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Abstract

The possibility of a ‘‘death from above” cause for biotic crises and extinction events is intriguing, to say the least, but such
claims must be supported by reliable and reproducible data, not only impact diagnostic criteria, but also accurate and precise
radioisotopic ages of the impact structures/events. To date, only one example of such an impact-related global extinction
event is confirmed, at the end of the Cretaceous period.

Here we present and discuss results of newly obtained 40Ar/39Ar data from step heating analysis of impact melt rock sam-
ples from the 40 km-in-diameter Puchezh-Katunki impact structure, Russia, which allow us to precisely and accurately date
its formation at 195.9 ± 1.0 Ma (2r; P = 0.10). Based on these new data, we challenge the proposed temporal correlation with
as many as five different extinction events (including the end-Triassic mass extinction) that were based on previous age esti-
mations ranging from �164 to 203 Ma. Our new age for the formation of the Puchezh-Katunki impact structure allows us to
exclude a relationship between this impact event and a known extinction event.

We also show that careful sample preparation and methodology can overcome problems with inherited and trapped 40Ar,
issues that are common when dating impact melt rocks. This is supported by 40Ar* diffusion and mixing numerical models
showing that the most prominent negative effects in the case of the Puchezh-Katunki impact melt rock samples are caused
by hydrothermal alteration and undegassed melt rock domains present in an otherwise homogenized melt rock. Numerical
modeling also shows that the 40Ar* from high-Ca inherited crystals or clasts is decoupled from the melt rock during step heat-
ing experiments allowing to safely recover a plateau age.

Finally, our results highlight the importance of improving the database of ages of impact structures and show that caution
should be practiced when suggesting connections between specific impact events and extinction events, especially in the case of
poorly dated impact structures.
https://doi.org/10.1016/j.gca.2021.03.001
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1. INTRODUCTION

Geochemical evidence for a collision of a large (�10 km)
extraterrestrial body with Earth at the end of the Creta-
ceous, �66 million years ago, and the conclusion that this
event was the cause for the global Cretaceous-Paleogene
(K-Pg) boundary extinction event (Alvarez et al., 1980;
see also Toon et al., 1997; Kring, 2007; Schulte et al.,
2010; Kaiho et al., 2016; Artemieva et al., 2017) triggered
an intense worldwide search for evidence of other impact
events that could be temporally correlated to other
extinction events and major biologic crises; this quest is still
ongoing (see e.g., discussions in French and Koeberl, 2010;
Racki, 2012, and references therein). To date, other than
the K-Pg boundary, no convincing links between impact
events and any other extinction events have been presented
(see discussions in French and Koeberl, 2010, and refer-
ences therein). The possibility that the small extinction
event at the end-middle Norian (Upper Triassic) is con-
nected with the formation of the Manicouagan impact
structure, Canada (Onoue et al., 2016), cannot be excluded,
but neither confirmed, based on currently available data.
Aside from these cases, numerous inconclusive and non-
replicable studies have been published and were extensively
and critically discussed (see e.g., Reimold, 2007; French and
Koeberl, 2010; Jourdan et al., 2012; Racki, 2012; Schmieder
et al., 2014).

Connecting extinction events with specific impact events
is complicated by the fact that the inventory of terrestrial
impact craters remains largely incomplete, due to, for
example, the rejuvenation of the crust by erosion, tectonic
overprint, and post-impact sedimentary cover. In addition,
our understanding of impact diagnostic markers in sedi-
mentary strata is far from complete, especially in the case
of target rocks that lack quartz or when dealing with
extraterrestrial projectiles with indistinct geochemical sig-
natures, such as achondrites. On top of these considera-
tions, the age of a large number of the confirmed
terrestrial impact structures are poorly constrained, compli-
cating attempts to link known extinction events with con-
firmed impact structures. In fact, as of 2020, 200 impact
structures are listed in the compilation of terrestrial crater
ages, and only 36 of them have ages with a precision better
than ±2% at the two-sigma level (Schmieder and Kring,
2020; see also earlier work by Jourdan, 2012; Jourdan
et al., 2009, 2012). Thanks to the advance of modern mass
spectrometry, precision at the ±several ‰ level on isotopic
ages is now achievable and even expected for well-behaved
samples, with for example a precision of ±0.14 % (all uncer-
tainties are given at 2r throughout the text) for the mol-
davite (Central European) tektites (14.808 ± 0.021 [0.038,
including decay constant uncertainties] Ma; Schmieder
et al., 2018), ± 0.36 % for the Australasian tektites
(788.1 ± 2.8 [3.0] ka; Jourdan et al., 2019) and even as pre-
cise as ±0.033 % when a very large number of concordant
analyses are pooled together, as for the Chicxulub impact
(66.043 ± 0.022 [0.086] Ma; Renne et al., 2013).

In the present study, we challenge the proposed link
between the formation of the 40 km-in-diameter Puchezh-
Katunki impact structure and any of the following extinc-
tion events that were previously considered to be coeval
with the impact (see e.g., Pálfy 2004), namely: (1) the end-
Triassic extinction (201.3 ± 0.2 Ma (206Pb/238U);
Blackburn et al., 2013; Schmitz, 2020); (2) the
Pliensbachian-Toarcian extinction (Toarcian turnover)
which has been dated to 183.8 ± 0.4 Ma by astronomical
constraints (Ruhl et al., 2016); (3) the Toarcian ocean
anoxic event which has been estimated to be slightly
younger than 183.22 ± 0.25 Ma based on zircon ID-TIMS
U-Pb dating; (Sell et al., 2014); (4) the suggested
Bajocian-Bathonian extinction event at 168.2 ± 1.2 Ma
(Raup and Sepkoski, 1986; Rampino and Caldeira, 2015;
Rampino and Caldeira, 2017; Rampino et al., 2019; age cal-
ibrated with magnetostratigraphy; Hesselbo et al., 2020);
and (5) the minor extinction event at the Sinemurian-
Pliensbachian Stage boundary (192.9 ± 0.3 Ma; see
Rampino, 2020, age calibrated with cycle duration;
Hesselbo et al., 2020). All these extinction events happened
during the large time interval that comprises the hitherto
suggested formation age range for the Puchezh-Katunki
impact structure, from �164 to 203 Ma (Fig. 1;
Mashchak, 1999; see also Holm-Alwmark et al., 2019).
The most recent age estimates of Puchezh-Katunki are
192–196 Ma (Holm-Alwmark et al., 2019) and 190–
192 Ma (Naumov et al., 2020). The 192–196 Ma interval
(Holm-Alwmark et al., 2019) was a best estimate of results
of 40Ar/39Ar analysis of five impact melt rock samples of
which only one aliquot yielded a plateau comprising
more than 70% of the 39Ar released, with an age of
193.7 ± 1.1 Ma. Basing determination of crater ages on
one plateau age only is problematic when dating impact melt
rock samples because of potential artifacts that can yield
‘‘fake” plateau/isochron ages due to the complex nature of
impact melt rocks (cf., examples from the Jänisjärvi impact
structure dated by Jourdan et al., 2008, and the Acraman
impact structure dated by Baldwin et al., 1991 and
Schmieder et al., 2015a). In addition to the plateau age,
Holm-Alwmark et al. (2019) obtained two mini-plateau
(containing 50–70% 39Ar released) ages, one of which was
not coeval with the plateau age, which is why a preferred
time interval of formation for Puchezh-Katunki was pre-
sented in that study rather than the one plateau age. The
190–192 Ma interval (Naumov et al., 2020) was presented
as the likely formation age based on combined analysis of,
at the time, available radioisotopic data, palynology, and
constraints from geological observations.

http://creativecommons.org/licenses/by-nc-nd/4.0/
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Fig. 1. Range of ages (in million years) proposed for the formation
of the Puchezh-Katunki impact structure. aMashchak (1999),
bBogorodskaya and Tumanov (1980), Masaitis et al. (1996),
Masaitis and Pevzner (1999), cHolm-Alwmark et al. (2019),
dNaumov et al. (2020). For references to environmental/biotic
events that have been suggested to possibly be synchronous with
the impact event, see the main text. Chronostratigraphy after
Cohen et al. (2013; updated).
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Here we present new 40Ar/39Ar data on impact melt
rock samples from the Vorotilovo Deep Well drill core,
retrieved from the center of the Puchezh-Katunki impact
structure (Masaitis and Naumov, 2020). The new age
obtained for the structure provides valuable data regarding
the proposed relationships between this impact event and
Mesozoic extinction events, contributing to the improve-
ment of the age database of terrestrial impact structures.
We also further discuss other similar cases of extinction/
biotic events for which a relationship with an impact event
has been proposed. We illustrate the critical role of the
40Ar/39Ar method for determining ages of impact events.
The method provides even more precise ages since the
recent technological leap in multi-collection noble gas mass
spectrometers (see e.g., Schmieder et al., 2018; Jourdan
et al., 2019). Using the present data combined with numer-
ical simulations of 40Ar* diffusion and mixing, we show that
some of the drawbacks of the method (Jourdan, 2012), e.g.,
sensitivity of the system to sample alteration, the presence
of partly degassed clasts in the sample, or the presence of
inherited 40Ar*, can be overcome by careful sample prepa-
ration and methodology (see also e.g., Jourdan et al., 2009,
2012).

2. IMPACT STRUCTURES AND EXTINCTIONS/

BIOTIC EVENTS

At least five major mass extinctions during the Phanero-
zoic (Raup and Sepkoski, 1982; see also, e.g., MacLeod,
2014) have abruptly changed the course of the evolution
of life, forcing biotic recoveries and leading to new oppor-
tunities for the surviving species. There are a number of
extinction episodes in addition to ‘‘the big five”, including
numerous smaller extinctions known collectively as back-
ground extinctions (e.g., Raup and Sepkoski, 1982;
Benton, 1995; Sepkoski, 1996; Hallam and Wignall, 1997;
Bambach, 2006; Ogg et al., 2016; Stanley, 2016). Through-
out this work, we refer to extinction events as biosphere
perturbations that are extensive, leading to significant
extinction levels of species of organisms (e.g., Raup, 1992;
Hallam and Wignall, 1997). We also refer to biotic events,
which are less severe, perhaps regional, and that are far
more common in the geologic record than major extinction
events (e.g., Patzkowsky and Holland, 1993; Bond and
Grasby, 2017). The causes of the five large extinction events
have been extensively investigated and discussed (see
reviews by e.g., MacLeod, 2014; Bond and Grasby, 2017),
with different suggestions on the kill mechanisms, that are
also relevant for other extinction events than the ‘‘big five”,
including widespread ocean anoxia, eustatic sea-level
change, ocean acidification, toxic metal poisoning, or cli-
mate change (e.g., induced by changes in Earth’s atmo-
spheric greenhouse gases; see Bond and Grasby, 2017,
and references therein). The top contenders as drivers for
the kill mechanisms are either large igneous province
(LIP) volcanism or bolide impact (although there are
numerous other potential/suggested drivers; see Bond and
Grasby, 2017, and references therein).

As stated above, to date only one global mass extinction
– the end-Cretaceous extinction – has been confirmed to be
linked to an impact event. It is still very much debated how
the drivers for kill mechanisms (impact-related or not)
operate. It is also not resolved why these events sometimes
cause development of unhospitable conditions on Earth
that lead to mass extinction, while sometimes not. Complex
interactions between different Earth dynamics, such as con-
tinental configuration at the time of LIP volcanism, could
be one of the reasons (e.g., Bond and Grasby, 2017). For
example, some LIPs, with major magma contributions,
are not coincident with known extinction events (e.g., the
Parana-Etendeka LIP; significant lava eruptions during
the Cretaceous; Bond and Grasby, 2017). Likewise, there
are relatively large impact craters that cannot be temporally
correlated with any recognized extinction events, such as
the Chesapeake Bay (85 km-in-diameter, USA), formed at
34.86 ± 0.32 Ma (Assis Fernandes et al., 2019) and Popigai
impact structures (�100 km-in-diameter, Russia), formed
at 36.63 ± 0.92 Ma (Bottomley et al., 1997; age updated
by Schmieder and Kring, 2020). This is especially notewor-
thy considering that the two impact events are temporally
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placed very close to each other, and could have had a cumu-
lative effect on the climate.

However, impact cratering involves a sudden and
extreme release of energy that inevitably causes havoc and
mayhem, globally or regionally depending on the magni-
tude of the event. Smaller-scale extinction events are impor-
tant for the understanding of how life has evolved through
time (e.g., Patzkowsky and Holland, 1993), especially as
these are more frequent than large-scale extinction events
in the fossil record throughout the Phanerozoic. Many such
extinction events could have been caused by impacts. Raup
(1992) estimates that the big five extinction events account
for only 4% of species extinctions during the Phanerozoic.
It is currently not known how big an impact crater
‘‘should” be before it affects the biosphere, even on a
regional scale, especially as the effects rely on a combination
of impactor size, velocity, trajectory, target characteristics,
and even during which period of time the impact takes
place. For example, Kring (2002) and Walkden and
Parker (2008) elaborate on that ambient environmental
conditions and biodiversity at the time of an impact event
controls global mean temperature change induced by
release of CO2 into the atmosphere (a CO2-rich atmosphere
is less vulnerable to additional CO2), as well as soot injec-
tion caused by impact-induced firestorms, which depend
on how much biomass is on land at the time of the impact
event. It is likely, however, that an impact crater must
exceed 100 km in diameter to potentially have caused a glo-
bal extinction event (e.g., Toon et al., 1997; Poag, 1997). In
this contribution we also discuss the importance of smaller
impact events and extinctions. For this purpose, we show in
Fig. 2. Plot of age difference between impact structures and extinction/bi
structures and extinction/biotic events. Impact structures with ages mor
(36.63 ± 0.92 Ma; Bottomley et al., 1997; age updated by Schmieder an
correlation with the Eocene-Oligocene boundary (e.g., Schmieder and Kri
20 km-in-diameter are included in this figure (see discussion in text). Not
and gray stars represent correlations with two different extinction/bio
Araguainha and the Permian-Triassic mass extinction is shown, see inset f
star for Tookoonooka is plotted at a 125 ± 1 Ma age, but the error bar s
what specific extintion/biotic event is compared with each impact structu
Fig. 2 (see also Table 1) impact structures with diameters of
at least 20 km that have age estimates with uncertainties no
larger than ±2% (see discussion in e.g., Jourdan et al.,
2012), and that were formed within ± 5 Ma of such an
event.

3. GEOLOGICAL SETTING OF THE PUCHEZH-

KATUNKI STRUCTURE AND PREVIOUS AGE

ESTIMATES

3.1. The Puchezh-Katunki impact structure

The Puchezh-Katunki impact structure is located in the
central part of the East European platform, in the Privolzh-
sky Federal District of Russia (N 56�580, E 43�430; Fig. 3),
�400 km northeast of Moscow (Masaitis and Naumov,
2020). The structure is well-preserved with an 8–10 km-in-
diameter central uplift surrounded by an annular depression
that is about 40 km in diameter (e.g., Masaitis et al., 1996;
Masaitis and Pevzner, 1999). The collapsed transient crater
diameter of the Puchezh-Katunki impact structure is
reported as 40 km (Earth Impact Database (EIDB)
accessed in May 2020), whereas the �80 km-in-diameter
mentioned in many previous studies (e.g., Feld’man et al.,
1984; Masaitis et al., 1996; Masaitis, 1999; Pálfy, 2004;
Masaitis et al., 2020a) rather represents an estimation of
the maximum damage diameter.

The impact structure is presently buried under a maxi-
mum of 120 m of Upper Jurassic, Cretaceous, and Cenozoic
sediments (Masaitis and Pevzner, 1999; Mashchak and
Naumov, 2020). The structure only crops out along the
otic events. Timescale shows temporal relationships between impact
e precise than ±2% are included, which means that, e.g., Popigai
d Kring, 2020) is excluded despite the possible apparent temporal
ng, 2020, and references therein). Only impact structures larger than
e that temporal correlation is not the same thing as causality. Black
tic events. In the main figure, the temporal relationship between
or other correlations associated with Araguainha. Note also that the
hows the �121.8 to 123.8 Ma age as well. For ages and error bars,
re, and for details and references, see Table 1.



Table 1
List of impact structures and biosphere events displayed in Fig. 2.

Impact structure Size (km)a Age (Ma; impact structure)a Biosphere event Age (Ma; bioshpere event) Age difference
impact -
biosphere event
(Ma)

Reference (biosphere event)

Ries/Steinheim 24/3.8 14.808 ± 0.038 Middle Miocene 11.6 3.17–3.25 Sepkoski (1996), see also Rampino (2020)
Chesapeake Bay �40 to 85 34.86 ± 0.32 Eocene-Oligocene 33.9 0.64–1.28 e.g., Prothero (1994); Pearson et al. (2008); age

Cohen et al. (2013; updated)
Mistastin Lake 28 37.83 ± 0.05 Eocene-Oligocene 33.9 3.88–3.98 e.g., Prothero (1994); Pearson et al. (2008); age

Cohen et al. (2013; updated)
Chicxulub 180 66.052 ± 0.043 Cretaceous-

Paleogene
66 0.01–0.10 Sepkoski (1996), age Cohen et al. (2013; updated)

Boltysh 24 65.80 ± 0.67 Cretaceous-
Paleogene

66 0–0.87 Sepkoski (1996), age Cohen et al. (2013; updated)

Manson 35 75.9 ± 0.1 Upper Campanian 74 1.8–2.0 Rampino (2020) and references therein
Lappajärvi 23 77.85 ± 0.78 Upper Campanian 74 3.07–4.63 Rampino (2020) and references therein
Tookoonooka 55 125 ± 1; �121.8 to 123.8? Aptian �120 1.8–6.0 Sepkoski (1996), see also Rampino (2020)
Mjølnir 20–40 �143.0 ± 2 Tithonian (J-Cr) 145 0–4.0 Sepkoski (1996), see also Rampino (2020), age

Cohen et al. (2013; updated)
Morokweng 70 146.06 ± 0.16 Tithonian (J-Cr) 145 0.90–1.22 Sepkoski (1996), see also Rampino (2020), age

Cohen et al. (2013; updated)
Puchezh-Katunki
(black star)

40 195.9 ± 1.0 End-Sinemurian 192.9 ± 0.3 1.7–4.3 Rampino (2020) and references therein, age Hesselbo
et al. (2020)

Puchezh-Katunki
(gray star)

40 195.9 ± 1.0 Rhaetian 201.3 ± 0.2 6.6–4.2 Sepkoski (1996), see also Rampino (2020), age
Cohen et al. (2013; updated)

Rochechouart 23–40 206.92 ± 0.32 End-Norian �208.5 1.90–1.26 Onoue et al. (2016), age Cohen et al. (2013; updated)
Manicouagan 100 215.56 ± 0.05 End-Middle Norian 215 0.61–0.51 Sepkoski (1996), see also Rampino (2020) and Onoue

et al. (2016)
Lake Saint Martin 40 227.8 ± 0.9 Carnian 232–234 3.3–7.1 Dal Corso et al. (2020)
Araguainha 40 254.7 ± 2.5; 259 ± 5; 251.5

± 2.9
Induan 251.5 0–12.5 Stanley (2009); Stanley (2016)

Araguainha 40 See above Olenekian 249.2 0–14.8 Zhang et al. (2019)
Araguainha 40 See above P-Tr 251.9 0–12.1 Sepkoski (1996), see also Rampino (2020), age

Cohen et al. (2013; updated)
Araguainha 40 See above Capitanian/end-

Guadalupian
�262 (Bond et al., 2015)
259.8 (Rampino, 2020)

0–13.4 Bond et al. (2015); Rampino (2020)

Siljan (black star) 52 380.9 ± 4.6 Givetian/Taghanic
event

�385 0–8.7 Talent et al. (1993); Stanley (2016); Cohen et al.
(2013; updated)

Siljan (gray star) 52 See above Frasnian-
Famennian

372.2 ± 1.6 15.1–2.5 Sepkoski (1996): age Cohen et al. (2013; updated)

Carswell 39 481.5 ± 0.8 Late
Trempealeauan/
end-Cambrian

485.4 ± 1.9 1.2–6.6 Bambach (2006); Bond & Grasby (2017; age Cohen
et al., 2013: updated).

a 2r errors. For sizes and ages of impact structures (except Puchezh-Katunki, age from this study), see Schmieder and Kring, 2020, and references therein.
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Fig. 3. Map showing the location of the Puchezh-Katunki impact structure (top). Geological map of the Puchezh-Katunki impact structure
(bottom; modified after Masaitis et al., 1996; Holm-Alwmark et al., 2019; Masaitis and Naumov, 2020). The crater lake, and later deposits are
not displayed on the map.
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Volga River, on the western edge of the structure. The target
consists of Archean to Paleoproterozoic crystalline base-
ment overlain by �2000 m of terrigenous, carbonate, and
evaporite rocks, Neoproterozoic, Paleozoic, and Lower Tri-
assic in age (Mashchak and Naumov, 2020). Up to 450 m of
clay and clastic sediments were deposited in the lake-filled
crater after its formation. These sediments include units con-
sisting of reworked impactites, and the overlying Kovernino
Formation (Masaitis et al., 1996; Naumov et al. 2020, and
references therein). Almost 180 drill holes, one of which
reached a depth of 5374 m (i.e., the Vorotilovo deep drill
hole, VDDH; Fig. 2), has allowed the investigation of the
entire structure and of its various types of impactites (for
detailed information on the drilling, see Masaitis and
Pevzner, 1999; Masaitis and Naumov, 2020).

3.2. Previous age estimates

The commonly quoted 167 ± 3 Ma (i.e., Bajocian, Mid-
dle Jurassic) formation age of the Puchezh-Katunki impact
structure is based on palynostratigraphic analysis per-
formed by G. E. Donskova on the oldest crater lake-
filling sediments, and was used in e.g., Bogorodskaya and
Tumanov (1980), Masaitis et al. (1996), Masaitis (1999),
and Masaitis and Pevzner (1999). Other age estimates
include a Late Triassic to Early Jurassic age based on
stratigraphic studies by Firsov (1973), and an age of
�215–220 Ma using the presence of glass fragments inter-
preted to be impact ejecta from Puchezh-Katunki that were
recovered in Triassic sediments (Feld’man et al., 1984).
Schmieder and Buchner (2008) concluded, based on paleo-
geography and lack of marine sediments, that Puchezh-
Katunki has a minimum age in the range of Late Triassic
to Early Middle Jurassic (>170 Ma).

Mashchak (1999) presented the first results of radioiso-
topic dating of impactites from Puchezh-Katunki with five
K-Ar ages that range from 183 ± 5 Ma to 200 ± 3 Ma.
These apparent ages were however interpreted to result from
contamination of the investigated impact melt rock samples
by old Archean target lithologies, therefore the palynologi-
cal age for the impact event was still considered to be the
best age estimate. Moreover, Jourdan (2012) and Jourdan
et al. (2012) have shown that K/Ar ages are unsuitable to
confidently date impact events as it is not possible to charac-
terize the effects of alteration and/or inherited 40Ar*.
Holm-Alwmark et al. (2016) reported a preliminary age esti-
mate for the impact event using the 40Ar/39Ar technique
applied to an impact melt rock sample which suggested an
age of 192.0 ± 0.8 Ma. This 40Ar/39Ar age was revised in
Holm-Alwmark et al. (2019) to 192–196 Ma, and was sup-
ported by new palynological investigation of crater-fill sedi-
ments. However, in a recent review of the collected
palynological and radioisotopic data available for
Puchezh-Katunki, Naumov et al. (2020) favor an age of
190–192 Ma for the formation of Puchezh-Katunki. They
conclude that at present, a precise age remains obscure,
and that the Early Jurassic age based on 40Ar/39Ar
geochronology and palynology presented by Holm-
Alwmark et al. (2019) is in contradiction with paleogeo-
graphic and geologic evidence.
4. MATERIAL AND METHODS

4.1. Samples

Five samples of impact melt rock from the upper part of
the 5374 m deep VDDH were selected for this study; V931,
V1018, V1144, V1218, and V1251 (the sample numbers cor-
respond to depth below the surface in meters). A detailed
description of the chemical composition, as well as the pet-
rographic features, of impact melt rocks from the Puchezh-
Katunki structure is given in Masaitis et al. (2020a).

The selected samples show various textures, clast con-
tent, and abundance of vesicles (Fig. 4). They range from
holocrystalline (samples V1144, V1218, and V1251) to
hypohyaline (samples V931 and V1018), and they all con-
tain clasts of various sizes. Here we list the main character-
istics of the investigated samples. Because we have analyzed
the same types of impact melt rock, sampled from the same
intervals of the VDDH core as in Holm-Alwmark et al.
(2019), readers are referred to that publication for a
detailed description of the samples.

Sample V931 is a gray and compact impact melt rock (in
hand specimen). Under the optical microscope a dark
brown to black, partly glassy, microcrystalline matrix with
flow texture is visible. The clast content is up to �40%, and
consists of lithic rock clasts dominated by quartz and feld-
spar, and single crystals of quartz, feldspar, and opaque
minerals. Two distinct phases are observed, one darker,
glassier, and less devitrified than the other one.

Sample V1018 is a gray, compact, impact melt rock
with flow textures (in hand specimen). Under the micro-
scope three different regions that define the flow texture
are apparent. The regions are: (1) Light-colored region
dominated by fibrous, �50–150 lm long crystals of zeolite
that are surrounded by aphanitic, dark and glassy, mate-
rial; (2) Greenish region dominated by saponite crystals;
and (3) Microcrystalline brown-colored region with abun-
dant Fe-rich and Ti-rich opaque grains and crystals of
saponite, with pockets of recrystallized plagioclase. This
sample contains very few clasts, which in thin section were
characterized as single mineral crystals of either ilmenite
or apatite.

Sample V1144 is a gray, vesicular (vesicles up to 5 mm in
size) impact melt rock with some clasts (in hand specimen).
Under the microscope it is well-crystallized, relatively clast-
poor (10%), with a fine-grained matrix that consists mainly
of needle-shaped 50–100 lm long plagioclase crystals
alongside pyroxene, quartz, opaque minerals, and an extre-
mely fine-grained clayey phase. The clasts are either poly-
crystalline (dusty/cloudy) quartz or fragments consisting
of quartz, calcite, and mafic minerals.

Sample V1218 is a gray impact melt rock with spherical
vesicles (up to 2 mm in size) and �25% clasts (in hand spec-
imen). The matrix is crystalline and dominated by needle-
shaped plagioclase crystals, that are up to 200 lm long,
forming quench-textured star-shaped aggregates together
with pyroxene and minute (<10 lm) titanite crystals in a
brown fine-grained material. The clasts primarily consist
of finely crystalline mosaic quartz, some of which have pre-
served a melt texture.
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Sample V1251 is a gray, compact, impact melt rock con-
taining �40–50% clasts (in hand specimen). The crystalline
matrix is very fine-grained with needle-shaped plagioclase
(�<20 lm long), minute pyroxene crystals (<10 lm), ilme-
nite, and dark brown fine-grained material. The clasts dom-
inantly consist of polycrystalline quartz, but lithic clasts are
also present.

4.2. Methodology

4.2.1. Sample preparation and irradiation

Small fragments (�200 mg or less) of each of the impact
melt rock samples were crushed with care manually with a
mortar and pestle, washed with distilled water, and dried.
Material was hand-picked for analysis using a binocular
microscope in order to select the freshest and most
homogeneous material as possible. The selected material
was further leached in diluted hydrofluoric acid for one
minute and then thoroughly rinsed with distilled water in
an ultrasonic cleaner. The samples were loaded into two
1.9 cm-diameter and 0.3 cm-depth Al discs that contain
multiple smaller sample wells. All sample wells containing
impact melt rock separates were surrounded by sample
wells that carried the well characterized and intercalibrated
GA1550 neutron fluence monitor (99.738 (±0.10%); Renne
et al., 1998; Renne et al., 2011). The sample disks were Cd-
shielded (to minimize undesirable nuclear interference reac-
tions) and irradiated for 40 h in the Cadmium-Lined in-
Core Irradiation Tube (CLICIT) facility of the TRIGA
reactor (Oregon State University, USA).

40Ar/39Ar analyses were carried out at the Western Aus-
tralian Argon Isotope Facility, at Curtin University. For
each sample, a single impact melt rock grain with the min-
imum possible size (i.e., between 125 and 315 lm in diame-
ter) to ensure maximum sample homogeneity, was step-
heated using a continuous 100 W PhotonMachine� CO2

(IR, 10.4 lm) laser fired on the aliquot material for 60 sec-
onds. All standard crystals were measured on the ARGUS
VI and fused in a single step. The gas was purified in an
extra low-volume stainless steel extraction line of 240 cm3,
set up to run with a single SAES AP10 getter. Ar isotopes
were measured in static mode using a low-volume
(600 cm3) ARGUS VI mass spectrometer from Thermo
Fisher� (Kennedy et al., 2019) set with a permanent mass
resolution of � 200 atomic mass units. Measurements were
carried out in multi-collection mode using three Faraday
cups equipped with three 1012 ohm (masses 40; 38; and
37) and one 1013 ohm (mass 39) resistor amplifiers and a
Fig. 4. Scanned polished thin sections and photomicrographs of the inves
structure. (a) Sample V931. Outlined with the dotted line are examples o
other phase. (b) Sample V1018. 1 = Light-colored region, 2 = Greenish r
sample V931. Note two sets of shock-induced planar microstructures in t
texture of sample V1018 (PPL). Zeolite (beige areas) with opaque phases (
(whiteish, cloudy areas), surrounded by melt (black regions) that is partly
V1144 (PPL). Large clast dominated by mosaic quartz in matrix consisti
matrix in sample V1218 (PPL). Note the texture of the matrix with plagi
Clasts are quartz (left) and a fragment (right) dominated by polycrystalli
matrix in sample V1251 (PPL). The fragment is dominated by polycrystall
plagioclase and pyroxene. Note that some clasts have a black rim of pyrox

3

low background compact discrete dynode (CDD) ion coun-
ter to measure mass 36. We measured the relative abun-
dance of each mass simultaneously during 10 cycles of
peak-hopping and 16 seconds of integration time for each
mass. Detectors were calibrated and normalized to each
other through the intensity of ion beams as measured by
air shots. Blanks were analyzed for every three to four
incremental heating steps and typical 40Ar blanks range
from 2 � 10�16 to 4 � 10�16 mol. Mass discrimination
was monitored using an automatic air pipette, and yielded
mean values of 0.99196 (±0.02%; 1r) per Dalton (atomic
mass unit) for the series of analysis carried out in this
study.

The average J-value calculated from the GA1550 stan-
dard grains in the surrounding pits was 0.0106598
(±0.05%). The correction factors for interfering isotopes
were (39Ar/37Ar)Ca = 6.95 � 10�4 (±1.3%), (36Ar/37-
Ar)Ca = 2.65 � 10�4 (±0.83%) measured on CaF2 and (40-
Ar/39Ar)K = 7.02 � 10�4 (±12%) determined on K-Fe
glass (Renne et al., 2013). Ar isotopic data were corrected
for blank, mass discrimination, and radioactive decay. Indi-
vidual uncertainties are reported in Annex 1 at the 1r level
unless otherwise indicated. All age spectra are reported in
Fig. 5 and all inverse isochron plots are given in Fig. 6.
All data are given in Annex 1.

4.3. Data processing

The Ar isotopic data (Annex 1) were processed using the
ArArCALC software (Koppers, 2002), and the ages were
calculated using the decay constants recommended by
Renne et al. (2011). All analytical parameters and relative
abundance values are provided in Annex 1 and were cor-
rected for blanks, mass discrimination, and radioactive
decay. Individual uncertainties in Annex 1 are given at
the 1r level.

When the 40Ar/36Ar intercept ratio obtained by the
inverse isochron was not overlapping with atmospheric
composition (�298.6; Lee et al., 2006) within uncertainty,
we calculated the plateau age with the measured trapped
ratio rather than assuming an atmospheric composition
(Table 2; cf. discussion in Oostingh et al., 2017). Because
we compare predominantly 40Ar/39Ar ages throughout the
text, uncertainties in the decay constants and monitor age
are not systematically indicated but are provided in Table 2
for the final age and only add ±0.1 Ma to the internal
uncertainty. When used, the full uncertainties are indicated
in bracket as ±[1.1] Ma. All ages are given at 2r.
tigated impact melt rock samples from the Puchezh-Katunki impact
f the darker, less devitrified phase which has fewer clasts than the
egion, 3 = Brown region. (c) Quartz clast in fine-grained matrix of
he grain (plane-polarized light; PPL). (d) Example close-up view of
rounded black areas) and pockets of finely crystalline mosaic quartz
devitrified (brown). (e) Sample V1144. (f) Sample V1218. (g) Sample
ng of plagioclase needles and pyroxene crystals. (h) Two clasts and
oclase needles radiating outwards from the clast located to the left.
ne silica. (i) Sample V1251. (j) Partly molten bedrock fragment and
ine silica, in areas after lechatelierite, and the matrix is dominated by
ene surrounded by a clear area of recrystallized silica. Qz = quartz.
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Fig. 6. Inverse isochron plots for samples of Puchezh-Katunki impact melt rock. Uncertainties on ages are given at 2r level. Light gray points
are analyses excluded from the calculation and correspond to steps excluded from the plateau/mini-plateau calculations in Fig. 5.
Atm = Atmosphere.
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4.4. Definitions

Criteria for the determination of a plateau are as fol-
lows: (1) it must include at least 70% of 39Ar; (2) it should
be distributed over a minimum of three consecutive steps
agreeing at 95% confidence level and satisfying a probabil-
ity of fit (P) of at least 0.05 (see e.g., Jourdan et al., 2009).
The use of these criteria means that perturbed spectra were
not used for age determination. Plateau ages are given at
the 2r level and are calculated using the mean of all the pla-
teau steps, each weighted by the inverse variance of their
individual analytical uncertainty. Mini-plateaus are defined
similarly, except that they include between 50% and 70% of
39Ar, but, importantly, these ages are only accepted where
there is a corroborating plateau age (>70% cumulative
39Ar release) from the same sample. Inverse isochrons built
from data defining a mini-plateau is referred to as mini-
isochrons in this work.

Imprecise plateau consists of steps with very large uncer-
tainties that allow building a statistically valid plateau.
Kennedy et al. (2019) refer to these as ‘‘lucky plateaus”.
In essence, the very large uncertainties of each step can
allow building a statistically valid plateau but can easily
mask the complexity of otherwise disturbed age spectra.
Those ‘‘lucky plateaus” tend to yield ages that are at odds
with well-defined plateau ages, which is also the case in this
study (see below). Likewise, an inverse isochron built from
that data consists of data points with very large uncertain-
ties, and we refer to these as imprecise isochrons.

4.5. Modeling

All diffusion and mixing models were carried out using
the ArArDIFF algorithm (Jourdan et al., 2017; Jourdan
and Eroglu, 2017) which is based on the diffusion equations
provided by McDougall and Harrison (1999) and repro-
duce both diffusion loss occurring on geological timescale
and Gaussian-shaped laboratory degassing curves for any
mineral/material with a known activation energy (Ea),
pre-exponential factor diffusivity (D0), and size. Recent
developments now allow mixing of a set of crystals, glass,
and/or groundmass phases affected by thermally activated
diffusive loss, with one or two external phases not affected
by diffusion and with a known/fixed age (e.g., sericite alter-
ation, inherited clasts). For each degassing step, the result-
ing average age is based on the age of each phases weighted
by their K2O concentration (wt. %), modal abundance (%)
in the sample, and relative amount degassed at a given step-
heating temperature (cf. equation 1 in VanLaningham and
Mark, 2011). A similar strategy has been applied for the
mixture of Ca/K ratios.

In our modeling we attempt to produce two spectra,
from samples V1018 and V931, by forward modeling to
simulate the effect of (1) 40Ar loss due to a post-impact
hydrothermal event, (2) a mixture with inherited clasts/
domains of mafic and silicic compositions, (3) recrystalliza-
tion of younger phases as a product of alteration, and (4)
degassing of 40Ar* from a mixture of phases during step-
heating experiments in the laboratory (VanLaningham
and Mark, 2011). We stress that we are not trying to invert



Table 3
Diffusion parameters and time–temperature history used in the ArArDiff models (Jourdan et al., 2017) to generate synthetic age spectra.

V1018B: Diffusion parameters Mixed phases

D0 (cm
2/s) Ea (J/mol) Radius (mm) Modal composition %K2O for each mineral K2O contribution (mixed phase) Ca/K

Andesitic melt 4.57E-01 205,000 75 65% 2.00% 88% 5
Anorthite 5.00E-02 196,000 500 35% 0.50% 12% 333
Thermal history

Crystallization age melt rock = 195.9 Ma Inherited clast age = 250 Ma
Start (Ma) End (Ma) Duration (Ma) Starting temp. (�C) Ending temp. (�C) Cooling rate (�C/Ma)

Period 1 71.15 71.10 0.05 0 250 �5000
Period 2 71.10 71.05 0.05 250 250 0
Period 3 71.05 71.00 0.05 250 0 5000
Period 4 71.00 0.00 71.00 0 0 0

V931A: Diffusion parameters Mixed phases

D0 (cm
2/s) Ea (J/mol) Radius (mm) Modal composition %K2O for each mineral K2O contribution (mixed phase) Ca/K

Silicic melt 5.90E-02 182,000 200 78% 4% 68% N/A

Sericite 1.00E-01 243,000 50 10% 10% 22% N/A

Silicic domains 5.90E-02 182,000 60 12% 4% 10% N/A

Thermal history

Crystallization age melt rock = 195.9 Ma Undegassed silicic domain ‘‘age” = 275 Ma Alteration age = 71 Ma
Start (Ma) End (Ma) Duration (Ma) Starting temp. (�C) Ending temp. (�C) Cooling rate (�C/Ma)

Period 1 71.15 71.10 0.05 0 265 �5300
Period 2 71.10 71.05 0.05 265 265 0
Period 3 71.05 71.00 0.05 265 0 5300
Period 4 71.00 0.00 71.00 0 0 0
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our models to recover unknown quantities as there are too
many unknowns and variables (e.g., apparent ages of the
clasts or alteration products, or proportion of clasts, etc.),
but instead we are using our models to make qualitative
predictions on the role of each component and their effect,
or lack thereof, on obtaining a robust plateau age. All
parameters (diffusion characteristics, thermal history of
the impact melt rock, composition of each component,
and mixing proportions) are given in Table 3 for each
model.

5. RESULTS

5.1. 40Ar/39Ar age spectra

The 40Ar/39Ar age spectra and inverse isochrons are
shown in Figs. 5 and 6, and a summary of the 40Ar/39Ar
results are shown in Table 2 (the complete data sets for
all the sample splits is reported in Annex 1). Robust ages
are indicated in bold in the following text.

We analyzed three splits of sample V931. The data from
this microcrystalline, partly glassy, and clast-rich sample
did not yield any plateaus or statistically significant inverse
isochrons from either of the first two analyzed splits. Run
V931A yielded a disturbed, slightly hump-shaped, age spec-
trum. The spectrum is characterized by one low-
temperature step with a young apparent age (�90 Ma),
and high-temperature steps that first move toward younger
ages of �90–150 Ma before moving towards significantly
older apparent ages (>400 Ma). V931B yielded a disturbed,
tilde-shaped (e.g., Bottomley et al., 1990), age spectrum
starting off with low-temperature steps with relatively
younger apparent ages (�140 Ma), moving towards older
ages in the mid-temperature steps (�180–200 Ma), then
younger apparent ages (�150–160 Ma) before ending with
older apparent ages (�200–280 Ma). Run V931C, on the
other hand, yielded an imprecise plateau with an age of
183 ± 9 Ma calculated using the inverse isochron 40Ar/36Ar
trapped ratio (304 ± 48), and that includes 100% of the
total 39Ar released over 11 steps (MSWD = 1.23;
P = 0.27) and a corresponding imprecise inverse isochron
age of 183 ± 12 Ma (MSWD = 1.36, P = 0.20, 40Ar/36Ar
intercept = 304 ± 48, n = 11).

We analyzed two splits of sample V1018. The run of
partly glassy sample V1018A yielded a plateau age of
198.2 ± 2.8 Ma calculated using the inverse isochron
40Ar/36Ar trapped ratio and that includes 76% of the
total 39Ar released over 17 steps (MSWD = 0.51;
P = 0.94). The data also define a statistically valid inverse
isochron with an age of 198.7 ± 3.6 Ma (MSWD = 0.66,
P = 0.82, 40Ar/36Ar intercept = 311 ± 9, n = 17). Like-
wise, run V1018B resulted in a plateau age of 196.3

± 1.6 Ma calculated using the inverse isochron 40Ar/36Ar
trapped ratio and that includes �83% of the total 39Ar
released over 15 steps (MSWD = 0.71; P = 0.76),
although one intermediate step within the plateau is
excluded from the calculation (Fig. 5). These data also
define a statistically valid inverse isochron with an age
of 196.3 ± 2.1 Ma (MSWD = 0.92, P = 0.53, 40Ar/36Ar
intercept = 335 ± 5, n = 15).
We analyzed three splits of sample V1144. The first run
(A) of this well-crystallized sample failed to yield a plateau.
The age spectrum starts with young apparent ages of
around 170 Ma, then moves successively towards older
apparent ages, ending with apparent ages in the 300–
700 Ma range in the high-temperature steps. Run V1144B
resulted in a very imprecise plateau age of 195 ± 14 Ma,
calculated using the inverse isochron 40Ar/36Ar trapped
ratio and that includes 79% of the total 39Ar released over
18 steps (MSWD = 0.34; P = 0.99). The data also define a
statistically valid imprecise inverse isochron with an age
of 197 ± 23 Ma (MSWD = 0.45, P = 0.97, 40Ar/36Ar inter-
cept = 347 ± 61, n = 18). Run V1144C resulted in an
imprecise mini-plateau age of 225 ± 24 Ma that includes
56% of the total 39Ar released over 7 steps (MSWD = 1.00;
P = 0.42). The data also define an imprecise mini-inverse
isochron with an apparent age of 86 ± 74 Ma
(MSWD = 0.59, P = 0.71, 40Ar/36Ar intercept = 837
± 1680, n = 7).

Of the two analyzed splits of the well-crystallized sample
V1218, V1218A failed to produce any plateau or inverse
isochron. The age spectrum is dominated by steps in the
�190 Ma-range, and the high-temperature steps move
toward significantly older apparent ages (�220–440 Ma).
Run V1218B, on the other hand, yielded a mini-plateau
in the low-temperature steps that constitutes 58% of the
released 39Ar over 7 steps, with an apparent age of 187.0
± 4.3 Ma (MSWD = 0.62; P = 0.71) and a corresponding
mini-inverse isochron apparent age of 189 ± 8
(MSWD = 0.67, P = 0.64, 40Ar/36Ar intercept = 286 ± 38,
n = 7).

Of four analyzed splits of the well-crystallized sample
V1251, V1251A yielded a borderline mini-plateau in the
mid-temperature steps that constitutes 50% of the released
39Ar, with an apparent age of 182.82 ± 0.54 Ma
(MSWD = 0.85, P = 0.47, n = 4) and a corresponding
mini-inverse isochron apparent age of 184.5 ± 2.9 Ma
(MSWD = 0.68, P = 0.50, 40Ar/36Ar intercept = 260 ± 65,
n = 4). The second run, V1251B, resulted in a plateau age
of 194.4 ± 1.6 Ma that includes �73% of the total 39Ar
released over 12 steps (MSWD = 0.83; P = 0.61) and a cor-
responding inverse isochron with an age of 194.4 ± 3.8 Ma
(MSWD = 0.91, P = 0.53, 40Ar/36Ar intercept = 299 ± 25,
n = 12). Run V1251C resulted in a mini-plateau that consti-
tutes 57% of the released 39Ar, with an age of 196.9

± 3.7 Ma (MSWD = 0.65, P = 0.66, n = 6) and a corre-
sponding mini-inverse isochron age of 197.8 ± 3.9 Ma
(MSWD = 0.44, P = 0.78, 40Ar/36Ar intercept = 291 ± 13,
n = 6). Run V1251D yielded an imprecise plateau age of
199 ± 11 Ma calculated using the inverse isochron 40Ar/36-
Ar trapped ratio (375 ± 85) and that includes 100% of the
total 39Ar released over 11 steps (MSWD = 1.09;
P = 0.37) and a corresponding imprecise inverse isochron
age of 199 ± 15 Ma (MSWD = 1.46, P = 0.15, 40Ar/36Ar
intercept = 375 ± 85, n = 11).

5.2. Modeling

In this section, we explore the possible causes for some
of the disturbances observed in some of the age spectra
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(Fig. 5) and the consequence for dating terrestrial impact
melt rock with the 40Ar/39Ar technique. Impact melt rocks
from the Puchezh-Katunki impact structure are particularly
well suited in this aspect, because their petrography reveal
that they are prone to both hydrothermal alteration, with
presence of e.g., smectite and zeolite (see petrographic
description above), and inherited 40Ar*. Intense post-
impact fluid circulation in the Puchezh-Katunki impact
structure and hydrothermal alteration of impactites in the
VDDH have been described extensively by e.g., Masaitis
et al. (2020b) and Naumov et al. (2020).

Here, the goal is not to explore the behavior of the K-Ar
systematics of a particular rock or glass during an impact
event (see e.g., Jourdan et al., 2007; Mark et al., 2014;
Boehnke et al., 2016; Jourdan et al., 2019) or associated
with the cooling of the melt (Schmieder and Jourdan,
2013) but rather, to study the effect of alteration and undi-
gested clasts on an age spectrum and ultimately, to recover
a meaningful plateau age. For this exercise, we focus on the
results of sample V1018, split B, which gave a plateau age
but shows signs of disturbance at low and high tempera-
tures, and sample V931, split A, which failed to form a pla-
teau and instead produced a clear hump-shaped age
spectrum. Note that the ages and/or temperature values
for alteration events and clasts are arbitrary and are set
to best reproduce the data to illustrate the general effect
of alteration and the presence of clasts.

5.2.1. V1018B

In this model, we use the K/Ca spectrum obtained for
V1018B as a starting point to gain information about the
composition of the analyzed sample. The measured K/Ca
ratio starts at a value of �0.1 and is stable during most
of the experiment, until it steadily drops after �75% 39Ar
release to a K/Ca ratio of �0.002 due to the degassing of
Ca-rich phases, similar to anorthitic plagioclase/Ca-rich
pyroxene. The age spectrum shows low apparent ages
(due to 40Ar* loss; Annex 1) in the first steps, a steady pla-
teau at �196 Ma up to �90% of 39Ar released, and an
increase to �240 Ma in the last ten percent of the age spec-
trum (Fig. 5). Note that the plateau section has been cor-
rected for non-atmospheric trapped 40Ar/36Ar already (cf.
discussion below). We simulate the effect of a hypothetical
hydrothermal event with an arbitrary temperature of 250 �
C at 71 Ma on this sample. This modeled event lasts
50,000 years on a fresh impact melt rock with an
andesitic-like composition and with a K2O content of �2
wt. % (diffusion parameters from Nowak et al., 2004;
Table 3). This produces a small loss of 40Ar* through
thermally activated diffusion, and, as a consequence, steps
with younger apparent ages at low temperature during lab-
oratory extraction. We then simulate mixing between the
melt and 35% of anorthitic clasts (K/Ca � 0.003;
K2O = 0.5 wt.%; Verati and Jourdan, 2014) with an age
of 250 Ma. It is important to highlight here that the effect
of the mixture on an age spectrum is constrained in part
by the diffusion characteristics of the various phases
involved. This is because the diffusion properties affect the
temperature in the laboratory at which a given phase
releases Ar. Hence, our model produces material-specific
degassing curves where Ca-rich clasts release their Ar later
than the impact melt rocks during step-heating experiments
(Fig. 7). Although relatively simplistic in nature, our model
successfully reproduces the shape of the age spectrum of
run V1018B. We would like to emphasize that there is some
inherited 40Ar* present within the impact melt rock as indi-
cated by the 40Ar/36Ar trapped ratio of 335 ± 5 given by the
inverse isochron (Fig. 6). However, this inherited 40Ar* is
homogeneously distributed within the impact melt rock,
and, more importantly, it is homogeneous in composition
since the data produce a valid inverse isochron, which
means it can be easily accounted for and removed prior
to the age calculation.

5.2.2. V931A

Following the approach described above, we inspected
the K/Ca ratio first. Run V931A displays a drastically dif-
ferent composition from run V1018B as it shows little sign
of the presence of Ca (K/Ca = 0.74 ± 0.80), which suggests
a more evolved melt. The low Ca-content results in large
age boxes on the K/Ca spectrum oscillating near back-
ground level. The age spectrum is also more complex, and
it defines a clear hump-shape (Fig. 5). The spectrum goes
from ages significantly younger than the impact age
(90–190 Ma), established in this study at 195.9 ± 1.0 Ma,
to somewhat older ages of �205 Ma around 30 % of total
39Ar released, and dip strongly toward apparent ages as
young as �100 Ma around 95% 39Ar released. Finally, in
the last 5% of the age spectrum, the apparent age increases
toward much older ages (�500–3500 Ma), similar to the
behavior observed for run V1018B.

In the model of run V931A, we simulated the effect of a
hypothetical hydrothermal event with an arbitrary temper-
ature of 265 �C at 71 Ma. In the model the event lasts
50,000 years on a fresh impact melt rock with a rhyolitic-
like composition and with a K content of �4 wt.% (diffu-
sion parameters from Nowak et al., 2004; Table 3).
Increased temperature of hydrothermal fluids will most
likely result in an increase of alteration products at 71 Ma
which we represented by adding 10% of a sericite-like phase
(K2O = 10 wt.%; Verati and Jourdan, 2014) with an age of
71 Ma as well. Finally, since some steps seem to hint at the
presence of inherited Ar that is not associated with a differ-
ent K/Ca ratio, we simulate some smaller domains with the
same silica-rich composition as the impact melt rock and
with a partially degassed apparent age of �275 Ma. Note
that we did not attempt to model the rise of step ages in
the last 5% of the age spectrum because ArArDIFF is cur-
rently limited to only three domains. Since this behavior is
similar to run V1018B already investigated above, we
focused on the hump-shaped part of the spectrum. The
results of this model successfully reproduced the shape of
the age spectrum measured for run V931A (Fig. 8).

6. DISCUSSION

6.1. 40Ar/39Ar age of the Puchezh-Katunki impact structure

In this study, we obtained a series of three plateau
(194.4 ± 1.6, 196.3 ± 1.6, and 198.2 ± 2.8 Ma), three mini-



Fig. 7. Results of numerical modeling of run V1018B. (A) Laboratory degassing curves for an andesitic melt, anorthitic clasts, and the
resulting mixed degassing curve (65% melt, 35% anorthite). (B) Synthetic calculated age spectrum model (black solid boxes) compared to
results from run V1018B (pink dashed boxes). Modelled age spectra for a melt emplaced at 195.9 Ma (impact age) and containing 35%
anorthitic clasts with a nominal age of 250 Ma, and followed by a hydrothermal event at 71 Ma with a temperature of 250 �C maintained for
50,000 years but without crystallization of alteration products. (C) K/Ca plot of the resulting mixture. Details include domain compositions,
abundance, diffusion parameters, and thermal history, and are given in Table 3. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

S. Holm-Alwmark et al. /Geochimica et Cosmochimica Acta 301 (2021) 116–140 131



Fig. 8. Results of numerical modeling of run V931A. (A) Laboratory degassing curves of silicic melt, undegassed inherited silicic domains,
and sericite alteration along with mixture of those three phases (78% melt, 10% sericite, 12% silicic domains). (B) Synthetic calculated age
spectrum model (black solid boxes) compared to results from run V931A (pink dashed boxes). Modelled age spectra for a melt emplaced at
195.9 Ma (impact age) and containing 12% undegassed silicic domains with a partial reset age of 275 Ma, and affected by 10% of alteration-
derived sericite formed at 71 Ma during a hydrothermal event with a temperature of 265 �C maintained for 50,000 years. No K/Ca plot is
provided as the Ca content is too low to plot a meaningful spectrum. Details include domain compositions, abundance, diffusion parameters,
and thermal history, and are given in Table 3. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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plateau (182.8 ± 0.5, 187.0 ± 4.3, and 196.9 ± 3.7 Ma),
three imprecise plateau (183 ± 9, 196 ± 14, and
199 ± 11 Ma), and one imprecise mini-plateau
(225 ± 24 Ma) apparent ages. On their own, we refer to
these ages as apparent ages, as the age data should be
viewed as a whole, and the features of the spectra carefully
considered, before an age can be calculated. The three pla-
teau ages, by definition, are the only reliable age data and
they overlap with uncertainties and suggest an age of
�196 Ma. Mini-plateau ages are per their nature based on
age spectra that show a significant degree of perturbation.
Mini-plateau ages are therefore much less robust than full
plateau ages and their accuracy needs to be corroborated
by plateau ages. Among the three mini-plateaus, only one
yield an age of 196.7 ± 3.7 Ma, in agreement with the full
plateau age and, thus, was used for the calculation of the
final weighted mean age. Importantly, using the mini-
plateau age or not does not change the final age value.
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The imprecise ages (lucky plateaus) were not used for the
final age calculation. We calculate a weighted mean age
of 195.9 ± 1.0 [1.1] Ma (P = 0.10; Table 2), which includes
three relatively precise plateaus and one concordant mini-
plateau, and represents the best age to date for the
Puchezh-Katunki impact event. This age places the impact
event in the Sinemurian (early Jurassic). The previous
attempt by Holm-Alwmark et al. (2019) at dating these
samples suffered from problems with inherited or trapped
40Ar*, and the presence of alteration products. Neverthe-
less, those analyses yielded an age between 192 and
196 Ma based on a series of ambiguous results (i.e., a
three-step plateau and two mini-plateaus). Our results fall
in the oldest part of this age range but are nevertheless in
agreement with the estimates of Holm-Alwmark et al.
(2019). Dating impact melt rocks, and achieving robust
ages, can be problematic for a number of reasons, including
geological factors affecting the distribution of 40Ar* in the
material, difficulties in selecting suitable samples, and the
level of care and expertise in sample preparation (e.g.,
Jourdan, 2012; Cohen et al., 2017; Pickersgill et al., 2020).
These problems were well illustrated in previous work
attempting to date the Puchezh-Katunki impact structure
(Holm-Alwmark et al., 2019). This work was performed
in 2014, and was based on a sample preparation approach
that differs from the present work in the level of care in
avoiding altered material and clasts. A notable difference
to the previous work by Holm-Alwmark et al. (2019) is that
the sample preparation and analyses were done at a differ-
ent laboratory (Western Australian Argon Isotope Facil-
ity). Here, we carefully picked the material used for
dating using stringent selection criteria, such as removal
of grains showing any sign of alteration or inclusions and
selecting only homogenous looking grains (cf. discussion
in Jourdan et al., 2012).

6.2. On the effect of 40Ar loss, alteration, and inherited 40Ar*

6.2.1. Sample V1018: Ca-rich inherited clasts

Our model successfully reproduces the shape of the age
spectrum of run V1018B, and this allows us to draw some
important conclusions. It suggests that the compositions
of the inherited clasts, compared to the composition of
the melt, is important in dictating the effect of inherited
40Ar* on the final age spectrum. In the case of V1018B,
the Ca-rich clasts degas slightly later, i.e., at higher temper-
ature, than the melt (see degassing curve in Fig. 7a), allow-
ing the partial resolution of the 40Ar* from the melt from
the 40Ar* from the clasts during extraction (Fig. 7). Never-
theless, as shown by the two degassing curves (Fig. 7a), this
is not fully resolved allowing overlap between the peak
degassing of the melt and beginning of the degassing of
the clasts. However, the proportion of 40Ar* produced by
the clasts is completely swamped by the 40Ar* produced
by the melt for the most part, and is only expressed in the
last 10% (high-temperature extraction steps) of the age
spectrum. This is because the clasts have relatively low
K2O content compared to the melt, and there is a relatively
small age difference between the clasts and the impact event
(i.e., only 55 Ma). This is also well illustrated by run
V1251B, which contains much older inherited clasts, but
shows a very similar behavior to run V1018B (Fig. 5).
Inherited 40Ar*is also present in the melt itself as unde-
gassed product, but the intermediate composition of the
melt and, thus, its relatively low degree of polymerization
likely allowed the inherited 40Ar* to homogenize fairly well
within the melt (see Jourdan et al., 2007 and Jourdan et al.,
2012 for a discussion on the effect of the composition of the
melt on the behavior of extraneous 40Ar*).

6.2.2. Sample V931: Alteration and inherited-Ar rich

domains

The age spectrum of run V931A is clearly hump-shaped.
A similar spectrum shape has sometimes been attributed to
39Ar and 37Ar recoil exchange between reservoirs with dif-
ferent K/Ca ratio (Jourdan and Renne, 2014). However,
in the present case, the K/Ca ratio shows that the melt is
fairly homogeneous and does not contain Ca. This makes
recoil redistribution an unlikely candidate to explain high-
temperature step ages as young as �110 Ma.

The model reproduces the hump-shape pattern of the
age spectra of run V931A (Fig. 5) and suggests that the rock
is much more affected by alteration than V1018B. With
increasing temperature, the hydrothermal fluids cause more
significant 40Ar* loss (younger low-temperature steps), and
widespread recrystallization of a young alteration product
(younger high-temperature steps), yields a hump-shape pat-
tern usually found in altered basaltic groundmass (Baksi,
2007; Mège et al., 2016). Our model can also explain why
some steps are apparently older than the age of the impact
event. The explanation is that smaller domains of the silicic
impact melt rock have not completely degassed. This is not
surprising since, during melting, silicic melt will lose its ini-
tial 40Ar* much more sluggishly compared to less polymer-
ized, less silica-rich melt such as in run V1018B (cf.
discussion in Jourdan et al., 2007, 2011, 2019). Alterna-
tively, the inherited 40Ar* could have behaved as it did in
run V1018B (i.e., homogenous composition), but the pres-
ence of traces of alteration in this sample prevents us to
deconvolve it from radiogenic 40Ar*.

6.2.3. Summary

Based on our numerical models, in combination with
petrographic features of the samples, we conclude that the
worst effect on the Puchezh-Katunki impact melt rock, as
far as 40Ar/39Ar dating is concerned, is caused by
hydrothermal alteration. The alteration causes 40Ar* loss
by diffusion, but more importantly, the recrystallization
of young K-bearing phases which skew the ages of the
heating-steps toward younger ages, proportionally to the
age of the alteration event (Fig. 8; Verati and Jourdan,
2014). On the other hand, inherited 40Ar is expressed both
in the form of high-Ca clasts (harder to melt) and dis-
tributed directly within the melt. The diffusion properties
of high-Ca clasts allows their inherited 40Ar to be almost
entirely resolved from the radiogenic 40Ar released from
the melt during a step-heating experiment, as the clasts will
degas at higher temperatures of extraction. In addition, a
large number of high-Ca clasts will not have a noticeable
effect on the age spectra due to their low K2O content. Both
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rocks that we modeled contain inherited 40Ar* dissolved in
the melt. However, a melt with relatively low degree of
polymerization and low silica content will allow the inher-
ited 40Ar* to equilibrate within the melt and to be resolved
from the radiogenic 40Ar/39Ar through the use of the
inverse isochron. Silicic impact melt rocks, such as we mod-
eled for sample V931A, have more significant levels of poly-
merization and viscosity and might contain pockets of
unequilibrated 40Ar* (i.e., with variable 40Ar/36Ar composi-
tions), which cannot be resolved by the inverse isochron.
This explains why no plateau age was obtained for this
sample. Silicic impact melt rocks are therefore the hardest
to date using the 40Ar/39Ar method, as already suggested
by Jourdan et al. (2007), unless they contain a significant
level of fluxing agents, such as water as observed for impac-
tites from the Dellen impact structure (Mark et al., 2014).

6.3. On the relationship between impacts and biosphere events

A temporal correlation between LIP volcanism and at
least half of the major extinctions during the Phanerozoic
implies that this process is the main driver of mass extinc-
tion throughout at least the last �500 million years of Earth
history (e.g., Bond and Grasby, 2017). The modelled cli-
matic effects of such eruptions support development of cli-
matic conditions leading to loss of life (e.g., Courtillot and
Renne, 2003; Bond and Wignall, 2014; Jourdan et al., 2014;
Bond and Grasby, 2017; Rampino and Caldeira, 2018;
Rampino et al., 2019). However, it is also recognized that
at least on one occasion, at the end-Cretaceous, a large
impact event had a devastating effect for the biosphere on
Earth, causing the mass extinction at the K-Pg boundary
(e.g., Alvarez et al., 1980; Hildebrand et al., 1991; Smit,
1999; Schulte et al., 2010 and references therein; see also
discussion in Raup, 1992; Hallam and Wignall, 1997;
Kelley, 2007; Reimold, 2007; French and Koeberl, 2010;
Racki, 2012; Rampino and Caldeira, 2017). Thus, when
the age of an impact event is accurately and precisely estab-
lished, a fundamental question arises – what is the possible
relationship between the impact event and a recorded event
in the biosphere at the same period of time, such as a mass
extinction? Importantly, an impact event, even if accurately
and precisely dated, cannot be convincingly tied to a bio-
sphere event without tracing the impact signature in the
stratigraphic horizon. Astrochronology has been shown to
be an important tool in refining associations between
extraterrestrial and stratigraphic events (see e.g., Brown
et al., 2009; Huang et al., 2011; Clyde et al., 2016). This tool
has proved to be useful in the search for causes of mass
extinction events, because it can be used to resolve details
of changes in the fossil record and to chronologically trace
potential triggers in the stratigraphy (e.g., Huang et al.,
2011).

A biospheric perturbation must be both quick and geo-
graphically pervasive to cause a mass extinction, preventing
migration away from the stress or adaptation to the stress
(Raup, 1992; see also Hallam and Wignall, 1997). Less sev-
ere, perhaps regional, biotic events are far more common in
the geologic history, and it is possible that these have
played an important role in the evolution of life (e.g.,
Patzkowsky and Holland, 1993; Patzkowsky, 2017; Bond
and Grasby, 2017). Understanding these events can yield
important insights into, for example, the relationship
between environmental changes and extinctions (i.e.,
causality), how life recovers after such sudden events, and
how species respond to opening niches. Despite not causing
global mass extinction, impact events of significant magni-
tude to cause regional havoc (e.g., resulting in impact cra-
ters of several tens of kilometers in size, equivalent to the
size of the Puchezh-Katunki) will have an impact on life
(e.g., Toon et al., 1997) at least on a regional to
continent-wide scale. Such impacts could possibly have
caused both yet undetected biotic events as well as some
of the (minor) extinctions, and even act as drivers for pos-
itive biosphere evolution (e.g., radical palynofloral change
coinciding with ejecta from the Acraman impact structure
in Australia; Grey et al., 2003) recognized in the strati-
graphic succession.

Connecting an accurately and precisely dated impact
structure with an event in the stratigraphic record is by
no means straight-forward. The geologic timescale is con-
tinuously refined and ages of stratigraphic boundaries are
often shifted to either younger or older ages. For that rea-
son, a direct correlation with an ejecta horizon is largely
preferred (e.g., Smit and Hertogen, 1980), as in the case
of the K-Pg impact and the mass extinction. Such a case
is however rare, as currently only seven (i.e., Acraman,
Bosumtwi, Chesapeake Bay, Manicouagan, Popigai, Ries,
and Sudbury) of the �200 known impact structures on
Earth have so far been convincingly associated with (their
respective) distal ejecta layers (at least in some locations;
see Glass and Simonson, 2013; Schmieder and Kring,
2020). This explains why impact structures without trace-
able ejecta and thus, without known precise stratigraphic
position, are usually compared with known events in the
stratigraphy by using available isotopic ages, such as in
the case of Puchezh-Katunki (e.g., Pálfy, 2004; Rampino
and Caldeira, 2017; Rampino and Caldeira, 2018;
Rampino, 2020). This in turn depends on the utmost accu-
racy, and to some degree precision of the isotopic age asso-
ciated with a given impact structure (Jourdan et al., 2009,
2012). When Holm-Alwmark et al. (2019) presented an
age range of 196–192 Ma for the formation of Puchezh-
Katunki, this strongly indicated that any possible relation-
ship with the major End-Triassic mass extinction
(�201 Ma), the Toarcian turnover (�183 Ma), the Toar-
cian oceanic anoxic event (�183 Ma; see discussion in
Pálfy, 2004, and references therein, for this time interval),
and the potential Bajocian-Bathonian extinction event
(�169 Ma; discussed by, e.g., Rampino and Caldeira,
2015; Rampino and Caldeira 2018) is improbable. A con-
nection between Puchezh-Katunki and the end-
Sinemurian biotic event (�193 Ma) was suggested by e.g.,
Rampino (2020), based on the preliminary ages of 192.0
± 0.8 and 193.8 ± 1.1 Ma presented by Meier and Holm-
Alwmark (2017) and Holm-Alwmark et al. (2016), respec-
tively. Puchezh-Katunki has also previously been grouped
together with the Zapadnaya and Obolon impact structures
to create an ‘‘impact-trio” that formed around 167 Ma, rep-
resenting a local peak in crater-forming events (Rampino



Fig. 9. Comparison of previous age data with our results from 40Ar/39Ar analyses of Puchezh-Katunki impact melt rocks (2r uncertainties on
our data). Ages in bold text were used for the final calculation of the age of the Puchezh-Katunki impact event (195.9 ± 1.0 Ma). References to
previous age estimates of the Puchezh-Katunki impact event: aMashchak (1999), bBogorodskaya and Tumanov (1980), Masaitis et al. (1996),
Masaitis and Pevzner (1999), cHolm-Alwmark et al. (2019), dNaumov et al. (2020). For references to environmental/biotic events that have
been suggested to possibly be synchronous with the impact event, see the main text. Abbreviations: Baj/Bat = Bajocian-Bathonian,
Pl/To = Pliensbachian-Toarcian, Si/Pl = Sinemurian-Pliensbachian, Tr = Triassic, To = Toarcian. *Imprecise mini-plateau.
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and Caldeira, 2015). We note that this claim is similar to the
previous studies suggesting the existence of a Triassic
impact crater chain including multiple synchronous impact
events, with three craters aligned (e.g., Spray et al., 1998),
or just doublet craters based on unreliable ages, that have
later on been disproven based on precise isotopic
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geochronology (e.g., Schmieder et al., 2015b, 2016). A
detailed discussion on the problems of using poorly con-
strained crater ages for the evaluation of possible periodic-
ity, impact peaks, etc. is presented in Meier and Holm-
Alwmark (2017). The new robust age of 195.9 ± 1.0 [1.1]
Ma presented here, based on three plateau and a mini-
plateau ages, safely excludes all of the possible connections
with currently known extinctions/biotic events, based on
the currently accepted ages of the stratigraphic boundaries
(Fig. 9). Recent contributions summarizing and presenting
data on Early Jurassic boundary ages (Storm et al., 2020;
Toma et al., 2020) that shift the Sinemurian-Pliensbachian
to �192.5 Ma (see also Hesselbo et al., 2020), and may be
considered more robust than boundary ages given in
Cohen et al. (2013, updated), where the Sinemurian-
Pliensbachian boundary is listed at 190.8 ± 1.0 Ma, are still
not overlapping the new 195.9 ± 1.0 Ma age of the forma-
tion of the Puchezh-Katunki impact structure. We therefore
stress that using poorly constrained ages, or outdated ages
quoted for some structures, leads to false conclusions (see
discussion in, e.g., Jourdan et al., 2009, 2012). We also want
to stress that proving synchronicity between an impact
event and a biotic event is only the first step, and is not
the same thing as proving causality.

As already discussed, our new 40Ar/39Ar age of the
Puchezh-Katunki impact event means that it cannot be tied
to any of the known extinction events (Figs. 2 and 9), how-
ever, should we consider this result so surprising? As far as
we know, the potential for disaster after an impact event is
mainly controlled by the relative amount of stratospheric
dust and climatically active gases released into the atmo-
sphere, sulfates released from the impacting projectile (in
the case of Puchezh-Katunki the nature of the impactor is
still unknown), soot ejected during impact and/or produced
by extensive impact-induced wild fires, and finally the
degree of ozone layer distress induced by the ejecta plume
(e.g., Toon et al., 1997; Kring, 2007; Pierazzo and
Artemieva, 2012; Kaiho et al., 2016; Artemieva et al.,
2017; Lyons et al. 2020). When discussing the potential of
the Puchezh-Katunki impact event to have caused a biotic
event, we compare the potential volume of gases released
in the atmosphere during the Puchezh-Katunki and Chicx-
ulub impact events. As stated above, at the time of impact,
the crystalline basement rocks, in the case of Puchezh-
Katunki, were overlain by a �2 km thick sedimentary rock
sequence. The potential greenhouse gases were contained in
sediments in total �1 km thick (both carbonate rocks and
evaporites; Mashchak and Naumov, 2020). This sequence
is dominated by carbonate rocks, indicating that the prefer-
ential released climatically active gas from the impact (i.e.,
from volatilization of the target sediments) would have
been CO2, potentially resulting in a negative carbon excur-
sion. Anhydrite and gypsum are abundant in Cisuralian
deposits in the Puchezh-Katunki area, in a sequence that
is peaking in thickness NW of the impact structure, at
310 meters (Mashchak and Naumov, 2020). For Chicxulub,
the thickness of the sedimentary rocks degassed by the
impact was 3.3–3.5 km (Artemieva et al., 2017). The ejected
masses of CO2 and S, to altitudes greater than 25 km, are
estimated to 425 ± 60 Gt, and 325 ± 60 Gt, respectively
(Artemieva et al., 2017). There is no equivalent calculation
of the possible climatic effects of the Puchezh-Katunki
impact, that we know of, but based on the parameters for
Puchezh-Katunki, a correlation with an extinction event
was very unlikely to begin with. This can be illustrated by
a simplified calculation (volume = sediment thick-
ness � area) showing that the ejected volume of sedimen-
tary target rocks was on the order of 62,000 km3 for
Chicxulub (assuming 150 km collapsed transient crater
diameter (EIDB) and 3.5 km thick sedimentary unit), and
1300 km3 for Puchezh-Katunki (assuming 40 km collapsed
transient crater diameter (EIDB) and 1 km thick sedimen-
tary unit). In other words, almost 50 times more volume
of sedimentary target rocks was sent into the atmosphere
during the Chicxulub impact compared to the Puchezh-
Katunki impact. This must be seen as a minimum since
our simplistic calculation does not take into account the
differences in energy release between these two impact
events. Furthermore, using an impactor diameter of 3.5–
4 km (Ivanov, 2020), the energy release during the
Puchezh-Katunki impact event can be estimated to below
106–107 Mt of TNT equivalent energy, which was the
threshold for impact potentially causing global environ-
mental disaster by Toon et al. (1997), further displaying
that a connection between Puchezh-Katunki and a major
extinction event was unlikely to begin with. We do not rule
out the possibility of correlating Puchezh-Katunki with evi-
dence of minor, regional-scale, biotic perturbation, but
such conclusions would likely need evidence of both the
biotic perturbation and the impact in the stratigraphic suc-
cession. Our example shows that simple calculations can be
used to assess the plausibility of impact-induced biosphere
havoc prior to speculating about apparent temporal corre-
lations between such events (especially if they are based on
imprecise impact ages).

7. CONCLUSIONS

The Puchezh-Katunki impact structure (Russia) has been
accurately 40Ar/39Ar dated at 195.9 ± 1.0 [1.1] Ma (2r;
MSWD = 2.0; P = 0.11), making it one of the most precisely
dated impact structures on Earth (2r relative uncertainty: ±
0.51%). Through diffusion and mixing modeling, we demon-
strate the importance of sample selection and methodology
for overcoming problems related to excess/inherited Ar in
dating impact melt rocks. We show that the worst effect on
the Puchezh-Katunki impact melt rock samples, as far as 40-
Ar/39Ar dating is concerned, is caused by hydrothermal
alteration as well as undegassed clasts containing inherited
40Ar*. However, 40Ar* from inherited plagioclase clasts
can be largely resolved from the radiogenic 40Ar* from the
melt during step-heating experiments.

The newly established Sinemurian age for the Puchezh-
Katunki impact is not coeval with any known extinction
event. In light of the fact that this impact structure has been
discussed as a possible trigger for as many as five different
extinction events/biotic crises before a precise age was
established, we recommend that statistical analysis of
‘‘comet or asteroid showers”, impact events cyclicity, and/
or suggestions of connections between impact structures



S. Holm-Alwmark et al. /Geochimica et Cosmochimica Acta 301 (2021) 116–140 137
and extinction events based on poorly constrained impact
crater ages should be considered with extreme caution.
Such hypotheses should be accompanied by precise and
reliable geochronological data and consideration of the
likelihood of such a connection in the first place (e.g., based
on analysis that take size of crater and sediment thickness
into account), before claim of that magnitude can be seri-
ously made.
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