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Although the prime causation of the Late Devonian Frasnian-Famennian (F-F) mass extinction remains con-
jectural, such destructive factors as the spread of anoxia and rapid upheavals in the runaway greenhouse
climate are generally accepted in the Earth-bound multicausal scenario. In terms of prime triggers of these
global changes, volcanism paroxysm coupled with the Eovariscan tectonism has been suspected for many
years. However, the recent discovery of multiple anomalous mercury enrichments at the worldwide scale
provides a reliable factual basis for proposing a volcanic-tectonic scenario for the stepwise F-F ecological
catastrophe, specifically the Kellwasser (KW) Crisis. A focus is usually on the cataclysmic emplacement of the
Viluy large igneous province (LIP) in eastern Siberia. However, the long-lasted effusive outpouring was likely
episodically paired with amplified arc magmatism and hydrothermal activity, and the rapid climate oscilla-
tions and glacioustatic responses could in fact have been promoted by diverse feedbacks driven by volcanism
and tectonics. The anti-greenhouse effect of expanding intertidal-estuarine and riparian woodlands during
transient CO,-greenhouse spikes was another key feedback on Late Devonian land. An updated volcanic press-
pulse model is proposed with reference to the recent timing of LIPs and arc magmatism and the revised date of
371.9 Ma for the F-F boundary. The global changes were initiated by the pre-KW effusive activity of LIPs,
which caused extreme stress in the global carbonate ecosystem. Nevertheless, at least two decisive pulses of
sill-type intrusions and/or kimberlite/carbonatite eruptions, in addition to flood basalt extrusions on the East
European Platform, are thought to have eventually led to the end-Frasnian ecological catastrophe. These
stimuli have been enhanced by effective orbital modulation. An attractive option is to apply the scenario to
other Late Devonian global events, as evidences in particular by the Hg spikes that coincide with the end-
Famennian Hangenberg Crisis.

1. Introduction extinction (EFME) was first emphasized by McLaren (1959), and was

conceptually grounded by McLaren (1970); the last author mentioned

After the latest Ordovician mass extinction, wide-ranging recovery
of marine biota and revolutionary ecological changes in the sea and on
land occurred during the interval of ~100 Ma inserted between two ice
ages (e.g., Walliser, 1996; Algeo et al., 2001; Copper, 2011). This global
ecosystem recovery is perfectly exemplified by the Phanerozoic acme in
development of the Middle to Late Devonian coral-stromatoporoid
reefs (Kiessling, 2008; Copper, 2011). The sudden collapse of the di-
verse ecosystems is a clue in explaining the severe ecological dis-
turbance; thus, the major intra-Devonian extinction across the broadly
defined Frasnian-Famennian (F-F) transition is cause for scientific
concern. Even if this biocrisis was considered earlier with crude timing
(e.g., Sobolev, 1928), the truly rapid and global end-Frasnian mass

was inspired by this dramatic change in the F-F stratigraphic record
when he proposed extra-terrestrial impact as a causal factor. On other
hand, a series of well-documented Late Devonian global events, as de-
fined in Walliser (1996), includes the significant Hangenberg (HG)
Crisis in the Devonian—-Carboniferous (D-C) boundary beds. Moreover,
an increasing number of studies support arguments for a stepwise and
exclusively Earth-bound nature of the EFME as an alternative to a
cosmic catastrophe similar to the end-Cretaceous cataclysm (Racki,
1998, 2012). The term “Kellwasser (KW) Crisis” of Schindler (1993),
based on classic outcrops of the Rhine Slate Mountains and Harz
Mountains, is commonly accepted to describe both the Upper Frasnian
Kellwasser black shale horizons (lower, LKW; upper, UKW) and the
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Fig. 1. Late Devonian event stratigraphy, based on sea-level eustatic cyclicity and reef succession in Ardennes (modified after Sandberg et al., 2000; for detail of the
F- transition see Fig. 2), against the generalized marine temperatures (blue; Joachimski et al., 2009, fig. 7) and volcanic activity. The most important global events
(grey rhombs) as ranked by Walliser (1996) and Becker et al. (2016b), Siljan crater age after Jourdan and Reimold (2012); ages (not to scale) after Becker et al.
(2012). Composite timing of the Late Devonian volcanism, presented separately for large igneous provinces (LIPs; light red; overall temporal range after Ernst et al.,
2020) and arc magmatism (dark red), with emphasis on eruptive pulses of flood basalts (yellow circular-elliptical varieties) and explosive outbursts (stars); compiled
from Ivanov (2015) and Tomshin et al. (2018) [Viluy; see Fig. 12B], Wilson and Lyashkevich (1996), fig. 2), Aizberg et al. (2001), fig. 1) [Pripyat-Dnieper-Donets;
PDD, see Fig. 13], Larionova et al. (2016), Arzamastsev et al. (2017) and Arzamastsev (2018) [Kola], Puchkov et al. (2016) [Ural - Pay Khoy], Ernst (2014) and Ernst
et al. (2020) [Maritimes SLIP?], and Winter (2015), fig. 2) [amplified arc volcanism].

corresponding global anoxic events (Figs. 1, 2).

The intricate matters of the F-F mass extinction have been pre-
sented in monographs of McGhee (1996, 2013), Walliser (1996), and
Hallam and Wignall (1997), as well as in several succeeding thematic
volumes edited by Balinski et al. (2002), Racki et al. (2002), Over et al.
(2005), and Becker et al. (2016a). The recent review articles on ‘the
multicausal model’ include works of Ma et al. (2016), Carmichael et al.
(2019) and Qie et al. (2019). This overview presents most important
results of the recently ended high-budget project “Devonian deep-water
marine realm as a key to elucidate global ecosystem perturbations”
from the National Science Centre — Poland (to the Author). Specifically,
application of mercury as a new geochemical proxy highlighted the
possible significance of volcanism as the main trigger of the global
changes (Racki et al., 2018b; Racki, 2020a, b). Therefore, the main goal
of the contribution is comprehensive testing of the updated F-F sce-
nario.

2. Major F-F biotic crisis: terminological and geochronological
issues

Raup and Sepkoski (1982) first distinguished a particularly lengthy
timespan of the Devonian biotic change to include the Givetian to Fa-
mennian ages, with first-order biotic turnover occurring near the F-F
boundary (Figs. 1-2), which was finalised almost 13 Ma later by the also
critical HG Crisis (Kaiser et al., 2016). In a general conceptual setting,
the heterogeneity of major global events referred as five mass extinc-
tions was emphasized by Bambach (2006, p. 148), who concluded that
“only the end-Permian and end-Cretaceous mass extinctions were so
severe that the nature of marine faunas changed in their aftermath” (see
also McGhee et al., 2004; Roberts and Mannion, 2019). Consequently,
Racki (2020a; compare Bottjer, 2016, p. 175) distinguished between
two types of biosphere responses to global ecosystem perturbations: (1)
biodiversity crises, characterized by high extinction rates and large loss
of diversity in a relatively short time, and (2) biotic (or ecological) crises,
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Fig. 2. Composite sedimentary and geochemical records of the Kellwasser Crisis, to show generalized eustatic, biotic and volcanic events and sea temperature
variations (compiled from fig. 1 in Schindler, 1993; fig. 2 in Joachimski and Buggisch, 2002, fig. 2 in Chen et al., 2005, fig. 2 in Retallack and Huang, 2011, fig. 2 in
Winter, 2015, fig. 7 in Huang et al., 2018, and fig. 4 in Zhang et al., 2020; see also Gereke and Schindler, 2012, figs. 1 and 9; Ma et al., 2016, figs. 10-11; EUK - earlier
UKW eruptions). The land annual precipitation and greenhouse/CO, spikes interpreted from Retallack and Huang (2011) for New York basin; for updated Famennian

conodont zonation see Spalletta et al. (2017).

marked by protracted and stepwise biodiversity losses, but notably
combined with disproportionately large ecological consequences. For
the KW Crisis, statistically refined analysis has revealed that the species
losses were relatively low, at only ~40% (Stanley, 2016), mainly due to
a lowered speciation rate, but not an increased extinction rate
(Bambach, 2006). Therefore, the F-F mass extinction sensu lato should
be considered as a major biotic crisis (Racki, 2020a), even although
Stigall (2012) unfortunately utilized the term “biodiversity crisis”
within precisely the same sense.

The isochronous marker intervals of the KW black shales (KW BS),
which are time-specific facies as defined in the standard German lo-
calities (Schindler, 1993; Walliser, 1996; Gereke and Schindler, 2012),
are correlated only approximately with the concomitant biogeochem-
ical perturbations in C cycling recorded in positive §'3C excursions
(CIEs; Racki et al., 2019; see also Carmichael et al., 2019). For example,
the LKW level in Chinese section of Wang et al. (2018), fig. 3 therein),
as indicated by CIE, is extended to the Palmatolepis linguiformis [=
linguiformis] Zone, and is certainly not correlated with the LKW BS.

2.1. Dating and duration

The KW Crisis refers to a lengthy stepwise Late Frasnian global per-
turbation with a presumed duration of 2 Ma for the principal Late rhe-
nana to linguiformis zonal interval (Sandberg and Ziegler, 1996). Such a
concept is maintained in the “Geological Time Scale 2012,” which was
derived from Monte Carlo analysis of U-Pb dates from selected volcanic
horizons (Figs. 1 and 3; Becker et al., 2012). Conversely, orbitally driven
cyclostratigraphy suggested a duration of at most half that length (e.g.,
Chen et al., 2005), which was finally proved by De Vleeschouwer et al.
(2017). Based on eccentricity and obliquity cycles, the astronomically
constrained relative timescale indicates that the crucial KW interval (=
the two end-Frasnian conodont zones) lasted ~0.85 Ma (Fig. 3). In the
extended definition of the KW Crisis (i.e., from late Early rhenana Zone to
the earliest Famennian; Schindler, 1993; Gereke and Schindler, 2012;
Fig. 2), this duration probably exceeded 1 Ma.

High-resolution U-Pb dating of the Steinbruch Schmidt volcanic ash
horizon in Germany 2.5 m below the top of the UKW level implies
371.86=0.08 Ma as the date of the F-F boundary (figs. 4-5 in Percival
et al., 2018b). This numerical age, which is based on the

cyclostratigraphic age modeling of De Vleeschouwer et al. (2017), was
confirmed by the timing of the end-Frasnian Center Hill tephra horizon
in Tennessee (several dozen cm below the conodont-dated boundary;
Over, 2002), which yielded a date of 371.91+0.15 Ma (Ver Straeten
et al.,, 2020). I take the new U-Pb-derived age of the F-F boundary
(estimated as 371.9 Ma) as the principal reference in this article. The
main divergence still concerns the age of the LKW Event, which could
be either 374.5 Ma (Becker et al., 2012) or 372.7 Ma (Percival et al.,
2018b); accordingly to the second concept, the main UKW Event was
initiated 372.1 Ma. However, an age of ~375 Ma was ascribed by Lanik
et al. (2016) to tephra from the Middle Frasnian (= early hassi Zone),
making the KW Crisis a lot younger (Fig. 3). If so, the timescale re-
ference points are still tentative because the duration of the Frasnian
age can in fact be ~5 Ma, which is half of that presently accepted
(Fig. 1).

3. Updated volcanic press-pulse (greenhouse/icehouse) scenario

The primary triggers of global cataclysms and the immediate ex-
termination factors forced by them should be clearly distinguished
(McLaren, 1983), but they are often still mixed in so-called “multicausal
scenarios” (Racki, 2020a). For example, the F-F cooling pulse was re-
cently discussed in opposition to the disastrous volcanism by Wang et al.
(2018). However, only three principal groups of primary processes were
given to introduce the global sources of the stress varieties (Racki,
2020b): (1) extraterrestrial causes, particularly meteorite/cometary im-
pacts, (2) terrestrial volcanic causes, as discussed below; and (3) terrestrial
non-volcanic causes, associated with sudden climate and sea-level changes,
exemplified by paleogeographic/oceanographic turning points (e.g., the
Late Devonian closure of the ocean between Laurussia and Gondwana;
Copper, 1986), in addition to biotic interactions and bioevolutionary
consequences for the global ecosystem (e.g., the Devonian—Carboniferous
forest expansion, McGhee, 2013; D’Antonio et al., 2019).

Ernst et al. (2018b, p. 1-2) summarized that there is “an increasing
recognition of the role of LIPs and their silicic counterparts, Silicic LIPs
(SLIPs), in rapid environmental and climate changes, including global
warming (Hothouse events), global cooling (Icehouse events, i.e.
Snowball Earth or regional glaciations), anoxia, stepwise oxygenation,
acid rain/ocean acidification, enhanced hydrothermal and terrestrial
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Fig. 3. Comparison of the recent two timescales of the F-F transition from GTS 2012 (modified fig. 12.10 in Becker et al., 2012) and the astrochronogically calibrated
scheme compiled from Percival et al. (2018b), fig. 5) and De Vleeschouwer et al. (2017), fig. 3). The generalized timing of LIP eruptive activity, as shown in Fig. 1,

refers to the revised timescale after Percival et al. (2018b).

nutrient fluxes, and mercury poisoning, leading, in many cases, to mass
extinctions”. The decisive role of volcanic cataclysms and the hy-
perthermal climate setting of mass extinctions have been addressed in
many recent reviews (Kidder and Worsley, 2010; Bond and Wignall,
2014; Rampino and Self, 2015; Wignall, 2016; Emsbo et al., 2018; Ernst
and Youbi, 2017; Clapham and Renne, 2019; Font and Bond, 2020).
This concept was reinforced by the discovery of Hg anomalies in all five
major extinctions horizons (Clapham and Renne, 2019; Racki, 2020a).

An extremely broad meaning of ultimate volcanic triggers of bio-
sphere turnovers should be applied to encompass the associated tec-
tonic phenomena (Racki, 2020b). In words of Rampino and Self (2015,
p. 1050), “LIPs may represent only one facet of a host of geological
factors (e.g., changes in seafloor-spreading rates, rifting events, tec-
tonism, and sea-level variations).” By combining the distinguished
volcanic summer/greenhouse model with the lesser known volcanic
icehouse hypothesis of Cather et al. (2009), two pairs of opposing cli-
matic and eustatic factors in dynamic equilibrium can be explained by
the volcanic-induced loops of diverse processes (Fig. 4; see discussion in
Racki, 2020b, and references therein), as described below:

1. Climatic warming: The volcanic-forced runaway greenhouse, pro-
moted by intermittent excess CO5, mostly promoted by thermogenic
degassing in contact aureoles, is the most commonly accepted and
well proved attribute of the recent mass extinction paradigm, par-
ticularly when used in combination with oceanic stagnation (and the
resulting global O, depletion) and acidification.

2. Climatic cooling: The basic anti-greenhouse feedbacks include (1) the
rapid chemical weathering rate of freshly erupted or tectonically
lifted and exhumed flood basalt series (“weathering/chemical

pump”) and (2) volcanic-sourced oceanic fertilization and increased
primary production leading to a highly efficient biological pump
(Cather et al., 2009). Only a brief-term effect can be promoted by
the traditionally considered factor, i.e., ejected sulfuric acid aerosol
and dust impacts, but Tabor et al. (2020) stressed a key role of soot
emission from catastrophic firestorms in triggering the climate de-
terioration. The short-lasting climatic shifts driven by explosive
volcanism have been recently discussed by Lee and Dee (2019), who
concluded the following: “It may be possible for individual erup-
tions to perturb the carbon cycle on timescales of 1-10 k.y...These
effects would be manifested as short-term cooling events super-
imposed upon on an otherwise warmer baseline.” In addition, cli-
matic swings, driven by competing carbon and sulfur degassing by
continental LIP eruptions, were also modeled, among others, by
Fendley et al. (2019) for Deccan Traps flood basalt eruptions (see
McKenzie and Jiang, 2019; Clapham and Renne, 2019, and Racki,
2020b). As highlighted by Macdonald et al. (2019), p. 1), “Low-
latitude arc-continent collisions are hypothesized to drive cooling by
exhuming and eroding mafic and ultramafic rocks in the warm, wet
tropics, thereby increasing Earth’s potential to sequester carbon
through chemical weathering... Earth’s climate state is set primarily
by global weatherability, which changes with the latitudinal dis-
tribution of arc-continent collisions.”

The long-term tectonoeustasy, in millions of years, traditionally
associated primarily with changes in the spreading rate and volume of
oceanic ridges, still cannot explain brief sea-level changes of less than 1
Ma that occur so frequently in the major biocrisis times. Therefore, the
eustatic fluctuations can be more easily explained by variations in
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glacial ice volume and a glacioeustatic response to volcanically pro-
moted climatic change (Fig. 4), i.e. toward more prolonged greenhouse
mode (transgression) and toward icehouse interlude (regression).

In the general context of the Devonian greenhouse world (see
McGhee, 2014), the glaciation-driven eustasy was discussed by Elrick
et al. (2009, p. 170) in the case of third-order depositional sequences;
“A plausible climate driver for these My-scale paleoclimate changes is
long-period eccentricity (~2.4 My) and obliquity (~1.2 My) varia-
tions”. In summary, all volcanism- and tectonism-driven anti-green-
house feedbacks may be assumed as operative factors in the Devonian
global events and are marked by cooling/glaciation episodes in an
overall greenhouse setting (Averbuch et al., 2005; McGhee, 2005, 2013,
2014; Winter, 2015; Zhang et al., 2020). The comparable scenario was
outlined for the KW Crisis already by Buggisch (1991); see Fig. 5A).
Widespread anoxia and other ecosystem turnovers are recently difficult
to interpret without a volcanic/greenhouse trigger (Kidder and
Worsley, 2010; Knoll, 2013; Rampino and Self, 2015; Racki, 2020b),
which is particularly clear in relation to Cretaceous oceanic anoxic
events (OAEs; Weissert, 2019).

3.1. Towards the volcanism-driven press—pulse theory of mass extinction

Arens and West (2008), p. 456) in their press—pulse theory ex-
plained that “the global extinction power of flood basalts comes not
from the eruptions themselves, but from secondary effects,” such as
climate change, C cycle disruption, and sea-level fluctuation when the
LIP is paired with tectonism. Thus, volcanism-generated “press dis-
turbances need not kill outright but can instead exert extinction power
through curtailed reproduction, lost habitat, geographic range con-
traction, and the long-term decline of population size” (Arens and West,
2008, p. 464). The delayed ecosystem response owing to cumulative
stress is demonstrated by the fact that LIPs typically preceded the main
extinction intervals (the lag-time model of McGhee, 2005), and mag-
matic activity lasted much longer compared to consequent biotic col-
lapse (Burgess et al., 2019, fig. 1 therein). For example, in the Late
Cretaceous stressed ecosystem, volcanic activity was influencing pCO,
levels up to 500 kA before the onset of OAE2 (Barclay et al., 2010).

The press—pulse mass extinction scenario, however, may include

Volcanic winter due to
owing to volcanogenic fertilization.). SUlfur gas (forming stratospheric
aerosols) and ash injections, and
soot emission from firestorms
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Fig. 4. Volcanism-related cause-and-effect inter-
playing links that can finally lead to change (shown
by the thickest arrows) from (1) an amplified long-
term greenhouse stimulus to (2) an intervening/
ending climate cooling interlude/trend due to an
anti-greenhouse effect, against the anticipated sea-
level changes (augmented by Milankovitch-type cy-
clicity modulation; Elrick et al., 2009); the competing
interactions (thinner arrows) are highlighted as im-

! TRA_}%%% %SYIVE manent attribute of the dynamic model of punctuated
'(?high-spre ding rate volcanic summer in the general press-pulse scenario;

arrow thicknesses reflect the alleged influence mag-
nitude (modified fig. 12 from Racki, 2020b; see the
complete models of volcanic greenhouse catastrophe
in Kidder and Worsley, 2010; Bond and Wignall,
2014; Rampino and Self, 2015; Wignall, 2016; Ernst
and Youbi, 2017; Clapham and Renne, 2019; and
Font and Bond, 2020).
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sole volcanic activity as a driver of both press and pulse disturbances, as
considered in Racki (2020b). The most important factors in this respect
are the frequency, composition, and magnitude of eruptions, associated
primarily with and the type of thermally affected substratum and
magma plumbing system (Clapham and Renne, 2019; Ernst et al.,
2019). In particular, a highly discontinuous pulsed pattern char-
acterizes plume-generated giant lava flows, on the diversity of orders
from 10 Ma to 10 years (Courtillot and Fluteau, 2014). The worldwide
pulse response can be attributed to multiple paroxysms in a suitably
brief period and, as quoted above, recently simulated for rapid climate
oscillations driven by LIPs and continental arc magmatism (McKenzie
and Jiang, 2019). In this shifting greenhouse/icehouse context, addi-
tional puzzle includes LIP-associated alkaline magmatism, especially
carbonatites, owing to tremendous expulsive potential of the rapid
eruptions for large volumes of CO, and SO, (Ray and Pande, 1999;
Isozaki, 2007; Ernst and Bell, 2010; cf. 'diatreme volcanoes' - Lorenz
et al., 2017). Similarly, the critical role of initial emplacement pulse of
the extensive Siberian Trap sill intrusions against the background of
flood lava eruptions has recently been proposed by Burgess et al. (2019)
for the end-Permian mass extinction (EPME). Ernst et al. (2019) de-
monstrated that the evolving LIP plumbing system varied between
dyke- and sill-dominated, with the switches depending, among others,
on the regional stress state and upper crustal structure/rheology.

4. Principal elements of present-day Earth-born multicausal KW
crisis scenario

Many recent studies have emphasized that a complex combination of
profound climatic and sea-level changes, including the concomitant im-
balance of nutrient sources and the related anoxia levels, was the key
factor in the multicausal scenario for the KW Crisis (e.g., Averbuch et al.,
2005; Chen et al., 2005; Copper, 2011; Carmichael et al., 2014, 2019;
Becker et al., 2016b; Ma et al., 2016; Lash, 2017, b; Zhang et al., 2020).
Conversely, the evidence of coeval CO,-driven oceanic acidification is
meager (Veron, 2008; Kiessling and Simpson, 2011), even though coral
bleaching was inferred from the skeletal record (Zapalski et al., 2017).

McGhee (2014) reported that the end-Famennian glaciation “erased
the trace of the initial late Frasnian glaciers” and therefore propagated
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the search for “ice-rafted debris in late Frasnian marine strata deposited
offshore from Gondwana.” Considering the lack of conclusive proof for
the F-F glacial deposits, however, a leading factor of the lethal cooling
has finally been resolved in a high-resolution paleotemperature sig-
nature on the basis of O, isotope systematics in conodont apatites
(Joachimski and Buggisch, 2002; Joachimski et al., 2009; Huang et al.,
2018). The runaway greenhouse-type climate mode, with surface sea-
water temperatures above 30 °C, was interrupted by two brief cooling
pulses of ~7 °C during the KW episodes (Fig. 2).

Ma et al. (2016) clarified that large-scale regression existed on
carbonate shelves in the latest Frasnian and was continued in earliest
Famennian. However, this eustatic pattern is still highly debated (e.g.,
Dopieralska et al., 2015). For example, tectonic uplift control on the
development of a paleokarst surface contradicts the simple eustatic sea-
level fall in the Canning Basin of Western Australia (Chow et al., 2004;
see similar data in Mizens et al., 2015, and Mottequin and Poty, 2015).
Nevertheless, the ‘classic’ scenario of double large sea-level rise and fall
(Johnson et al., 1985; Sandberg et al., 2002) is still the commonly ac-
cepted pattern.

The rapid eustatic changes suggest that polar ice caps may have
ephemerally developed during the Late Devonian greenhouse climate
(McGhee, 2014). Complex interplay of the orbital and volcanogenic
drivers combined with expansion of vascular plants on land, particu-
larly during Late Devonian humid episodes (Chen et al., 2005; Rattelack
and Huang, 2011; Zhang et al., 2020), offers a more comprehensive
explanation. An alternative aquifer-eustasy model (Sames et al., 2020)
seems inapplicable in light of returning cooling episodes (Elrick et al.,
2009; Pisarzowska and Racki, 2012; McGhee, 2014). Nevertheless, as
outlined by Kabanov and Jiang (2020), changing the paradigm of De-
vonian sea level changes is an upcoming challenge.

4.1. Eutrophication and anoxia

Following Buggisch (1991) and Joachimski and Buggisch (1996),
the KW-type organic-rich deposition episodes and associated distinctive
CIEs can be explained by transgressive marine anoxia reaching the shelf
setting and the enhanced burial of organic matter (OM; Fig. 5A). The
spread of O, deficiency, even in shallow-shelf domains (Bond et al.,
2013), was biogeochemically linked with a drawdown of atmospheric
CO,, and cooling pulses. Thus, owing to a continuous influx of multiple
proxies of geochemical and ecological data, an array of research has
discussed various aspects of the interplay among eutrophication, pro-
ductivity and anoxia (e.g., van de Schootbrugge and Gollner, 2013;
Carmichael et al., 2014, 2019; Formolo et al., 2014; Large et al., 2015;
Whalen et al.,, 2015; Lash, 2017, b; Crasquin and Horne, 2018;
Thornton et al., 2019; White et al., 2018; Kelly et al., 2019).

With respect to the available evidence, the term “anoxic event”
should be substituted by “intermittent anoxic event” or “seasonal an-
oxic event” (Murphy et al., 2000; Racki et al., 2002). Oscillating redox
states have been recently confirmed by the ichnological record
(Stachacz et al., 2017; Haddad et al., 2017), and by the proliferation of
benthic cyanobacterial mats (Marynowski et al., 2011; Kazmierczak
et al., 2012). Paleogeographic variation in the anoxia onset and dura-
tion (Copper, 2002; Bond and Wignall, 2008; Thornton et al., 2019;
Kelly et al., 2019; Percival et al., 2020) and even the persistency of
mostly oxic refugia across the KW intervals is evident in some domains
(George et al., 2014; Mizens et al., 2015; Racki et al., 2019). On the
other hand, the thin pyrite horizon in the Bavarian slate succession
(Silberberg) at the top of UKW BS (see SM 1), reported also from
Rhenish and Appalachian basin sections (Over, 2002; Gereke and
Schindler, 2012), suggests even euxinic conditions in the oceanic set-
ting (Kump et al., 2005; Formolo et al., 2014). Euxinia in the photic
zone has played a destructive role at least episodically (Joachimski
et al., 2001).

Geochemical evaluation of the evolving weathering regimes and
consequent terrigenous fluxes overall supports the punctuated
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greenhouse scenario (Whalen et al., 2015; Lash, 2017, b; Percival et al.,
2019; Racki et al., 2019). Averbuch et al. (2005) discussed this aspect in
detail by using a tectonic uplift model of the EFME (Fig. 5B). The
anomalously high rate of continental weathering is proved by osmium
isotope data in both KW events (Percival et al., 2019; Liu et al., 2020).
This factor varies greatly in particular domains, which implies multiple
triggers of spreading anoxia/euxinia (Percival et al., 2020; see also
Large et al., 2015).

4.2. Undervalued tectonic control?

Tectonic factors and the plate tectonic setting have been rarely
discussed in the causal context of the EFME, in particular the climate
change. The trigger role of orogenic uplift, that progressed since the
middle Frasnian in the tropical zone due to the developing collision of
Gondwana and Laurussia (after Averbuch et al., 2005; Fig. 5B), was
questioned by Copper (2011). He claimed that “the Acadian orogeny
and mountain building in eastern Laurentia had started already in the
Early Devonian, leaving a long lag time for such cooling. In addition,
reefs can easily grow alongside coastal mountains on the eastern sides
of continents (or volcanic peaks), and such effects would at best be
noted only on the western margins of continents (bathed by cooler
currents)” (Copper (2011, p. 26).

Frizon de Lamotte et al. (2013) developed the Eovariscan scenario
of extensional-magmatic setting for the EFME. They considered “the
geodynamical processes inducing the coeval development of collision
along continental margins and nearby intraplate rifting and/or thermal
doming” (Frizon de Lamotte et al., 2013, p. 14), analogous to litho-
sphere response in the foreland of Alpine compressive deformation
(compare Golonka, 2020). On the other hand, Becker et al. (2018)
quoted evidence of widespread seismic and tectonic events, mainly
during the earliest Famennian interval. The tsunamite origin of event
beds needs to be considered again (Racki, 1998; Sandberg et al., 2002;
Du et al., 2008; Mottequin and Poty, 2015), as well as a question of
purported oceanic overturn (Schindler, 1993).

4.3. Role of biotic factors and interactions

The Wilder-Algeo model links the F-F reef collapse to the first
forests because the tree roots might have increased the weathering rate
on land to mobilize nutrient elements, particularly phosphorus (Wilder,
1994; Algeo et al., 2001; Algeo and Scheckler, 2010). Although it has
been accepted as a general secular trend, this scenario of “killer trees”
cannot plausibly explain the recurring short-term KW episodes of less
than 150 Ka (Fig. 3), as noted by Murphy et al. (2000), Racki (2005)
and Percival et al. (2019, see also Lu et al., 2019; D’Antonio et al., 2019,
Stein et al., 2020).Thus, a completely modified (“extrinsic”) plant—cli-
mate feedback was postulated by Retallack and Huang (2011). Multiple
transient expansions of intertidal to estuarine and riparian forests at
times of episodic CO»-greenhouse spikes were caused by extrinsic at-
mospheric perturbations. Eventually, the volcanic, Milankovitch, and
other disturbance impacts toward the extreme hyperthermal state were
“repaired by woodland expansion”, owing to a highly effective CO, sink
by this biological pump and anti-greenhouse feedback.

Another scarcely constrained biotic factor in the Phanerozoic mass
extinctions concerns toxin-producing cyanobacterial blooms promoted
by heightened temperatures, sea-level fluctuations, and eutrophication
(Castle and Rodgers, 2009; van de Schootbrugge and Gollner, 2013).
“Red tide” hypotheses were indeed proposed for the EFME (Ma et al.,
2016), and benthic cyanobacterial communities surely proliferated
(Kazmierczak et al., 2012). In addition, the spread of invasive species
during the KW deepening events was postulated by Stigall (2012) as a
critical cause. Even if supported by some examples among brachiopods,
this proposal has not been exhaustively confirmed. Veron (2008) em-
phasized that “there is no credible case that supports the argument that
mass extinctions had a biological cause.”
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Fig. 5. Two crucial Earth-born multicausal scenarios of the Kellwasser Crisis. A — Autocyklic model of Joachimski and Buggisch (1996, fig. 3; used by permission from
Georg-August-Universitdt Gottingen), with added volcanic trigger of climate warming (after Buggisch, 1991). B - Endogenous/tectonic scenario of Averbuch et al.
(2005, fig. 8); used by permission from John Wiley and Sons.

4.4. Summary e The Devonian eustatic highstand, corresponding to a long-term
tectonoeustatic sea-level rise owing to a mid-oceanic thermal ac-

A combination of the following broadly synchronous processes and tivity (Johnson et al., 1985; Buggisch, 1991), probably combined
circumstances can be demonstrated as occurring in the key EFME with the extreme interglacial epoch. The super-greenhouse ice-free
timespan: climate mode, with temperatures peaking transiently up to 34 °C
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(Fig. 2), ultimately led to nutrient stress (as recorded in the earliest
Triassic - Bond et al., 2019; Large et al., 2015).

e Dramatic facies change including collapses of the reef biota paired
with condensation and hiatuses as well as the spread of anoxia and
silica-secreting biota in the basin habitats (e.g., Racki et al., 2002). A
“carbonate crisis” marked an abrupt collapse in the calcite-mode
epeiric carbonate factory, and a “dying stage” marked the destruc-
tion of the middle Paleozoic metazoan reefs of stromatopor-
oids—corals; the total CaCO3; production dropped about 60-90%
(Copper, 2002, 2011).

e Chen et al. (2005) and De Vleeschouwer et al. (2017) highlighted
the stimulus of orbital tuning at the F-F climatic turning point. Such
that the sudden orbitally tuned climate and eustatic variance is
considered below to be a potentially important stress factor in the
already disrupted global ecosystem.

5. Why has Late Devonian volcanic trigger been rejected thus far?

The attractive extraterrestrial scenario of the EFME finally failed as
the cause of worldwide species destruction (Racki, 2012; McGhee,
2013), and therefore volcanically-driven cataclysm has slowly emerged
as the leading “smoking gun” (as suspected for many years: Johnson,
1988; Racki, 1998, 2005; Courtillot, 1999; p. 95-96; Mahmudy Gharaie
et al., 2004; Chen et al., 2005; Pujol et al., 2006; Courtillot et al., 2010;
Kravchinsky, 2012; Ricci et al., 2013). In fact, already Sobolev (1928)
gave the earliest scenario of a volcanic greenhouse-type climate for the
Late Devonian evolutionary catastrophe. Buggisch (1991) postulated
that the submarine “Schalstein” volcanism in the Rhenohercynian do-
main induced a progressive greenhouse effect that finally led to the
climate-eustatic cyclicity that occurred during the KW Crisis (Fig. 5A).
However, this basaltic and rhyolitic eruptions lasted only intermittently
into early Frasnian time (Konigshof et al., 2010; see also Freyer, 1957;
Timmerman, 2008). Alternatively, the intraplate oceanic (Pantha-
lassan) volcanic center, consumed in subduction zones, has been
guessed by Becker and House (1994).

Nevertheless, the volcanic trigger has been frequently heavily dis-
puted owing particularly to the suppressed pyroclastic signature pre-
sent in the well-studied F-F successions, in contrast to the well-known
tuffite-rich beds of the D-C passage (Pisarzowska et al., 2020a). The
magmatism has been considered to have rather negligible importance
(Walliser, 1996; Hallam and Wignall, 1997; Becker et al., 2012), even
relative to the assumed strictly tectonic controls (Averbuch et al., 2005;
Riquier et al., 2006). McGhee (2013, p. 148) summarized that “both the
magnitude and timing of that volcanism remain at present unproved”,
and this ‘prejudice’ is continued till now (DeLena et al., 2019; Shen
et al., 2019a, b).

In fact, the following three main characteristics of the volcanic
scenario remained in question.

1. Recognition of Late Devonian LIPs. In the only comprehensive review
of the potential causal links between tectono-volcanic processes and
the EFME in Anglophone literature presented by Racki (1998),
global extensional pulses owing to tectonic plate rearrangement
were highlighted after Veimarn and Milanovsky (1990). An alleged
diverse record of mantle plume activities was indeed reported from
several regions, particularly in Kazakhstan, eastern Siberia, the East
European Platform, and South China. In modern synopses (fig. 1.6
and table 1.2 of Ernst, 2014; Ernst et al., 2020), two major LIPs have
been reported from the Late Devonian interval: Yakutsk-Viluyi and
Kola-Dnieper (see also Kravchinsky, 2012).

2. Correlation of eruptive pulses with the KW Crisis phases. The uncertain
correlation was influenced by imprecise dating of activity in po-
tential volcanic centers (Bond and Wignall, 2014) and that of the
F-F stage boundary itself (Racki, 2005). An incompleteness of
available radioisotope age ranges in LIPs has been highlighted by
Kabanov (2018), who unsuccessfully attempted to link Frasnian
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anoxic levels with LIP activity. Nevertheless, this equivocal state has
been altered by more precise timing of the stage boundary, at 371.9
Ma (Fig. 3), and by significant improvement in the radiometric
geochronology of flood basalts and other magmatic records in-
cluding kimberlites (Fig. 1).

3. Reliability of geochemical proxies. The abundance of several elements
and elemental ratios are considered to reflect volcanic signals,
particularly in the composition of wind-blown dust (Sageman and
Lyons, 2003). These proxies, studied in the context of concurrent
F-F tectono—magmatic activation, include Zr/Al, Ti/Al, Al/(Al + Fe
+ Mn), Mn, and Fe,O3 enrichments, as well as Sr isotope ratios
(Racki et al., 2002, 2019; Yudina et al., 2002; Chen et al., 2005;
Pujol et al., 2006; Weiner et al., 2017). These supposed tracers have
been paired with scarce mineralogical data supporting volcano-
clastic admixtures (Zimmerle, 1985; Yudina et al., 2002). However,
alternative interpretations have been conclusively presented for
these signatures, including those that contain aspects of climate,
sedimentation, and provenance (Sageman and Lyons, 2003; Racki
et al., 2019).

In summary, potential candidates for the F-F volcanic trigger have
been recognized, and progress made during the past five years has
enabled constraint of several of the doubts quoted previously. The state-
of-art is discussed in sections 7 and 8 below. However, even the crude
geochronological data of volcanic paroxysm must be precisely verified
by a reliable volcanic signature in the conodont-dated marine succes-
sions in relation to the KW levels. Recently, Hg chemostratigraphy has
emerged as a useful tool (Grasby et al., 2019). Since Racki et al. (2018a,
b) published the first data on Hg chemostratigraphy applied across the
F-F transition, the traditional concept of subordinate volcanic stimulus,
relative to other possible causes, has been propagated with various
viewpoints in three recent studies, discussed briefly below. These
counterarguments serve as a starting point to discuss more proper
methodology of Hg event chemostratigraphy (see section 6d).

5.1. Inconclusive Sr—Zn isotope counterevidence (Wang et al., 2018)

In a noteworthy study of Zn and Sr isotope records, conducted by
Wang et al. (2018), based on the well-known F-F succession at Fuhe,
South China, the volcanic scenario was rejected as a leading cause of
the KW crisis, and therefore only a climatic (cooling) evidence was
emphasized. However, in the work of Zhang et al. (2020), based on Sr
isotope systematics in conodont bioapatites from the same section, this
causal context was reinterpreted, and abrupt climate cycles are postu-
lated in causal link with volcanic trigger. Thus, two general only aspects
are outlined below in partial reference to paper of Wang et al. (2018):

1. An important question in the discussed geochemical record is the
extreme (two-order) difference in residence time of the studied
isotopes. Sr isotopes are thought to have long oceanic residence
times of millions of years, which should make lower-resolution (not
bed-by-bed) sample sets, exemplified by this study, less problematic.
Nevertheless, the presented 8°°Zn time series is certainly biased by
this sampling strategy owing to its brief residence time of 5-50 Ka
(Fig. 6B). Thus, the perfectly parallel systematic variation of Sr and
Zn isotope ratios is puzzling. Conversely, the presumed delay of Sr
isotope ratios by more than 1 Ma, comparing with the Nd isotope
values (Swanson-Hysell and Macdonald, 2017), is indeed well
documented for the Late Ordovician mass extinction (LOME).
Without precluding a type of regional geochemical decoupling
(awaited by Wang et al., 2018; Zhang et al., 2020), however, the
following alternative simpler explanations can be considered: (1)
such precise chemostratigraphical coincidence is only an artifact of
low sampling density and/or many discontinuities owing to inter-
mittent event deposition (Fig. 6A), and (2) the enigmatic rapid 87Sr/
8°Sr positive excursions are signatures of the flux of radiogenic Sr
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from the venting of hydrothermal (sedex) brines, as proposed by
Emsbo et al. (2018).

2. Wang et al. (2018) assumed that negative Sr isotope shifts are di-
agnostic for large-scale volcanic activity. Numerous processes affect
Zn and Sr isotopes, as the authors noted; however, the dominance of
one process in the two systems does not negate the occurrence of
other processes, such as volcanic and hydrothermal activity. Rather,
this implies simply that silicate weathering had a stronger influence
on the Zn and Sr cycles during the KW Crisis that overwhelmed the
volcanic signal (see Figs. 7 and 11). This reservation concerns also
crucial osmium isotopes, providing arguable data for the KW Crisis
(Percival et al., 2019; Liu et al., 2020). In brief, volcanism as the
cause of the KW Crisis cannot be ruled out on the basis of Sr and Zn
data alone.

5.2. Bioevolutionary trigger only? (Shen et al., 2019b)

Shen et al. (2019b) focused on Hg chemostratigraphy in marine
Ordovician-Silurian boundary sections of South China that had key
implications for the EFME causes. The authors inferred that the Hg
enrichments were due to the occurrence of Hg-rich sulfides, and pro-
vide no evidence of any volcanic signal. However, later Algeo and Li
(2020, p. 26) concluded from compiled global geochemical database,
that neither Hg/TOC nor Hg/S significantly linked with the organic and
sulfide fractions, and “This is good news for the research community
making use of Hg as a volcanic proxy because it demonstrates that these
ratios are not significantly influenced by redox conditions and, there-
fore, have the potential to record other environmental information (i.e.,
volcanic Hg fluxes)”. This conclusion corresponds well with the data
from the Devonian Hg dataset (see below), and the obvious inter-
pretation limitation can no longer be a principal contradiction (even if
it is of regional importance - see also Figs. 8 and 10, LOLP environ-
ments).

In the EFME context, two arguments are quoted to preclude LIPs as a
common cause of all Big Five mass extinctions because the LOME and
EFME “being more protracted in duration, associated with long-term
cooling rather than warming, and lacking any association to a known
major LIP” (Shen et al., 2019b, p. 138). As previously discussed, the
cooling interludes, that occurred during these Paleozoic biocrises, are
explainable by the volcanic scenario (Cather et al., 2009; Racki, 2020b).
On the other hand, it is difficult to negate any temporal links to pre-
sently known Late Devonian LIPs in the light of current datings (Fig. 1;
Ernst et al., 2020). Finally, Shen et al. (2019b) reported that “these
features suggest primary causes linked to massive organic carbon
burial, triggered by bioevolutionary mechanisms (e.g., appearance of
vascular land plants) rather than endogenic causes”. As noticed above,
so simple scenario is of limited significance, at least in Devonian ter-
restrial ecosystems.

5.3. “Weathering” Hg/TOC spikes only? (Charbonnier et al., 2020)

In state-of-the-art pioneering research on the effects of weathering
and synsedimentary degradation of organic matter on the Hg/TOC
volcanic proxy, Charbonnier et al. (2020, fig. 12 therein) implied that
the F-F record of mercury, presented by Racki et al. (2018a, b), proves
only episodes of OAE) or “environmental perturbation“. The hypothesis
of ,weathering“ Hg/TOC anomaly at Moroccan (Lahmida) locality is
questionable because:

® Charbonnier et al. (2020) omitted the fact that not only OM pre-
ferentially sequestered Hg, but also clay and Fe minerals (see
below). In addition, Hg can be extraordinaly enriched due to sea-
floor volcanic activity adjacent to the eruption site (Jones et al.,
2019), and Hg-rich and TOC-poor samples can not be suspected a
priori as recorded only the post-sedimentary factors. Thus, the Hg/
TOC ratio is not the sole volcanic proxy, and it appears as indeed
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risky marker in light of new data.

® Post-depositional Hg redistribution and substantial enrichment in
the precipitation front (Smit et al., 2016) is unlikely to be applicable
to the Moroccan succession, that is marked by carbonate clay- and
TOC-poor lithologies (for more about metals adsorption see
Derkowski and Marynowski 2018). Thus, a specific surface desert-
type (arid) weathering, supposed by Charbonnier et al.(2020),
would lead to several extremely puzzling Hg enrichments (above 1
ppm), especially in the crucial biocrisis interval. Of course, the Hg/
TOC ratios are certainly more (e.g., in the limestone bed LA 24/25N;
Table 1) or less exaggerated due to weathering, but these ‘anom-
alous peaks’ result mainly from the high original Hg content, and
not due to the secondary factors in random layers. Curiously, the
Hg/TOC range between 400 and 1000 ppb/wt. %), proposed by
Charbonnier et al. (2020, fig. 12) as a reliable volcanic guide for
mass extinctions, only applies to Famennian horizons in the speci-
fically Hg-enriched succession (Table 1 and SM 2).

e More importantly, any standard Hg/TOC threshfolds for “specific”
mass extinction times are very risky, since the Hg cycle was differ-
ently disturbed even during increased LIP activity (Percival et al.,
2018a; Fig. 8). In the context, the Hg contents and Hg/TOC ratios
were disproportionately higher during episodes in the major Pa-
leozoic biocrises than younger examples (see Racki et al., 2018a, b,
DR 4). This constraint is evidenced also by very limited applicability
(see SM 1 and SM 3) of the Hg/TOC anomaly threshold, i.e., 71.9
ppb/wt. %, estimated by Grasby et al. (2019).

6. When can Hg enrichment be a conclusive volcanic proxy?

The topic of anomalous Hg enrichment surprisingly flourished sev-
eral years ago in the context of a new uniquely applicable volcanic
marker. As discussed by Percival et al. (2018a), in contrast to Sr or Os
isotopes, this proxy was notably less affected than many other elements
by weathering or by marine redox chemistry. Sanei et al. (2012) were
the first to introduce the Hg/TOC component which has proved vital for
tracing sedimentary Hg enrichments. Many subsequent studies have
reported anomalous Hg-enriched horizons from major and second-order
global events, including four mass extinctions (e.g., Grasby et al., 2015;
Percival et al., 2015, 2017; Jones et al., 2017; De Lena et al., 2019;
Faggetter et al., 2019; Jones et al., 2019; Shen et al., 2019a, b; Them
et al,, 2019; Sial et al.,, 2020), as reviewed by Bergquist (2017),
Clapham and Renne (2019) and Grasby et al. (2019). Prior to the report
by Racki et al. (2018b), the EFME continued to be an ambiguous
"missing link" in this chain of volcanic calamities, even if volcanogenic
Hg anomalies were reported from Late Devonian black shales of Pay
Khoy (north-central Russia) already by Yudovich et al. (1986).

6.1. Volcanic participation in the recent Hg cycle

Volcanic emissions are estimated to have contributed up to 20-40%
of the Hg delivered to the modern Earth volatile budget, and widely
distributed Hg-enriched event horizons are dictated by the explosive-
ness of eruptions (Pyle and Mather, 2003; Amos et al., 2014; for details
see Fig. 8A). Volcanic-sourced Hg is contained mainly in gaseous in-
jections that reach the stratosphere; extremely low contents of Hg at
less than 6 ppb are found in basalts and pyroclastics owing to its in-
compatibility in magmatic melts (Coufalik et al., 2018). Prior to the
deposition of oxygenated reactive Hg formed via rain, it can be dis-
tributed worldwide in the atmosphere because of the Hg residence time
of about 0.5-2 years (Blum et al., 2014).

Hg binds readily with sedimentary OM during depositional pro-
cesses, with particular effectiveness in soils and peats. However, Hg is
also absorbed onto clay minerals such as montmorillonite, as well as
sulfides and hydrous Fe oxides (Yudovich et al., 1986; Kongchum et al.,
2011; Uddin, 2017). In marine basins, a sufficiently short residence
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Table 1
Geochemical characteristics of the five samples most enriched in Hg from Lahmida,
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Morocco (see SM 1 and Fig. 16A). Note the different stratigraphic position and

lithologic setting of the Hg excess, as well as the varied relationships of TOC and weathering-sensitive elements, combined with mostly average §'°C values.

SAMPLE Hg (ppb) TOC (%) Hg/TOC CaO Al,04 Fe,03 S Mo As \Y% 8"3Corg
Lithology

(position)

LA 14: CM (pre-KW) 1144.9 0.56 2044 40.2 3.49 1.93 0.09 4.6 96.8 37 -25.76
LA 24/25N: AL (UKW) 1136.4 0.16 7103 47.6 2.33 0.86 0.03 0.9 2.6 40 -27.06
LH 27A2 C (post-KW) 569.1 0.93 612 2.8 20.7 4.59 0.04 1.9 5.4 4.4 -27.29
LA 26/27: C (post-KW) 481.2 0.86 560 2.6 21.02 4.47 0.03 2.3 7.5 256 -27.28
LH 22: AL 464.2 0.41 1132 46.2 2.08 4.48 0.07 15 23 52 -28.78

(UKW)
Median value in the section (n=41) 153.2 0.48 341 46.2 2.93 1.76 0.05 1.6 10.9 60 -27.63

C - claystone, CM - calcareous marl, AL — argillaceous limestone

time of about 100-1000 years resulted in the stable Hg signal recorded
in sediments via organo-Hg complexes (Ravichandran, 2004; Barnes,
2015). Hydrothermal venting is an additional Hg source, but mostly in
areas of relatively close proximity to the source (Fig. 9 see also Scaife
et al., 2017). It should be noted that hot spring precipitates contain
extremely high amounts of Hg, with a maximum of 7,000 ppm reported
(table 5.1 in Barnes, 2015). Percival et al. (2018a, p. 800) revealed that
not all Cretaceous LIPs yield sufficiently large Hg release to perturb the
global cycle, and key factors include: “submarine versus subaerial
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tribution of thermogenic mercury from reactions between ascending
magma and surrounding organic-rich sediments.”

6.2. Origin of Hg enrichments

Stratigraphical horizons characterized by Hg spikes have been stu-
died intensively in geochemical terms against comparative analyses of
background low-Hg sediments in particular successions. The Hg
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2018, table 1), cannot be clearly revealed in isotope curves in the case of essential differences of the stratigraphic completeness between background and event

sediments, paired with extensive hiatuses in the critical intervals (the preserved rec
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ord marked by grey fields).
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Fig. 7. Time relationships between the LIP volcanism and Sr isotope trends for
(A) the Middle-Upper Devonian, and (B) Permian-Triassic transition slices. The
standard oceanic 87Sr/%Sr curves are based on McArthur et al. (2012, fig. 7.2);
the LIP ages in (A) and (B) are based on data from Tomshin et al. (2018) and
Chen and Xu (2019), respectively. Note that even the largest Phanerozoic LIP
activity of Siberian traps resulted in dubious temporal correlations with the
reversal in the positive Sr isotope trend ~6 Ma after this large-scale volcanic
cataclysm.

enrichments may have dissimilar origins and record not only volcanic
source (Bergquist, 2017). Thus, specific features paired with greatly
increased Hg accumulation can be established, particularly on host
phases, as reported in the literature. The following major origins of
extraordinary Hg enrichment are analysed (Fig. 10; see other Hg de-
position processes in Grasby et al., 2019 and Jones et al., 2019):

e Atmospheric fallout from LIP-generated clouds and other volcanic
sources (Figs. 8B and 9).

e Terrestrial delivery via runoff from weathered rocks in mercur-
iferous area, Hg-enriched sediments and soils. However, Kalvoda
et al. (2019, p. 9) assumed the explanation that Hg, hosted primarily
by clay particles, has been enriched in the marine sediments due to
“an increased flux of volcanic-derived Hg from the landmass.”

e Low-temperature hydrothermal activity in marine settings, ex-
emplified by complex, multiphase origin of the giant Almadén-type
cinnabar ore (Fig. 10); such unique Hg accumulation differs from
that produced by a simple venting episode because was additionally
associated with mafic sea-floor eruptions (Higueras et al., 2005).
Excessive accumulations of several other elements (Pb, Zn, As, Co,
Sb, Ni, among others) have commonly been reported in hydro-
thermal precipitates (Yudovich et al., 1986; Gurvich, 2006; Bagnato
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et al., 2017; Emsbo et al., 2018; see the D-C examples in Section 10).

® Post-sedimentary re-distribution and re-precipitation at a diagenetic
front, formed by a contrast in lithology, was proposed by Smit et al.
(2016) for the end-Cretaceous Hg anomaly, but never described in
detail. Derkowski and Marynowski (2018) showed that the partially
weathered zone exhibits different adsorption properties, compared
to a pristine black shale, and when Hg is weakly only (2-3 times)
enriched, Hg/TOC ratios can be increased by more than ten times;
however, the Hg signal is almost completely reduced in the 'com-
pletely weathered' rock (see also Charbonnier et al., 2020).

Only the first two genetic types are considered below, and, as a
prerequisite, sedimentary Hg abundances should be normalized against
the TOC and other host contents (see Section 6.4). Relatively low cor-
relation indices and elevated values of Hg/TOC and other proxies may
provide evidence for the excess Hg concentrations, particularly those
produced by an external Hg source such as volcanism, rather than the
promotion of additional Hg burial into sediments by an increased flux
of OM or other host material (Sanei et al., 2012; Grasby et al., 2015,
2019; Percival et al., 2015, 2018a). The latter case is referred to as a
pseudo-enrichment (Figs. 10-11). Pruss et al. (2019) reported a Cambrian
example of this in which abundances of redox-sensitive mineral, glau-
conite, and low bioturbation fabrics correlate exclusively with the Hg
enrichments, what indicates oscillating redox conditions as the major
controlling process of the burial. However, for reliable exclusion of the
volcanic signal due to atmospheric deposition, coeval Hg spikes should
be confirmed in different facies and in distant regions.

6.3. Environmental control of Hg signatures

Local or even regional Hg pseudo-enrichments may record only
specific depositional conditions, which can bias the initial volcanic Hg
fallout (see Fig. 11). This control is visible in varying lateral reprodu-
cibility of Hg signals in crucial crisis intervals (see the variable ‘chemo-
correlations’ in Percival et al., 2015, Faggetter et al., 2019; Shen et al.,
2019a; Sial et al., 2020). Noteworthy varying “effectiveness of different
sediment types” in preservation of the Hg signal is known, “with li-
thologically homogeneous records documenting more clear Hg enrich-
ments than sections with major changes in lithology such as limestones
to claystones or organic-rich shales” (Percival et al., 2018a, p. 799).

Thus, the distinction between local and global Hg records is a pre-
requisite in event-chemostratigraphic analysis. Terrestrial Hg delivery
was clearly indicated by relative Hg enrichment solely in nearshore
domains (Fig. 10; see the alleged Toarcian example in Them et al.,
2019). On the other hand, autochthonous marine OM could be sub-
stituted by allochtonous terrestrial organic detritus and recorded in
palynofacies with an effect on Hg signature (Fig. 10; Menor-Salvin
et al., 2010; Jones et al., 2019). A bias by post-depositional degradation
of OM is highlighted by Charbonnier et al. (2020).

Therefore, the final deductive step encompasses the different fates
of the excessive Hg signal in three basic marine settings characterized
by different redox and primary productivity states, including elevated
bioproductivity versus enhanced preservation related to O, deficiency
(LOHP-type vs. LOLP-type basins in Fig. 10; Sinninghe Damsté and
Koster, 1998; Tyson, 2005; Brumsack, 2006; Algeo and Liu, 2020). As
explicitly explained by Percival et al. (2018a): “In well-oxygenated
environments where there is little organic matter, sulfide, or clays,
mercury drawdown is likely to be limited.” Other Hg sinks such as
absorption by sulfides or clay minerals also influence the Hg seques-
tration, particularly in euxinic basins containing sulfidic water and in
nearshore zones (e.g., Kongchum et al., 2011), but in general terms,
redox conditions had minor control over Hg sequestration (as implied
by Algeo and Liu, 2020). Furthermore, Sanei et al. (2012, p. 65; see also
Ravichandran, 2004) clarified that “Normally the strong Hg-OM asso-
ciation prevents highly insoluble Hg sulfide from precipitating in
marine sediments.... with the absence of adequate organic fixing
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Fig. 8. The global mercury cycle under normal conditions (A) and affected by LIP eruption (B), according to Grasby et al. (2019, Fig. 1) and references therein;
assesment of Hg inventories (white text) and fluxes between reservoirs (black text; see also Percival et al., 2018a, fig. 2) are shown, as well as the disruptive impact of

volcanic activity (red text; see also Figs. 9-10).

capacity, and a continued accumulation of dissolved Hg, a tipping point
would be reached where development of euxinic conditions allows
sulfide deposition to become the dominant Hg fixation process to
compensate for the failing OM Hg drawdown.”

Thus, a distinction between pseudo-anomalous and real Hg en-
richments requires a comparative lateral analysis (via normalization
procedure) in coeval successions to trace facies overprint on the Hg
signal (Fig. 11). Geochemical characteristics and elemental correlations
are another useful tool because different redox states are recognizable
in trace metal signatures (Brumsack, 2006; Tribovillard et al., 2006;
Algeo and Liu, 2020).

6.4. Normalization procedures

The OM overload resulted in sedimentary burial of excess Hg in
seawater (Fig. 11), as indicated by decreased Hg/TOC ratios (Sanei
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et al., 2012; Grasby et al., 2015, 2019; Percival et al., 2015; Jones et al.,
2019). To evaluate other possible ‘pseudo-enrichment’ effects of the
host, similar normalization against Al from clay minerals and Mo, S, or
Fe for a potential Fe-sulfide sink is optional (SM 1).

The normalization values for TOC-poor samples (<0.2%) are un-
reliable owing to possible analytical errors (Grasby et al., 2019), and best
treated with caution. However, the elimination of samples with such low
TOC values, proposed by Grasby et al. (2019), may lead to omission of
Hg enrichment cases hosted by non-OM phases Thus, another approach is
preferred herein for samples with such depletion in TOC, in which the
maximum acceptable value of 0.2% is arbitrarily used, to approximate
the minimum value of the Hg/TOC ratios (SM 1 and SM3).

6.5. Recommendations for determining F-F volcanic Hg signals

In summary, individual levels rich in Hg may be heterogeneous in
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Fig. 9. Patterns showing the scale and distribution of volcanic
Hg emission as controlled by various styles of emplacement
within LIPs (based on the Paleogene North Atlantic case
shown in fig. 2 in Jones et al., 2019, and referencs therein).
Differentiation is shown between (A) shallow marine, highly
explosive eruptions, resulting in wide atmospheric dispersal of
Hg-rich gases and worldwide Hg signal, (B) dominant effusive
flood basalt (LIP-type) volcanism, and (C) hydrothermal
venting from the peripheries of sill intrusions in OM-rich strata
mainly to the overlying water mass, for which only localized
Hg dispersal is predicted.

Contact aureole

Orggnic—rich sediments

individual sections, and their original origin more or less obliterated.
Thus, on the basis of critical discussion on the approaches presented in
recent literature, the following recommendations are proposed for more
accurate recognition of volcanic Hg signals.

e How much should the timing of LIPs overlap with the dates of global
crises and events? The definite (‘robust’) temporal correlation has
been intensively researched (e.g., Percival et al., 2018b, 2019), and
DeLena et al. (2019, p. 5) downgraded the marine Hg enrichments
of Racki et al. (2018b) exclusively because their “temporal con-
nection to any LIP activity is unclear and remains speculative”. This
oversized attribute of the volcanic scenario could be significantly
weakened for the following three principal reasons:

(1) The volcanic activity was not principally a direct factor of
worldwide catastrophe; rather, it triggered only disastrous climatic
changes and related feedbacks to generate a cascading calamity
(press disturbance) effect that led to postponement in the final
collapse of the ecosystem. Thus, some delay between the eruptive
activity and the following global change toward ecological cata-
strophe is predicted (see Section 3.1).

(2) Late Devonian intraplate and arc magmatisms are still scarcely
known and understood, especially that some LIPs are inferred from
only dolerite dykes (Carmichael et al., 2019; Ernst et al., 2020;
Golonka, 2020). One can speculate how many LIPs have not yet
been recognized, and this is also considered for subducted oceanic
plateau basalts (Kaiser et al., 2016). Thus, Hg spikes can be only
traceable fingerprint of ‘lost’ LIP activity in the stratigraphic record
(Racki et al., 2018b). Partial or only conjectural temporal correla-
tion between the LIP activity and biotic crisis is therefore sufficient
rationale for hypothetical volcanic cataclysm.

(3) Increasing causal potential of magmatic activity other than
continental flood basalts is recently emphasized (Racki, 2020b; see
below).

Only high-resolution sampling of relatively continuous successions sup-
plies reliable Hg chemostratigraphical data. When detecting cata-
clysmic episodes such as meteorite impacts or volcanic eruptions,
samples should be taken at intervals of several centimeters because
the signature occurs as very thin horizons on this scale (see Winter,
2015; Fig. 6A). Only sufficiently dense sampling was a prerequisite
for the discovery of several Hg spikes directly below the F-F
boundary in the Russian Syv’yu section, in horizons with a max-
imum thickness of 5 cm (see Racki et al., 2018b). Thus, the Hg
anomalies are frequently detected as one-point spikes. This trivial
pre-condition is frequently overlooked, but low-resolution (“lot-
tery”) analytical data preclude any negative conclusion on the

volcanic stimulus. In addition, the inherent resolution flaw is con-
trolled by the nature of the stratigraphic record; this constraint
should be elucidated for each succession before planning a sampling
strategy. Interpretation of hypothetical events should first consider
the probability of their signal recognition for each geochemical
dataset (see also Trabucho-Alexandre, 2015). Its interpretative po-
tential is determined by both the sampling pattern and completeness
degree of the stratigraphic record (Fig. 6; Miall, 2015).
Synchronous and worldwide real Hg enrichments occur in different facies
settings. Not all coeval localities can reveal the true abundances of
excessive Hg because the dynamic interplay between volcanic signal
(as a result of atmospheric Hg deposition) and the OM sequestration
in particular depositional conditions (Figs. 10-11). However, at least
some sections from paleogeographically separated regions and those
developed in different facies should provide the real anomalous
enrichments as conclusive proof of the external Hg delivery. The
atmospheric source resulting from volcanic paroxysm, based on the
Occam’s razor, is a far more simple explanation than the alternatives
offered by oceanic anoxia and/or simultaneous short-lived weath-
ering pulses at the global scale (see Percival et al., 2019; Algeo and
Liu, 2020).

Other indicators of magmatic activity in the key intervals are welcomed.
Mineralogical evidence is not easily provided owing to severe burial
alterations of pyroclastic material such as the black shale paradox
highlighted by Zimmerle (1980). In fact, Cretaceous and Late
Devonian volcanic ashes are variably enriched in Hg (see Yudovich
et al., 1986; Scaife et al., 2017; Pisarzowska et al., 2020a, b; SM 1
and SM3). The cryptic markers of explosive activity can be in fact
present in many F-F successions (Winter, 2015). In addition, A’°°Hg
values close to zero, coinciding with Os- and Sr-isotope positive
spikes, and C-isotope negative excursions, may be an additional tool
in event-stratigraphy correlations (Emsbo et al., 2018; Grasby et al.,
2019; Percival et al., 2019; Shen et al., 2019a; Schobben et al.,
2019), as well as weak platinum group enrichments (Racki, 2012;
Tankersley et al., 2018). The tectono-magmatic activation may in
fact be manifested in a diversity of local and regional signatures (see
Grasby et al., 2015), including intensive hydrothermal venting and
plume dispersal of mineralizing brines, recorded primarily in sedi-
mentary/exhalative Zn-Pb-Ba ore deposits (Figs. 9-10; Emsbo et al.,
2018), but also e.g., in positive Eu anomaly (Zeng et al., 2011).

For the most cases, the proposed steps and terminology toward

determination of samples evidencing volcanic signal are follow (Racki
et al., 2018b; Fig. 10): (a) Hg excess above 3, (b) among them, en-
richment factor for Hg/TOC above 3, and (c) among them, Hg volcanic

13
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Fig. 10. Scheme of the three successive levels in the interpretation of sedimentary Hg enrichments. A key starting distinction includes (1) pseudo-enrichments/
anomalies including also masked enrichments/anomalies, promoted mostly by bioproduction acme in photic zone (marked as a greening), and real enrichment/anomalies
that recorded excess Hg sinks owing to external input; (2) main environmental models of sedimentary Hg enrichment as depicted in Figs. 8B and 9, including
Almadén-type hydrothermal Hg ores (Higueras et al., 2005); and (3) a final distinction of the different Hg signatures in the three contrasting marine settings.

enrichment identified in worldwide, euryfacies and synchronous hor-
izons (Hg volcanic anomaly for Hg/TOC above 10; cf. Algeo and
Tribovillard, 2009). In the last steps, Hg pseudo-enrichments, i.e. dis-
playing Hg /TOC enrichment less than 3, can be treated as a masked
volcanic enrichment if this Hg/TOC impoverishment would be at most
regionally recorded.

7. Current account regarding the Late Devonian LIPs
7.1. Viluy LIP

The mid-Paleozoic Siberian flood-basalt succession of the large
high-latitude volcanic domain, referred to also as the Vilyui LIP by
Russian authors and the Yakutsk—Vilyui LIP by Ernst (2014; Fig. 12).
The traps have been considered as causal links to Late Devonian global
events for almost three decades (Veimarn and Milanovsky, 1990; Racki,
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1998). The current radiometric dating enables outlining of two main
eruptive phases (Figs. 1 and 12B), dated by Polyansky et al. (2018) as
374.1 = 3.5 Ma and 363.4 + 0.7 Ma. However, Tomshin et al. (2018)
reported three-step basalt emplacements corresponding to 380 Ma,
373-376 Ma (?prolonged to 368 Ma), and 362-364 Ma. An erosional
Middle-Upper Devonian unconformity has recorded widespread domal
uplift of ~ 500 m prior to the LIP outpouring as layered intrusions,
dykes and sills, but also as subaerial lava outflows (Kiselev et al., 2012).
All of the data support specifically the pre-KW eruptions in the Siberian
volcanic-rift system(s), for which the total basalt volume has been
roughly estimated as more than 1 x 10° km® (Courtillot et al., 2010),
with lavas forming ~ 95 % of the volume (Masaitis, 2007).

The felsic to mafic marine volcanics of adjoined Kolyma-Omolon
superterrane, described as the Kedon Formation (e.g., Gagiev, 2009;
Fig. 12C), are interpreted as a record of a short-lived discontinuous
continental-margin arc by Nokleberg et al. (2004), but also as a silicic-
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Fig. 11. Relations of Hg/TOC ratios and dynamic equilibrium between Hg and
TOC content changes in the Hg-enriched volcanically overprint level. Three
variants of the Hg enrichment scale are presented against the stabilized bio-
productivity, approximated by the TOC. However, this volcanic signal is in fact
exposed by the Hg/TOC proxy only when this increase has overwhelmed the
concomitant TOC increase (variant C); conversely, decreasing ratios are pro-
moted (‘masked’) by relatively large TOC abundances (variant B). The relations
refer to dynamically varying processes revealed in geochemical markers such as
those in the Sr and Os isotope ratios (see Section 5.1).

dominated LIP by Gagieva (2016). In the basin succession in the Stolb
Island, Lena River delta, where the UKW BS level was recognized for the
first time in Arctic Siberia (Yazikov et al., 2013; (Fig. 12A), no obvious
volcanic evidence exists in the F-F transition. Submarine effusive ac-
tivity has been reported in the Middle Frasnian in this region, which
differs from the Early Famennian siliciclastic—pyroclastic delivery. In
fact, in a conodont-dated limestones of the southeastern Siberian Plat-
form, thick basaltic lavas already occur in the basal Frasnian (Baranov,
2007).
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7.2. Kola LIP

The diverse alkaline complexes associated with plume magmatism,
referred to as the Kola/Kontegoro LIP by Kravchinsky (2012), were
emplaced in the Kola Peninsula within a total range of 387-362 Ma
(Fig. 1). Considering the data of Arzamastsev et al. (2017), the basalt
floods extruded between the Givetian and the Late Frasnian at 375-387
Ma, with a main pulse likely occurring at ~380 Ma. This extrusive
phase was followed only by intrusive and related hydrothermal-ore
activities. However, Arzamastsev (2018) distinguished also “several
pulses of dyke emplacement and formation of diatremes of alkali pi-
crite, kimberlite, olivine melanephelinite, nephelinite, and phonolite”
in Late Devonian rocks between 377 and 362 Ma. Thus, the basalt ef-
fusions either signaled or coincided with the onset of the alkaline
melting in the magmatic-rift system, in contrast to other LIPs
(Arzamastsev et al., 2017). The Late Devonian effusive rocks were likely
much less voluminous than other Late Devonian traps (Kravchinsky,
2012; Bond and Wignall, 2014), although they were also widely dis-
tributed as submarine volcanism in the basement of the Barents Sea
(Nikishin et al., 1996; Puchkov et al., 2016).

7.3. Pripyat-Dnieper—Donets (PDD) LIP

The total amount of basalt in large-scale rift systems in the south-
western East European Platform is estimated be 1.5 x 10° km®, and
occurs as effusions in two phases in the Dnieper-Donets segment be-
tween the late Frasnian and late Famennian (Fig. 13A; Nikishin et al.,
1996; Wilson and Lyaskovitch, 1996; Kravchinsky, 2012). Explosive
volcanism was dominant at the Frasnian emplacement stage, with
pyroclastic material forming 70-90% of the igneous succession (Wilson
and Lyaskovitch, 1996). In fact, the basal Famennian pyroclastics in
Central Europe, specifically the Scorpius group of Winter (2015), are
linked with the westward ash dispersal from the PDD LIP (Fig. 14). This
prolonged intermittent tectono—magmatic reactivation, associated lar-
gely with carbonate-evaporitic sedimentation, may be uniquely corre-
lated with conodont zonation. In the Pripyat Trough, the Middle De-
vonian to Frasnian intrusive bodies are followed in succession by
differentiated volcanics including Yevlanovo to Petrikov regional stages
(Aizberg et al., 2001), containing Late rhenana to rhomboidea zones
(Strelchenko and Kruchek, 2013). The Upper Frasnian volcanics “are
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Fig. 12. (A) Regional distribution of the EFME- (Yakutsk—-Vilyui) and EPME-related Siberian LIPs (plume centers marked by stars; after Ernst et al., 2018a, fig. 7B),
and location of nearby conodont-dated sedimentary Upper Devonian sections (grey circles; Baranov, 2007; Yazikov et al., 2013). (B) Statistical analysis of radiometric
Ar isotope dating of the Viluy dykes, exposing the bimodal temporal distribution of trap-type eruptions after Polyansky et al. (2018, fig. 3B; Fig. 1), against the LIP
timing after Ricci et al. (2013), Ivanov (2015, fig. 2), and Tomshin et al. (2018), and kimberlite dating after Ivanov (2015, fig. 2), respectively. (C) Evolving igneous
activity (continental arc or SLIP?) in the Kolyma-Omolon domain (see Fig. 12A), interpreted from fig. 3 of Gagiev (1997), against the eruptive phases of Viluy LIP.
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Aizberg et al., 2001). The initial outpouring of flood basalts likely correlates with the onset of the KW Crisis (Figs. 1 and 3; for conodont datings see Narkiewicz and

Narkiewicz, 2008).

mainly of intermediate composition (subalkaline and alkaline trachytes,
trachybasalts and syenite porphyrites) and are represented by explo-
sion, effusive, pipe and subvolcanic facies” (Aizberg et al., 2001, p.
352). Abundance of intrusive bodies, mainly sills up to several tens of
meters thick, is another notable character of the Pripyat rift, with two
maxima in Givetian to early Frasnian and in late Frasnian (Rechitsa-
Voronezh horizons, mostly Early rhenana Zone; Aizberg et al., 2001).
The PDD rift-volcanic system is usually linked with a mantle plume
with its center located at the intersection of the Dnieper-Donets rift and
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the Uralian swarms (Puchkov et al., 2016). The last structure of the
370-377 Ma age is possibly even ~2300 km long because it can be
traced along the Ural Mountains to the Pay—-Khoy—Novaya Zemlya fold
belt. According to Stepanenko (2016), the ages of the traps in the
northern Timan-Pechora region correspond to the F-F transition in-
terval at 374-367 Ma. At the northern Arctic ending, the sea-floor ba-
salt lavas occur in the lower half of the Frasnian stage in Novaya
Zemlya and are hosted by shallow-marine clastics (Guo et al., 2010).
Yutkina et al. (2017) summarized other Givetian to the Late Frasnian
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Fig. 14. Geotectonic setting of Late Devonian volcanic ashes in Central Europe
(fig. 17 from Winter, 2015; used by permission from E. Schweizerbart'sche
Verlagsbuchhandlung; see also Fig. 15); paleogeography modified from
Golonka (2000); collision belts (brownish), distribution areas of air-fall ash
layers (green), eruption centres and directions of aeolian transport (black ar-

rows); ash chronohorizons (= eruptive events; Fig. 2): 1 = Scorpus, 2 =
Sextans, 3 = Pegasus, 4 = Center Hill Ash, USA (Over, 2002).

magmatic centers from the central and eastern East European Platform,
particularly in the Vyatka (Kirov-Saratov) trough (see also fig. 10 in
Nikishin et al., 1996).

Thus, the igneous domain was undoubtedly the largest Late
Devonian LIP. Puchkov et al. (2016) reinterpreted the Kola-Dnieper
and Yakutsk-Vilyui LIPs as a joint record of a single superplume mega-
eruptions (see also Ernst et al., 2020).

7.4. Other alleged LIPs

Several Late Devonian igneous domains of different types may be
considered (Racki, 1998, 2005; Veimarn and Korneeva, 2007; Ernst
et al., 2020), as listed below.

e Laurentian Maritime (Magdalen) LIP, a conjectural continental/si-
licic LIP “fragment” in eastern Canada (Ernst, 2014), dated roughly
as 360-370 Ma. The Famennian age was confirmed by palynos-
tratigraphy (Murphy and Keppie, 2005; Dessureau et al., 2007).
Ernst et al. (2020) distinguished two magmatic pulses at 380-370
Ma and 360 Ma.

e Several occurrences of poorly dated basaltic series in central Asia.

For example, rift-related sub-alkaline magmatism during the tec-

tonic rebuilding of the Kazakhstan plate was initiated in the Late

rhenana zone. This activation was recorded by extensive uplift,
volcanogenic deposition, and giant stratiform Fe-Mn and poly-
metallic ores (Veimarn et al., 1997; Racki, 1998; Veimarn and

Korneeva, 2007).

Thick submarine basalt series occur in northern Iran (Wendt et al.,

2005; Ghomalian, 2007). For example, lava flows up to 400 m in

thickness occur in the Late Devonian carbonate-siliciclastic Geirud

Formation in the central Elburz Mountains and in Azerbaijan.

® A complex rift system is assumed to be the tectonic setting for the
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South China shelf basin (Bai et al., 1994). Various forms of volcanic
activity include basaltic effusion associated with the opening of the
Paleotethys Ocean (Guo et al., 2004) as well as hydrothermal-ex-
halative venting and mineralization (Chen et al., 2005; Zeng et al.,
2011; Ma et al., 2016).

7.5. Magmatic arc activity

Probably four domains of arc explosive eruptions in the Late
Devonian are recognizable in Central European volcanic signatures
(Fig. 14). Winter (2015) described numerous metabentonites that ap-
pear to constitute a record of intensified alkaline volcanism during the
KW Crisis. The ashes originated largely from “volcanic islands of a
subduction front caused by the closing of the Rheic Ocean between
Gondwana and Euramerica” (Winter, 2015, p. 228). Graham et al.
(1995) reported Late Devonian silicic and alkaline volcanic activity in
the Munster Basin in southwest Ireland. Supplementary unidentified
intra-oceanic(?) eastern source for the Late Frasnian Sextans pyr-
oclastics is notable. In this context, the intensive mineralizing activity
that occurred in the Rheic (Rhenohercynian) oceanic domain as a result
of accelerated northward subduction is understandable (Raumer et al.,
2017).

On the other hand, tuffite horizons in an interval dated as ap-
proximately late Frasnian have been reported in northwestern Turkey
(Eastern Taurides) by Gonciioglu et al. (2016) and Cimen (2018). The
authors linked the pyroclastics with the South Urals, where coeval
colliding arc island volcanism is widely regarded to have originated
from the Magnitogorsk Zone (Pravikova et al., 2008). However, only
rift basalts are reported from the conodont-dated F-F transition by
Artyushkova and Maslov (2011, fig. 1).

Furthermore, different scales of hydrothermal venting along the
back- and fore-arc spreading centers, resulted in well-known mineral
resources occur in some other regions, e.g., in Kazakhstan (Racki, 1998)
and Spain (Moreno et al., 2018). Emsbo et al. (2018) reported several
Zn-Pb-Ba ore deposits of 379 to 373 Ma in the Selwyn Basin of Canada
(see Ernst et al., 2020).

7.6. Carbonatite/kimberlite outbursts

Tremendously explosive carbonatite-alkaline magmatism and the
associated kimberlite-type eruption blooms are potentially a far more
effective factor in the volcanic cataclysm scenario than recurrent flood
basalt extrusions (Ray and Pande, 1999; Isozaki, 2007). This rare
variety of intraplate magmatic activity (Ernst, 2014; Ernst et al., 2019)
occurred in all three main Frasnian LIPs (Fig. 1). Ray and Pande (1999)
discussed the catastrophic impact of relatively minor carbonati-
te-alkaline activity within the Deccan LIP, whereas large-scale CO»-
and SO.-rich expulsions from the huge Kola alkaline domain occurred
undoubtedly during the Late Devonian (Wall and Zaitsev, 2004).

Kimberlite pipe swarms have been dated at 380-375 Ma in the
Archangelsk diamond province (Yutkina et al., 2017), i.e., the pre-KW
interval. The Livaara alkaline series of the Kola LIP intruded at 373-363
Ma (O’Brien et al., 2005), and Arzamastsev (2018) timed this magma-
tism as occurring between 377 and 362 Ma. Ivanov (2015) and Ernst
et al. (2018a) placed the Viluy kimberlite intrusions in a prolonged Late
Devonian interval although not at the EFME time (Fig. 12B). Onset of
the KW crisis seemed to be close to alkali ultrabasic kimberlite-like
eruptions in the Pripyat Trough (Fig. 15A; Sheremet, 2014); however,
the conodont dating of diatreme-related Rechitsa Horizon appears ra-
ther poorly constrained, and this alkali ultrabasic event could precede
the KW interval (Narkiewicz and Narkiewicz, 2008). In addition,
Torsvik and Cocks (2017, p. 141, fig. 8.3) placed the East Australian
intrusion of kimberlites at 382-367 Ma and sourced them from a Pacific
mantle plume. Extrusive and intrusive activity is also shown for the
western and southern North American segment of the Laurussian sub-
duction zone, including kimberlite eruptions at ~370 Ma (fig. 8.6 in
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Fig. 15. A. Approximate location of the F-F sections (see Table 2 and SM 1), ranked in terms of Hg enrichment compared with assumed areas of coeval large-scale
igneous activity (after Kravchinsky, 2012, and Ernst, 2014; paleogeography after Blakey, 2016; compare Golonka, 2020). 1. Lahmida (Anti-Atlas, Morocco), 2.
Silberberg (Bavaria, Germany), 3. Kahlleite (Thuringia, Germany), 4. Junge Grimme (Rhenish Massif, Germany), 5. Wisenberg (Rhenish Massif, Germany), 6. Psie
Gorki (Holy Cross Mountains, Poland), 7. Kowala (Holy Cross Mountains, Poland, 8. White Rock Canyon (Nevada, USA), 9. Devil’s Gate (Nevada, USA), 10. Syv’yu
River (Subpolar Urals, Russia), 11. Mae Sariang (Thailand); LV: Less Vilelles (Spain; Moreno et al., 2018). B. Currently known Hg-enriched areas (undocumented data
with question marks) against a global Late Devonian paleogeodynamic reconstruction (after Frizon de Lamotte et al., 2013, fig. 11 used by permission from John
Wiley and Sons), showing the incipient collision of Gondwana and Laurussia and thermal uplift and coeval rifting (outlined with a green broken line) in north
Gondwana (N.G.Z - Newfoundland-Gibraltar transfer zone, T.T.Z. - Teysseire-Tornquist Zone; T - Tarim block. NC - Northern China block, Db - Dnieper-Donets basin,
Vb - Viluy basin, Cb - Canning basin).

Torsvik and Cocks, 2017). It brief, even if the dating and volume re- 8. Hg anomalies in the worldwide F-F perspective

lations of intrusive versus extrusive eruptions remain inadequately

understood, carbonatite/kimberlite paroxysms can tentatively be im- Can the elements of Earth-born scenarios of the KW Crisis, as
plied as a key to the EFME puzzle. summarized in Section 4, be explained by the volcanic press-pulse

model? Becker et al. (2016b, p. 4), in their summary of the current
multicausal model, recapitulated that “sudden climate change appears

18



G. Racki

to have been the most important common trigger, possibly linked with
episodes of massive volcanism and times of significant drawdown of
atmospheric CO,.” Benton (2019, p. 84) also presumed that the EFME
was driven by “series of major volcanic events, where great volumes of
lava were spewed out over parts of Russia.” Therefore, this inescapable
trigger has been clearly identified and requires only factual enhance-
ment. The prerequisite involves reliable recognition of Hg enrichments
(see Qie et al., 2019).

Since 2015, the University of Silesia, Sosnowiec, Poland, has es-
tablished a collective database for Hg abundances determined initially
by inductively coupled plasma mass spectrometry (ICP-MS) for 17 F-F
sections in different regions of the world, and later refined for 9 sections
by atomic absorption spectroscopy (AAS; Racki et al., 2018a). Eleven
locations were taken into account because of the Hg enrichment pattern
(see SM 1 for analitycal data).

Several variously recorded anomalous Hg spikes were found in 11
sites (Fig. 15A, Table 2). In four localities, first-order anomalies oc-
curred above 1 ppm (Fig. 16), with a maximum value of 8 ppm re-
corded at the Psie Gorki site in the Holy Cross Mountains, Poland.
Moreno et al. (2018) also reported a highly enriched interval with 1.57
ppm Hg in the assumed UKW level in the Less Vilelles section in Catalan
Spain; they interpreted this anomaly as a signature of hydrothermal
activity. In addition, “high mercury signals (3x median) immediately
preceding the Lower and Upper Kellwasser in multiple localities” have
been signaled from northern Appalachian basin (Upstate New York) by
Estrada et al. (2018); with the exception of one LKW enrichment, the
Hg enrichments are obscured in Hg/TOC ratios.

Centimeter-sized sampling intervals enabled recognition of at least
five Hg volcanic enrichments in the UKW interval only in the Syv’yu
River section (Fig. 16B). Therefore, single Hg spikes in other Upper
Frasnian successions are probably the manifestation, at least in part, of
insufficient sample density and stratigraphic incompleteness (Table 2),
what excludes any correlative attempt. Furthermore, the Syv’yu site
represents stratigraphically continuous deep-shelf hemipelagic facies
with high interpretative potential. Conversely, intra-regional Hg data
from six sections in the South Polish-Moravian shelf (see Racki et al.,
2002) revealed extremely high (Psie Gorki) or low (Kowala) Hg ex-
cesses only at these two sites. This somewhat surprising pattern was
definitely influenced either by sampling or stratigraphic record weak-
nesses, exemplified by the highly condensed UKW limestone of the
Ptucki section. Oscillating deoxygenation processes in localized Kowala
basin (Racki et al., 2002), and in German parts of Rhenohercynian
domain may have caused relative Hg impoverishment in bottom sedi-
ments (see SM 2). Two Asiatic F-F sections have not provided support
for any volcanic signal owing to the dominantly oxic depositional re-
gime at the Thai Thong Pha Phum site (see Fig. 10; Racki et al., 2019)
or to the severe weathering imprint on the organic-rich biosiliceous
strata at the Chinese Bancheng site. However, the coeval Hg spikes have
recently been recognized in South and North China continental blocks
as well (J. Shen, e-mail comm., 2019). Other volcanic tracers are likely
related with the Hg spikes only at Kahlaite and Kowala, and are well
evidenced in the Syv’yu locality only (Yudina et al., 2002).

Even if the sedimentary Hg excess can mostly be demonstrated
around Paleotethyan oceanic domain, they have also been found
widespread in distant shelves of the large Laurussian continent
(Fig. 15). In addition, the facies spectrum is very wide, spanning from
coastal and near-reef foreslopes of Less Vilelles and Psie Gorki, re-
spectively, to deep-shelf settings, including White Rock, Lahmida,
Kahlaite, and Syv’yu, as well as to oceanic settings exemplified by the
Silberberg locality.

The most frequently recognizable and prominent Hg volcanic
anomaly occurs worldwide in the UKW level just prior to the F-F
boundary, likely at nine localities studied (Fig. 16; Table 2). This key
signal is tentatively referred to as the Center Hill (CH, Fig. 2) after the
Laurentian explosive episode (= an initial event of longer-lasting
Scorpius Group activity; Winter, 2015, fig. 2), which highlights the
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hypothesis of synchronous global LIP and arc magmatic pulse (see
below). The results of normalization confirm the varying relations
among primary productivity, anoxia, and Hg input (Fig. 11), although
the CH volcanic signal is significantly masked by the rapidly increase in
primary production in the LOHP basins at Silberberg (Fig. 16E) and
Junge Gerimme. The Hg values also reveal different correlation links in
particular sections, with more or less reliable determination of the
major hosting phases in some sites, i.e., TOC (Silberberg) and sulfide-
tracing S and Mo (Junge Grimme; ?Winsenberg), and with Al and Mo
(both American sections; ?Kahleite). Unexpectedly, reef-derived talus
may have preserved the large-scale Hg spike (Psie Gorki; Fig. 16C), but
maybe associated with geothermal venting in a seismically active area
(Szulczewski et al., 1996; Szrek and Salwa, 2020). Such extreme Hg
anomaly in pure limestone is somewhat enigmatic and requires more
refined data (see the similar D-C case from Uzbekistan in Racki et al.,
2018a), but note a pioneer insight in biogenic carbonate Hg in Meyer
et al. (2019).

In brief, the proven worldwide and euryfacies distribution of the Hg
enrichments has been preserved in particular stratigraphic intervals of
KW Crisis (Table 2), even if the global volcanic signal has probably been
biased or overwhelmed by more localized processes in some sites.

8.1. Eruptions, uplifts, and weathering fluxes versus climate modes

In light of the Hg spikes documented worldwide, other expected
causal links and feedbacks may be considered in terms of the volcanism-
forced greenhouse/icehouse model (Fig. 4). In the most simplified
prediction, LIP outpouring should correspond to greenhouse episodes,
while relative quiescence and outgassing decrease in the provinces re-
sulted in an overall cooling trend and dominance of the non-volcanic
feedbacks.

With two principal dates given as 371.9 Ma for the F-F boundary
and 372.7 Ma for the commencement of the LKW, a peak in Frasnian
igneous activity evidently occurred simultaneously in the three main
LIPs before or at most near the onset of the KW Crisis, as noted already
by Percival et al. (2018b; Figs. 1 and 3). More precisely, pulsed LIP
activity lasted from ~ 380 Ma, and only PDD LIP and likely other less-
known Eastern European centers were initiated near the onset of bio-
crisis (Fig. 13B). Racki (1998), Veimarn and Korneeva (2007), Frizon de
Lamotte et al. (2013) and Golonka (2020) summarized the literature on
tectonic activation in the KW interval, focusing on rifting phenomena
and related tectonic uplifts in extensional regimes. The events were
geodynamically linked to the Eovariscan orogenic phase due to initial
Laurussia-Gondwana collision, also initiated in the pre-KW (hassi-ja-
mieae) interval (Fig. 5B; fig. 2 in Averbuch et al., 2005). In the context,
Koglin et al. (2018) reported the Frasnian (~ 375 Ma) stacking of the
four Bavarian nappe units in accretionary wedge of the Rheic Ocean.

The combined uplift processes have conceptually been recently
developed as a tectonically promoted rapid increase in weathering rates
on continents and terrigenous input to the marine basins. The weath-
ering pulses that overall preceded both KW events, were recently
proved by osmium isotope signatures even though several processes
may have contributed (Percival et al., 2019; Liu et al., 2020). In the
EFME climatic context, runaway greenhouse simulation via volcani-
cally emitted CO, may have been critical for the accelerated hydrologic
cycle and the increased terrigenous delivery to marine basins (also
characterizing other major crisis intervals, e.g., EPME - Cao et al.,
2019). However, this volcanic summer loop may finally have reached a
threshold level due to, e.g., kimberlite-like eruptions at least in the PDD
(Fig. 13A). The assumed pulse disturbance on the already high pressed
global ecosystem might have caused a reversed climatic trend combined
with regressive sea-level change (Fig. 5A). If so, two major autocycles
may explain the eustatic/climate pattern during the entire KW Crisis,
with the final pacing due to orbital forcing, as postulated by De
Vleeschouwer et al. (2017).

Nevertheless, the extrinsic stimulus by volcanic phenomena may
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Figs. 10-11).

also be assumed for the second half of the KW Crisis. In addition to the
widespread CH volcanic signal, the hydrothermal mineralization pulses
are also well evidenced by the key EFME interval (Racki, 1998, 2005;
Veimarn and Korneeva, 2007; Emsbo et al., 2018). In particular, CO,
spikes and greenhouse interludes during both KW episodes, postulated
from soil archives by Retallack and Huang (2011), obviously may be
seen as a response for magmatic degassing (see Chen et al., 2005 and
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Zhang et al., 2020). The anti-greenhouse feedback and climate balan-
cing by recurrently expanding wetland forests has been proposed as an
effective mechanism of CO, sink during the entire Late Devonian epoch
(Retallack and Huang, 2011). Widespread wildfires and soot surplus as
additional icehouse driver (Fig. 4) remain not reliably evidenced till
now (L. Marynowski, e-mail. comm., 2020), conversely to inference of
Liu et al. (2020).
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Abrupt sea-level fluctuation, driven by glacieustasy, was therefore
an obvious consequence of the enhanced marine and terrestrial bio-
production. The additional albedo effect propagated for the LOME by
Jones et al. (2017) was far more uncertain owing to conjectural growth
of the Gondwanan ice sheets (McGhee, 2014). Clathrate dissociation
remains a less probable stimulus in light of the known C-isotope record
(but see Gharaie et al., 2007). On the other hand, amplified global
weatherability trend, owing to successive Eovariscan arc—continent
collisions in the tropical zone (Averbuch et al., 2005), strengthened this
anti-greenhouse feedback (compare Swanson-Hysell and Macdonald,
2017; Ge et al., 2019; Macdonald et al., 2019).

The accelerated spreading rate in oceanic realms, combined with
plume-generated extensional regimes over the continents, should have
resulted in acceleration of the subduction processes, recorded in the
pulsated intensification of arc-type explosive activity during the second
half of Frasnian age (Winter, 2015; Zhang et al., 2020). A similar
geodynamic setting is shown for the EPME in connection with Siberian
Superplume activity and progressive arc volcanism along the growing
subduction zones (Chen and Xu, 2019). Likewise, prolonged, subduc-
tion-related igneous activity is implied for the LOME (Ge et al., 2019;
Yang et al., 2019). There were also notable references to the Late
Cretaceous (to Early Paleogene) ocean-atmosphere system, profoundly
disturbed by mantle superplume activity (Weissert, 2019). In particular,
Barnett et al. (2019, p. 688) emphasized “heightened carbon cycle and
climate sensitivity to orbital forcing”. Hence, “Volcanism is probably
the ultimate driver of oceanic anoxia, but orbital periodicities de-
termine the exact timing of carbon cycle perturbations” (Batenburg
et al., 2016, p. 1).
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9. Volcanic press-pulse scenario of the KW crisis

In summarizing all of the data discussed above, the volcanic sce-
nario for the EFME is introductively proposed despite several con-
straints in the knowledge of distribution, magnitude, style, and timing
of the magmatic phenomena. In part, this concept refers directly to the
scenario of progressive two-step major rifting events of Racki (1998, fig.
7), based on the concepts of Veimarn and Milanovsky (1990) and
Veimarn et al. (1997). In the last contribution of Veimarn and Korneeva
(2007), this model was considered as two mantle superplume “im-
pulses” at the base of the Late rhenana Zone and, most intensively, close
to the F-F boundary.

9.1. Pre-KW volcanic acme in LIPs

Percival et al. (2018a, b, p. 6) concluded for the Viluy LIP that “The
given ages of individual basalts do not coincide with the F-F boundary
even once uncertainties in comparing the new U-Pb derived boundary
age with Ar-Ar ages of volcanics are accounted for, although some may
be closer in age to the Lower Kellwasser Event”. In fact, as summarized
above, the Middle Frasnian subage experienced increased activity of
mantle plume(s) and trap-type volcanism, lasting ~ 7 Ma in subaerial
and submarine settings of the Viluy and Kola domains (Figs. 1 and
Fig. 12B). This claim is surprising in light of the known stratigraphic
and geochemical records of the pre-KW slice. However, the commonly
assumed commencement ~ 380 Ma in the both LIPs should serve as a
guide to more refined comparative studies of Early-Middle Frasnian
anoxic events (Becker et al., 2016b; see below).

If this interpretation is correct, the pre-KW timespan should be
marked by enhanced magmatic degassing, extensional regimes and
widespread domal uplifts, particularly when paired with the first
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Volcanic events record in the studied F-F sections (see Fig. 2 and SM 1 — SM 2), as interpreted from recognized Hg excessive abundances as confirmed,
probable, and non-evidenced, where x represents absent or non-sampled intervals, and M refers to masked enrichments (Figs. 10-11). The char-
acteristics of Hg abundance data, sampling density, and interpretative potential are also given. Note that the average Phanerozoic Hg abundance varies

from 30 ppb in limestone to 450 ppb in argillaceous shale (after Wedepohl, 1991; see SM 2).

Locality/paleogeo- PPP Sx Sx LUK CH Sc Sampling
graphic location (Pictor- | (Sextans) | (Sextans) | earlier (Center (Scor- Back- density/
(Fig. 17) Phoenix- | Lower inter- Upper Hill) pius) ground/ inter.preta-
(G — Gondwana; L — | Pegasus) KW Kw Kw Upper post-KW | peak Hg tlve_
Laurussia; ST — Saxo pre-KW KW value potentlgl
—Thuringian Ocean; P (LO“,/’ Farr,
— Paleotethys) High)
Lahmida (G) 175/1530 F/H
Silberberg (ST) M (1-27) M (2) 380/1380 H/F
Kabhlleite (L-SE) X X 25/2380 L/H
Junge Grimme (L- x x M ? 120/330 | L/
SE)
Winsenberg (L-SE) M 2) M 20/190 F/H
Psie Gorki (L-SE) X X X 27/8024 F/L
Kowala (L-SE) X X M (5) ? 29/172 H/F
X{l\‘;]‘?“k Canyon X X M (3) 110/480 | F/H
Devil’s Gate (L-W) 20/230 F/L
Syv'yu (L-NE) X 391260 | HH
Mae Sariang (P) X M](g;lfle 21/383 H/L

Eovariscan orogenic episodes (Figs. 5B and 17). This trigger is recorded
in the runaway greenhouse climate (Fig. 1) in the course of volcanic
spasms (see the PPP signal in Fig. 16 and Table 2), followed by pulses of
increased weathering and terrigenous delivery to marine basins. This
supposition is on agreement with the reconstructed ‘punctuated
greenhouse’ temperature trends, as well as the transgressive/anoxic
Middlesex and Rhinestreet events (Pisarzowska and Racki, 2012;
Becker et al., 2016b). Transient CO»-greenhouse crises on continents
have been correlated with Late Devonian marine anoxia by Retallack
and Huang (2011, figs 2 and 9). However, only the cooling trend of 5°C
is proved through the transgressive Middlesex interval (Pisarzowska
and Racki, 2012). This conundrum may be explained by very brief
warm/humid pulses promoted by assumed volcanic paroxysm that were
unrecorded in oceanic archives because of their inert thermal nature of
this reservoir, or were below the temporal resolution in O, isotope
stratigraphy. If we accept the time correlations of Retallack and Huang
(2011), a scenario of repetitive Frasnian hyperthemal episodes and
resultant rapid weathering events on lands (recorded in soils) would be
a common volcanically triggered causal link.

9.2. Two first-order climatic-eustatic cycles of the KW Crisis

The cascade of environmental stress factors has pre-conditioned the
Frasnian biosphere for a major ecological crisis of carbonate biota, and
finally approached the critical threshold recorded in the onset of the
LKW event, as evidenced by the extreme greenhouse peak (Fig. 17).
Unusually high-intensity flood basalt outpourings and arc magmatism
paroxysm may also be a decisive pulse factor in the KW Crisis (see
Section 3a). However, the conjectural progressive stimulus is believed
rather to be to be carbonatite and/or kimberlite-type explosions (in the
East European centres?), paired with or followed by sill-type intrusive
activity, as recognized in the PDD LIP (Fig. 12B; see the EPME scenario
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of Burgess et al., 2019). This compound trigger rapidly enhanced the
global warmth up to 34 °C (Fig. 2), as well as the chemical weathering
rate. The unstable climate state was abruptly reversed toward the ice-
house mode by a combination of diverse anti-greenhouse processes
(Fig. 4). Thus, the intervals of KW events can unexpectedly correspond
to periods of relative volcanic quietness when the loop of volcanic
winter was the dominant operating mechanism. This paradox would
explain the still unsuccessful search for ‘robust’ time correlation be-
tween LIP and EFME.

The regressive/cooling episode during ~100 Ka initiated an auto-
cyclic response, followed by a gradual return to overall eustatic high-
stand and warming conditions that lasted ~600 Ka in the inter-KW
interval. Similar autocyclic mechanisms operated more or less effec-
tively during all 14 Devonian transgressive-regressive upward-shal-
lowing cycles (Johnson et al., 1985; McGhee, 1996). Orbital cycliclity
alone, controlled by eccentricity and obliquity, may be thought as
sufficient for the precise timing of KW Crisis acme on the F-F boundary
(De Vlesschouwer et al. (2017). However, the first-order control is
speculatively linked with two-step eruptive stimulus also for the major
UKW cycle, referred as subcycle UKW-I (Frasnian) and UKW-II (Fa-
mennian) in Fig. 17. Note that Zhang et al. (2020) indicated even three
intra-UKW cycles, determined by volcanically-driven abrupt climate
changes.

A temperature increase of ~3 °C was recorded near the onset of the
UKW event (Fig. 2), as anticipated by Retallack and Huang (2011). The
crucial F-F interval overlapped with the stepped extrusive spasms on
the East European Platform, as recorded in multiple CH signals in Polar
Urals (Fig. 16B), likely induced by the nearby Timan-Pechora traps.
The worldwide CH signal suggests a global peak in arc magmatism close
to the F-F boundary (see the non-plume scenario of Frizon de Lamotte
et al., 2013), hypothetically paired with other non-trap volcanism.

Whilst the main peak of diversity loss occurred just prior the F-F



G. Racki

boundary (Ma et al., 2016, fig. 10; Gereke and Schindler, 2012), the
maximum of carbon cycle perturbation (= the peak of bacterial bio-
production?; Joachimski et al., 2001), cooling (at least regionally —
Joachimski et al., 2009, fig. 5) and marine sulfidic conditions took place
after this biodiversity loss (cycle III of Zhang et al., 2020; see Fig. 2),
with a basic impact on survival/recovery process. Coeval tectonic in-
stability was recorded in the synsedimentary reworking, slope collapse,
and mud flows related to seismicity and tsunami events in the earliest
Famennian (Becker et al., 2018; Szrek and Salwa, 2020). The F-F tec-
tonic-magmatic acme may be traced worldwide (Veimarn and
Korneeva, 2007; Frizon de Lamotte et al., 2013; Golonka, 2020), ex-
emplied by the East Australia (Torsvik and Cocks, 2017, p. 141, fig.
8.3), South America (Dahlquist et al., 2019) and Chukotka, Russian
Arctic (fig. 11 in Ershova et al., 2016).

10. Applicability to other Late Devonian global events

In the University of Silesia database of Hg abundances, 11 localities
straddling the D-C boundary in different parts of the world expose
variously recorded Hg spikes, with a maximum value of 18.5 ppm re-
corded in the Kronhofgrabe section of the Carnic Alps, Austria (Racki
et al., 2018a; Pisarzowska et al., 2020a; Rakocinski et al., 2020). The
numerous different-scale Hg enrichments are placed preferentially in
the Hangenberg (HG) black shale, which exhibits criteria of masked
anomalies (not only by OM, but also by other Hg carriers; Fig. 18). The
Hg spikes have been also reported in different lithofacies in sections of
Vietnam by Paschall et al., (2019) and in the Czech Republic and South
China (Guangxi) by Kalvoda et al. (2019). Noteworthy, Hg spikes also
occur below and above the HG level, as recognized in the carbonate
strata at Novchomok, Uzbekistan, and in the mostly shaly succession at
Kahleite, Germany (fig. 2 in Racki et al., 2018a; Pisarzowska et al.,
2020a).

Supporting data are provided herein from the shaly-marly basinal
succession of Bavaria in the Losau section, and from the exceptionally
Hg-rich radiolarite succession of South China at the Shijia site (Fig. 18;
SM 3). Accordingly, the criterion of synchronous, worldwide, euryfacies
distribution is fulfilled, even if the volcanic Hg signal was mostly biased
in LOPH sedimentary environments studied. In addition, spore mal-
formations are the apparent response of the stressed vegetation to the
widespread explosive volcanism, as proved by numerous pyroclastic
horizons in the same Polish succession (Pisarzowska et al., 2020a).
Highly elevated soot emission due to volcanism-promoted firestorms is
well evidenced in the D-C passage as a possible icehouse stimulus
(Fig. 4; Marynowski et al., 2012).

Surprisingly, the available LIP dates appear to preclude more in-
tensive flood basalt eruptions in the D-C transition (e.g., at most a
vaning stage in Siberia; Fig. 12B; Ernst et al., 2020), nonetheless data
from the East European LIPs are uncertain (Nikishin et al., 1996, p. 49;
Narkiewicz, 2020, fig. 11 see also 360 Ma major magmatic event in the
Variscan internal domain, Pochon et al., 2019). This volcanism may
again be seen as a press factor leading finally to delayed disastrous
climatic and oceanographic responses. On the other hand, Percival et al.
(2019) discussed the correlation between the last eruptive phase in the
Viluy LIP and the anoxic Annulata event (both occurring at ~364 Ma),
which was confirmed by the enhanced weathering rate determined
through Os isotope trend. This inference awaits support by Hg data.

In the HG Crisis time of alleged LIP quiescence, correlative with a
final of Bretonian orogenic phase and main rifting/volcanic stage in the
PPD rift system (Narkiewicz, 2020, fig. 11), kimberlite explosive ac-
tivity peaked on Siberian land, and also possibly carbonatites erupted in
NE Poland sector (Ivanov, 2015; Pisarzowska et al., 2020a; Fig. 12B). In
addition to diverse pyroclastic horizons, hydrothermal and miner-
alization signatures were reported from many regions (reviewed by
Kaiser et al., 2016; Emsbo et al., 2018; Pochon et al., 2019 and
Pisarzowska et al., 2020a; Fig. 18). The hydrothermal peak is recorded
particularly in the Iberian domain by the massive sulfide event (Menor-
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Salvan et al., 2010) and the last Hg mineralization episode of ~360 Ma
in the Almadén cinnabar ore (Higueras et al., 2005). In the context, in
the preliminary survey for the Hg content in the D-C hydrothermal
precipitates of the Holy Cross Mountains, Poland, at the Ostréwka lo-
cality (Szulczewski et al., 1996), the radical Hg content differentiation
between hematite at 50.6 ppm and sulfide at a maximum of 1.5 ppm is
particularly noteworthy for localized Hg anomalies generated this way.

Kaiser et al. (2016, p. 412) noted that “An ultimate volcanogenic
trigger of the warming, associated with a significant outgassing of
carbon and sulphur dioxide, can be postulated, but there is no preserved
record of a major DCB volcanic province. If it was positioned in the
giant Panthalassia Ocean the evidence may have been lost. Interference
(‘nodes’) of Milankovitch cycles was possibly a different/additional but
decisive trigger for climate warming in the lower crisis interval.” Cor-
respondence with the volcanic EFME scenario (Fig. 17) is hence ob-
vious, at least in overall conceptual terms (compare Pisarzowska et al.,
2020a).

Moderate Hg enrichments up to 600 ppb have also been traced in an
initial phase of the Early-Middle Frasnian Middlesex/punctata event in
the Padberg section of the Rhenish region (Pisarzowska et al., 2020b).
This fourth-order global biotic event (sensu Becker et al., 2016b) was
also marked by oceanic cooling and weathering pulses, as well as
greenhouse-type soil formation (Retallack and Huang, 2011). Even if
only partly approved as real Hg enrichments, it provides promising
evidence, as highlighted above based on the LIP dating (Fig. 1).

11. Final remarks and challenges for further research

The press-pulse volcanic scenario, proposed herein (Fig. 17), is
subsequent conceptual step resulting from models developed by
Veimarn and Milanovsky (1990), Buggisch (1991), Racki (1998) and
Winter (2015). The documented worldwide Hg enrichments in the KW
Crisis time (Figs. 15-16) can be used as a significant argument for the
prime volcanic trigger (Racki et al., 2018b). In combination with the
tectonic model of Averbuch et al. (2005), it offers the next possibility
for testing its principal ‘multicausal’ elements in the context of global
tectono-magmatic activation. It is hoped that the volcanic hypothesis
(Fig. 17) offers at least partial answers to the EFME questions and di-
lemmas as set out in Racki's (2005) eight issues. Further testing of the
F-F model will verify the three types of pending evidence given below
(compare Becker et al., 2016b; Kaiser et al., 2016).

e Data from unknown unique successions that have become acces-
sible, e.g., as a result of borehole works. Marine Siberian successions
(see Baranov, 2007; Izokh et al., 2009; Yazikov et al., 2013) and
from other LIP vicinities should provide particularly significant re-
sults.

® An event record with greater time resolution owing to very dense
sampling and more precise field observations can lead to the iden-
tification of crucial volcanic characters. In particular, a reliable
correlation between global biotic events and allegedly extremely
explosive eruptions requires the findings of accompanying carbo-
natite and kimberlite pyroclasts in the conodont-dated successions.

e The application of more advanced analytical methods is needed, as
exemplified by orbitally modulated astrochronology (De
Vleeschouwer et al., 2017). Additionally, pervasive methylo-Hg
toxicity resulting from volcanic-sourced Hg input to O,-deficient
basins has been considered by Clapham and Renne (2019). This
extremely destructive factor has for first time been confirmed in the
fossil record by Rakociniski et al. (2020) for the HG Crisis, and can
offer new insight into the recurring concept of the substantial Hg
toxicity.

For individual LIPs, analysis of the host geology, in terms of the
potential and composition of thermogenic degassing (Fig. 9), is another
key question (Racki, 2020b), and it seems that gas-producing carbonate
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lithologies (with evaporites) prevail in contact halos (see Fig. 12B). In
addition, the Hg anomalies requires refined mineralogical research, in
combination with Hg, Sr and C isotope systematics, as a starting point
to their chemo-correlation. Recognition of their primary vs. secondary
origin as well as local/regional vs. global distribution would be the final
step towards a high-resolution volcanic model.

The applicability of the proposed volcanic press-pulse model (Figs. 4
and 17) to other global events is an obvious research perspective,
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implicitly outlined by Racki (2020a, 2020b). Thus, the conceptually
expanding model of volcanic cataclysm as the main cause of global
changes and evolutionary catastrophes (Courtillot, 1999; Bond and
Wignall, 2014; Ernst, 2014; Wignall, 2016) has inevitably become an
updated neocastrophic paradigm in 21st century geology.
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