sized impact 

craters may not accurately record the timing of an impact event at a kyr level. 

 The Lappajärvi impact structure is the first Phanerozoic impact structure dated by U-Pb 

analysis of shock-recrystallised zircon to better than, or equal to, 1.0 % uncertainty and 

further demonstrates that well-characterised granular zircon is likely to have wide utility 

in the accurate and precise dating of terrestrial impact craters. 

 At Lappajärvi EBSD analysis distinguished between granular zircon that recorded the 

impact age (those with multiple, distinctly oriented domains which have systematic 

orientation relationships) and a granular grain that was only partially age-reset (that with 

neoblasts oriented in the same orientation as the host grain). This may be useful for the 

interpretation of U-Pb data for granular zircon at other craters, particularly those where 

there is a relatively small difference between the target rock and impact ages. 
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FIGURES 

 

Figure 1. Geological map of the Lappajärvi impact crater, Finland (redrawn from Vaarma and 

Pipping, 1997; their Fig. 12). Legend after Vaarma and Pipping (1997). Approximate sample 

location indicated by white star. Lakes are shown in blue. 

 

 



 

 

 

Figure. 2. Imaging of zircon grains analysed for U-Pb geochronology. Ion microprobe analyses 

conducted in the first two analytical sessions (solid ellipses) were performed on the interior 

surfaces shown. Analyses in the third analytical session (dashed ellipses) were performed on a 



 

 

slightly deeper surface after the grains were repolished to remove the existing pits. BSE – 

backscattered electron imaging; CL – cathodoluminescence imaging.  

 

 

Figure. 2. Continued. 

 

 

 



 

 

 

Figure 3. EBSD microstructural data for three granular zircon grains at Lappajärvi. All images 

are rendered at the same scale. A-C: Maps coloured for misorientation – specifically, kernel 



 

 

average misorientation (KAM). Here, each data point is considered to lie at the centre of a 

hexagonal kernel. The local misorientation value assigned to the centre point is the average 

misorientation between this point and its first- and second-degree neighbours (i.e., the 18 

surrounding data points). This allows effective visualization of local misorientation. Ion 

microprobe analyses in the third analytical session (solid ellipses) were performed on the surface 

shown whereas analyses conducted in the first two analytical sessions (dashed ellipses) were 

performed on a slightly shallower surface before the grains were repolished for EBSD analysis. 

D-F: Maps coloured for the inset inverse pole figure (IPF). G-I: Pole figures plotted in lower 

hemisphere, equal area projection. The pole figure in G shows data for domains I and II in zircon 

grain #2 (as delineated in D) whereas the pole figures in H and I show all data for the 

corresponding grains (zircon #3 and zircon #4, respectively). Domain boundaries in zircon #2 in 

panel D were defined automatically by point pairs with a minimum angular misorientation 

arbitrarily set to 15°. 

 



 

 

 

Figure 4. Tera-Wasserburg U-Pb concordia diagrams for shocked zircon. Ellipses are plotted at 

2σ uncertainty level. All uncertainties, including those related to the decay constants, are 

included. MSWD – mean square of weighted deviates. 

 



 

 

 

Figure 5. Ages for the Lappajärvi impact crater. A comparison of (i) the U-Pb concordia age 

(77.85 ± 0.78 Ma) with (ii) the 
40

Ar/
39

Ar age of the impact melt rock (76.37 ± 0.46 Ma), (iii) the 

previous ‘best estimate’ impact age calculated from the impact melt rock and oldest K-feldspar 

melt particle separate (76.20 ± 0.29 Ma), (iv) the weighted average of the four youngest K-

feldspar melt particle separates (75.38 ± 0.38 Ma) and (v) the youngest K-feldspar melt particle 

separate (75.11 ± 0.36 Ma). (ii-v) from Schmieder and Jourdan (2013). The K-feldspar melt 

separates are from a boulder of shock-metamorphosed and partial melted granite sampled 

approximately 10 km south of the crater (Schmieder and Jourdan, 2013). Closure temperature for 

Ar in the whole-rock samples of impact melt is unknown. All uncertainties, including those 

related to the decay constants, are included.
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