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The Frasnian-Famennian (F-F) global event, one of the five largest biotic crises of the
Phanerozoic, has been inconclusively linked to rapid climatic perturbations promoted in
turn by volcanic cataclysm, especially in the Viluy large igneous province (LIP) of
Siberia. Conversely, trigger of four other Phanerozoic mass extinction intervals have
decisively been linked to LIPs, owing to documented mercury anomalies, shown as the
diagnostic proxy. Here we report multiple Hg enrichments in the two-step Late Frasnian
(Kellwasser; KW) Crisis interval from paleogeographically distant successions in
Morocco, Germany and northern Russia. The distinguishing signal, greater than 1 ppm
in the domain of closing Rheic Ocean, is identified in different lithologies immediately
below the F-F boundary, and approximately correlated with the onset of main extinction
pulse. This key Hg anomaly, comparable only with an extreme spike known from the
end-Ordovician extinction, is not controlled by increased bioproductivity in anoxic
setting. We suggest, therefore, that global chemostratigraphic pattern near the F-F
boundary records a greatly increased worldwide Hg input, controlled by Center Hill
eruptive pulse of the Eovariscan volcanic acme, but likely not manifested exclusively
by LIP(s). Consequently, all five major biotic crises of the Phanerozoic have now been
more reliably linked to volcanic cataclysms.
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ABSTRACT

The Frasnian-Famennian (F-F) global event, one of the five largest biotic crises of the
Phanerozoic, has been inconclusively linked to rapid climatic perturbations promoted in turn by
volcanic cataclysm, especially in the Viluy large igneous province (LIP) of Siberia. Conversely,
trigger of four other Phanerozoic mass extinction intervals have decisively been linked to LIPs,
owing to documented mercury anomalies, shown as the diagnostic proxy. Here we report multiple
Hg enrichments in the two-step Late Frasnian (Kellwasser; KW) Crisis interval from
paleogeographically distant successions in Morocco, Germany and northern Russia. The
distinguishing signal, greater than 1 ppm in the domain of closing Rheic Ocean, is identified in
different lithologies immediately below the F-F boundary, and approximately correlated with the
onset of main extinction pulse. This key Hg anomaly, comparable only with an extreme spike known
from the end-Ordovician extinction, is not controlled by increased bioproductivity in anoxic setting.
We suggest, therefore, that global chemostratigraphic pattern near the F-F boundary records a
greatly increased worldwide Hg input, controlled by Center Hill eruptive pulse of the Eovariscan
volcanic acme, but likely not manifested exclusively by LIP(s). Consequently, all five major biotic

crises of the Phanerozoic have now been more reliably linked to volcanic cataclysms.

INTRODUCTION

The Frasnian-Famennian (F-F) stage boundary, traditionally linked with one of the five
Phanerozoic mass extinctions, is often considered the final event of a long-term, stepwise
collapse of Devonian metazoan reef ecosystems [Kellwasser (KW) Crisis, Fig. 1 A; Hallam and
Wignall, 1997; Gereke and Schindler, 2012; see the GSA Data Repository xxxxxxxxx, DR 1].
Recently, its status as a far more specific “biodiversity crisis,” as determined by a drop in the
speciation rate (see review in McGhee, 2013), has been emphasized. Current estimates of the

magnitude of biodiversity losses by Stanley (2016), suggest that only ~ 40% of species vanished
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in the crisis. The prime causation of this global event remains conjectural, yet such kill factors as
widespread transgressive anoxia and greenhouse climate interruption by two cooling pulses are
widely accepted as part of an Earth-bound multi-causal scenario (Hallam and Wignall, 1997;

Joachimski and Buggisch, 2002; Racki, 2005; McGhee, 2013; Ma et al., 2016; Song et al., 2017).

In terms of causation, the F-F turning point is often attributed lastly to volcanism possibly
coupled with the effects of Eovariscan tectonism (Racki, 1998, 2005; Over, 2002; Pujol et al.,
2006; Kravchinsky, 2012; Ricci et al., 2013; Winter, 2015; Ma et al., 2016). However, geological
evidences, and especially geochemical proxies, on a global scale are unclear, and McGhee (2013,
p. 148) summarized that “both the magnitude and timing of that volcanism remain at present

unproved”.

Refined insights into mercury chemostratigraphy over the past few years have resulted in
its establishment as reliable indicator of the association of volcanic paroxysms and mass
extinctions (Bergquist, 2017; for actualistic background see Pyle and Mather, 2003). Thus,
volcanism as a major control for evolutionary turning points has emerged as a valid theory
(Courtillot, 1999; Ernst, 2014; Wignall, 2015; Bond and Grasby, 2017). Only the F-F global
event has remained an indecisive “missing link” in this respect. Here we report for the first time
multiple Hg spikes from three sections that record the KW Crisis (Figs. 1B and 2), and focus on
enrichments in the Upper KW (UKW) Level, directly below the crucial F-F boundary associated

with major extinction step (Fig. 1A).

STUDY LOCALITIES AND METHODS

We have examined three sections, representing deep-water F-F successions (Fig. 1B; DR
2) that are marked by, at most, subordinate hiatuses: (1) Lahmida in Morocco, (2) Kahlleite in
Germany, and (3) Siv’yu in north-eastern European Russia. The sections include different
stratigraphic intervals. In contrast to the lower Frasnian - middle Famennian succession at
Lahmida, the other sites only record the upper part of the KW interval. Therefore, this study
focuses on the UKW mercury record, encompassing the upper part of the linguiformis conodont
zone (Fig. 1A), with thicknesses between ~ 0.9 - 1 m (Kabhlleite, Siv’yu) and ~2 m (Lahmida). A

total of 121 samples were measured for Hg abundances at the Faculty of Earth Sciences,
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University of Silesia (Poland), using atomic absorption spectrometry (AAS) analyzer Milestone

DMA-80 Direct Mercury (detection limit = 0.2 ppb; for more detail of all methods see DR 3).

Mercury has a high affinity to organic matter, and to a lesser extent with sulfides and clay
minerals (Bergquist, 2017). Thus, Hg enrichment is best depicted by normalizing to total organic
carbon (TOC) (Sanei et al., 2012; Sial et al., 2016; Percival et al., 2017). An Eltra CS-500 IR-
analyzer at the University of Silesia was used for TOC determination; in addition, Al and Mo
contents were analyzed as well (DR 2 and 3). Our analytical data therefore allow testing for
correlation between Hg values and TOC and clay minerals (Al). Comparison with Mo
abundances (as an approximation of sulfide content) also allows for the potential effect of pyrite
on Hg drawdown. Enrichment patterns are considered for samples revealing contents distinctly
greater than background in the succession (= threefold median value as a granted threshold). The
recurrence of enrichment factors (EFs) larger than 3 for Hg/TOC (emphasized herein; Fig. 2) and
Hg/Al>Os3 ratios, along with less rigorously considered high absolute Hg abundances, helps
identify samples as truly Hg enriched one (DR 2).

RESULTS

The KW Cerisis interval within the shale-limestone succession exposed at Lahmida,
Morocco, displays multiple Hg spikes that also remain when normalized for TOC variation (Fig.
2A). Enriched Hg abundances can also be observed elsewhere in the section, including a peak
value just below KW Frasnian deposits (1145 ppb), but these are largely not confirmed in
Hg/TOC plots. At the Kahlleite section in Germany, Hg and Hg/TOC values are low except in a
thin UKW black shale at the F-F boundary (this is a unique horizon in this limestone-dominated

section) where a sharp spike is seen (2517 ppb; Fig. 2A-B).

The Uralian Syv’yu section, marked by lithological variation from black shale to grey
limestones and chert, includes several far less Hg enriched horizons (up to 260 ppb Hg), notably
in the upper, limestone half, of the UKW interval (Fig. 2C). The enrichments extend up to a few
centimeters below the F-F boundary are relatively minor (121 ppb), but distinctly recorded in
Hg/TOC ratios (EF=4.2). Conversely, organic- and clay-rich portion of lower part of UKW is

relatively Hg impoverished.
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POSSIBLE CAUSAL LINK TO VOLCANISM: DISCUSSION

Previously volcanism as a contributor to the F-F biotic crisis has not been considered
important (Walliser, 1996; Hallam and Wignall, 1997; Courtillot, 1999; Averbuch et al., 2005;
Becker et al., 2012; McGhee, 2013). This view reflects not only the imprecise datings of volcanic
events around the F-F stage boundary, but also the suppressed volcanic signatures in reliably
dated sites (in contrast to the pyroclastic-rich Devonian-Carboniferous boundary beds for
example; Marynowski et al., 2012). However, rifting episodes and associated volcanic activity
has been recorded in several regions (Johnson, 1988; Racki 1998, 2005; Over, 2002; Pujol et al.,
2006), and more recently dating of the F-F boundary (376.1 + 3.6 Ma, Kaufmann, 2006; 372.2 +
1.6 Ma; Becker et al., 2012) and Devonian LIPs (Fig. 1B) and other types of magmatic activity
(including kimberlites) has shown a close temporal coincidence. In particular, Ricci et al. (2013)
established an age of paroxysmal emplacement of the key Viluy (or Yakutsk) LIP as 376.7 = 1.7
Ma. Furthermore, Winter (2015) reported numerous thin metabentonites in Central European
successions, including the Center Hill (CH) eruptive episode just prior to the F-F boundary
(Over, 2002; Fig.1A), that appear to record intensified alkaline volcanism during the KW

interval.

Therefore, there a several candidates for an F-F volcanic “smoking gun” although
geochronological dating needs considerable improvement. Geochemical proxies documented
hitherto from several F-F sections, including Zr/Al and Sr isotopes (Racki et al., 2002; Chen et
al., 2005; Pujol et al., 2006; Weiner et al., 2017), and mineralogical data (Yudina et al., 2002), are
additional but far from conclusive evidence. Thus, the emergence of Hg chemostratigraphy as a
reliable proxy for the occurrence of major volcanic events during mass extinction episodes.
Moreno et al. (2018) have reported enriched interval (up to 1570 ppb Hg) around the UKW level
from coastal facies of Catalan Spain, which they interpreted as a signature of hydrothermal

activity.

Our results reveal multiple anomalous Hg abundances in excess of 1 ppm in the
stratigraphic interval corresponding to the major extinction pulse of KW Cerisis in two distant
regions (Morocco, Germany). Moreover, another site from remote northern Laurussian domain

(Subpolar Urals) also records second-order Hg excursions in UKW level. These Hg anomalies
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are 3 to 7.5 times the background (= median value) in particular sections (but peak at 122 in
Kahlleite), and are similarly seen in Hg/TOC ratios (EF=15 in Lahmida). Importantly, this
prominent signal is associated with different lithologies showing contrasting values of main Hg
control proxies, ranging from black shale at Kahlleite (Al203 = 17.2 %, TOC = 7%; Mo = 41
ppm) to organic-poor marly limestone at Lahmida (2.3, 0.2, 5, respectively) to pure UKW
limestones at Syv’yu (for the top value: 0.4, 2.3, <5, respectively). Therefore, although
interregional variability is considerable, the Hg spikes occur in diverse F-F lithologies that
contrast with the Hg-impoverished ‘quiet’ Famennian stage. In our studied sites, background
levels vary from 20.7 ppb (Kahlleite) to 153.2 ppb (Lahmida). Notably, Wedepohl’s (1991)
averaged Phanerozoic Hg concentrations range from 30 ppb (limestone) to 450 ppb (argillaceous

shale).

In summary, Hg abundances in our study sections do not correlate with organic matter
and/or anoxic conditions, nor with clay content (r less than 0.5; DR 2). Only at Syv’yu is their a
possible link of Hg enrichment with a Zr-bearing, 0.5 m thick interval of possible partly
volcaniclastic origin (Yudina et al., 2002). Thus, in accord with the interpretation of Hg spikes
associated with other biotic crises (Nascimento-Silva et al., 2011; Sanei et al., 2012; Grasby et
al., 2015; Sial et al., 2016; Percival et al., 2017; Bergquist, 2017), the Hg and/or Hg/TOC signals
found immediately below the F-F boundary are attributed to a major volcanic pulse, such as a
LIP, and tentatively correlated with the CH eruptive episode (Fig. 2). Multiple Hg-enriched
horizons (as many as five at the Uralian succession) imply pulsed volcanic paroxysms, although
this detail may be obscured in the condensed European sections. Thus, indicates a duration of F-F
volcanism of around 100 Ka (using the chronological scheme of De Vleeschouwer et al., 2017).
Older Frasnian eruptive events, recognized by Winter (2015), can also be tentatively identified, in
particular pre-KW (Pictor) eruption at Lahmida (Fig. 2A). A similar connection has recently been
made for the end-Ordovician crisis, even though conclusive evidence of a coeval LIP is lacking at

this time (Jones et al., 2017).

The studied F-F Hg signatures are associated with unstable, super-greenhouse conditions
(Joachimski and Buggisch, 2002; Chen et al., 2005; Racki, 2005; McGhee, 2013; Ma et al., 2016;
Song et al., 2017). These climate oscillations may have been driven by diverse volcanism- and

tectonics-driven feedbacks, such as fertilization of the ocean surface water (Courtillot, 1999;
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Over, 2002; Averbuch et al., 2005; Winter, 2015). A volcanism-promoted cooling scenario, with
obvious implications for the F-F global event, was discussed recently for the end-Ordovician
extinction by Jones et al. (2017). In their interpretation, the trigger phase of eruptive volcanism is
said to precede the inception of cooling and biodiversity collapse (via weathering and ice albedo

feedbacks). This scenario may be manifest in the F-F section studied at Lahmida.

CONCLUSIONS

Our study provides the first worldwide evidence of a major phase of volcanogenic Hg
injection into the atmosphere during the F-F mass extinction boundary, thus lending support to
the postulated relationship of LIP volcanism and global crises for all of the “Big Five” crises. The
greatest Hg concentrations, potentially associated with the Center Hill volcanic event in the
domain of closing Rheic Ocean (Winter, 2015; Raumer et al., 2017; Fig. 1B), are comparable to
the extreme Hg and Hg/TOC values reported from the end-Ordovician extinction (DR 4). The
contemporaneous, multiple-phase magmatic emplacement during the acme of Eovariscan
volcano-tectonic activity (Racki, 1998, 2005; Averbuch et al., 2005), may indicate that volcanic
source of Hg enrichment was not attributable entirely or solely to the Viluy LIP. The complicated
temporal pattern of the potential volcanic signatures, encompassing both explosive and effusive
activity, provides a rationale for further high-resolution study in particular regions and through
the whole KW Crisis, but a such attempt will be certainly challenged by condensed/discontinuous
nature of the F-F passage (recording the worldwide carbonate crisis; Racki et al., 2002). Future
research should focus on multiproxy tests to determine a possible volcanogenic source for the

recognized Hg signals, using Hg and Sr isotope systematics, among others.
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FIGURE CAPTIONS:

Fig. 1. A. Scheme of the F-F global event and the two-step Kellwasser Crisis (based on Gereke and
Schindler, 2012; DR 1), and related volcanic events after Winter (2015, fig. 2). B. Locations of the F-F
sites studied for Hg abundances, compared to inferred proximity to coeval large igneous provinces (LIPs;

after Kravchinsky, 2012, and Ernst, 2014; Late Devonian paleogeography after Golonka et al., 1994).

Fig. 2. Reference F-F sections in Morocco (A; after Dopieralska, 2003), Germany (B; after Gereke, 2004)
and Russia (C; after Yudina et al., 2002) showing Hg enrichments associated with the KW Crisis interval
(DR 2), with emphasis on likely volcanic Center Hill (CH) signal near the F-F boundary (volcanic events
after Winter, 2015; Sc — Scorpius, Sx — Sextans; PPP — Pictor-Phoenix-Pegasus; Fig. 1A).
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Science Foundation. Archival samples only from German and Russian localities were re-analyzed

recently for Hg abundances.

Enrichment Hg patterns are shown for samples revealing values distinctly greater than
background (= threefold median value as a given threshold; cf. Riboulleau et al., 2018) in the
succession. The recurrence of enrichment factors larger than 3 for Hg/TOC and Hg/Al>O3, along
with less rigorously determined values for absolute Hg abundances, identifies the highlighted
sample in tables below as [IRINICHIGHEE one (or likely/possibly enriched one, where not all
requirements are fulfilled). On the other hand, the distinctive Hg impoverishment in at least one

of these test indicators eliminates the sample from consideration as enriched.

The statistical calculations were carried out using PAST 1.94b (Hammer, 2009);

significant correlations with a p-value less than 0.01 are given in bold type.

In the tables below, time intervals of the anoxic Kellwasser events are highlighted in light

grey, whilst black shale facies is shown in dark grey.

1. Lahmida section, eastern Anti-Atlas, Morocco

Coordinates: 31°30'67.0°’ N; 4°19'26.2”° W

The Lahmida section, located ca. 12 km to north-west from Erfoud in the eastern part of
the Anti-Atlas, accumulated on the deep-water Rheiris shelf basin, which stretched to north from
Tafilalt Platform (Dopieralska, 2003, 2009). The investigated succession stratigraphically extends
from the lower Frasnian - MN Zone 4 to the middle Famennian rhomboidea Zone (see
Dopieralska, 2003). The succession consists mainly of monotonous shales with numerous marly
interbeds and concretion horizons as well as dark gray limestones, which together with dark gray
shales represent the Kellwasser facies of the Rheris Basin (Wendt and Belka, 1991; for more
details about geology see Dopieralska, 2003). We analyzed 43 samples, collected in 2014 and
2015 for the MAESTRO grant with the help of Zdzistaw Betka.

Hg, TOC, Al,O3, Mo contents, Hg/TOC, Hg/Al,Os ratios, and §'3C data from F-F succession at Lahmida.

Sample Hg TOC ALOs3 Mo
Stage Method AAS ElraCS- | ICP-ES ICP-MS
ppb P % ppm




47
48

*Mo assumed as 0.09 ppm for purpose of the correlation calculation

Max. detection Hg/TOC | Hg/ ALO Height
Jimit (MDL) 02 0.01 0.01 0.1 &/T g/ Al20s (cngl)
LA 44 54.5 0.61 4.83 1.0 89.3 11.3 3575
LA 43/44 312 0.68 5.23 13 45.9 6.0 3555
LA 42 250.0 0.83 5.85 44 301.2 2.7 3455
LA 41/42 276.6 1.14 21.90 5.8 2426 12.6 3405
LA 40T 44.8 0.59 3.37 0.3 75.9 133 3159
LA 38 99.8 0.42 2.93 0.9 237.6 34.1 2918
LA 35/36B 283.2 0.83 20.60 0.7 341.2 13.7 2687
LA 34 260.0 0.75 5.50 0.3 346.7 473 2350
LA 32/33 207.0 0.46 20.72 1.4 450.0 10.0 2093
LA 32M 153.2 0.38 261 1.5 403.2 58.7 2040
LA 30 333.8 0.86 3.58 1.6 388.1 1781
LH 29 1375 0.11 1.73 4.6 79.5 1670
LH 28 114.0 0.40 5.41 1.1 285.0 21.1 1635
LH 27A2 | IXE 21.04 1.9 611.9 27.0 1614
LA 27/28 338.4 1.05 20.70 2.7 322.3 16.3 1569
LH 27 126.4 0.77 4.97 49 164.2 254 1538
LA 26/27 R 036 21.02 23 559.5 22.9 1516
LH 26 573 0.55 2.43 33 104.2 23.6 1497
LA 25/26 232.5 0.54 18.85 25 430.6 123 1464
LH 25T 180.1 0.79 3.10 0.9 228.0 58.1 1437
FAMENNIAN | LH25B 189.3 0.37 257 23 511.6 73.7 1423
FRASNIAN | LA 24/25S 36.9 0.35 3.17 1.6 105.4 11.6 1413
] LA 24/25N CH 0.16 2.33 0.9
LH 24T 113.2 0.65 2.79 2.0
LH24B 2 153.7 0.10 0.96 0.9
LH 23T 219.0 0.67 1.99 44
Upper KW T 938 90.0 0.13 424 9.9
LH 22 ? 0.41 2.08 15.0
LH 21 90.3 0.11 3.21 3.1
LH 20 457 0.01 2.41 1.2
LH 19 123.0 0.76 2.49 1.3
LH 18 187.7 0.20 0.93 5.0
LA 17/18T?Sx | 183.2 0.03 1.04 1.6
Lower KW | [ A 17/18B 147.8 0.37 1.61 15
LA 17M 99.9 0.24 2.75 2.0
0.56 3.49 46
LA 13T 233.1 0.71 1.05 1.7
LA 12 68.8 0.41 3.78 0.5 167.8 18.2 735
LA 10 6.8 0.32 2.09 0.5 213 33 602
LAS 9.9 0.28 1.71 <0.1% 354 5.8 418
LA 6 25.9 0.33 2.29 0.2 78.5 11.3 268
LAS 3123 | 048 1.55 3.1 6506 [EOIEN  193 |
LA 4A 36.9 121 1.84 1.6 30.5 20.1 101
Median value 153.2 0.48 2.93 1.6 3412 28.1
Spearmafl’s s correflatlon He 037 0.24 0.40
L coefficient coefficient
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Dopieralska, 2003).

S 2. The Frasnian-Famennian boundary beds at Lahmida section (March 2014), with the stage boundary
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2. Kahlleite, Thuringia, Germany

Coordinates: 50°37°32.5”°; N; 11°50°32.2”” E

The Frasnian-Famennian transition at inactive (since 2013) Kahlleite quarry, 1 km to

south-west from Riidersdorf near Gera, Thuringia, was studied in detail by Gereke (2004, 2007).

The mainly limestone strata of the north-west flank of Berga Anticline deposited on a deep
submarine rise (Gereke and Schindler, 2012). This locality was sampled in 2012 by L.M. and
M.R., guided by Manfred Gereke, and 17 samples were recently re-studied for Hg.

Hg, Al>O3, Mo contents, and Hg/TOC and Hg/Al,Os ratios from F-F succession at Kahlleite.

Sample Hg (ppb) TOC ALO3 Mo
Stage Method AAS Eltra CS-500 ICP-ES ICP-MS Hg/I‘ OC Hg/ ALO3 Height
ppb P %o ppm (cm)
MDL 0,2 0.01 0.1
K38 16.2 0.79 5.28 0.4 20.5 3.1 408.5
K7 6.9 0.68 5.29 0.2 10.1 1.3 353.5
K6 11.0 0.19 19.45 0.1 57.9 0.6 308.5
K5 5.2 0.67 4.17 0.1 7.8 1.2 263.5
K4 8.5 0.65 2.97 0.1 13.1 2.9 243.5
K3 9.3 0.72 1.75 0.1 12.9 5.3 231.5
K?2 18.9 0.59 4.89 0.5 32.0 3.9 223.5
FAMENNIAN K1 22.5 0.71 3.81 1.4 31.7 5.9 208.5
FRASNIAN 7.04 17.21 40.8 203
0.64 5.98 2.0 201
Upper KW K 02 22.7 0.64 5.82 0.2 35.5 3.9 200
K 03 23.6 0.31 17.09 0.5 76.1 1.4 185
K 05 10.6 0.70 3.29 0.1 15.1 3.2 145
K 06 36.4 0.59 5.42 0.1 61.7 6.7 95
Inter KW | K07 2sx G 043 15.49 0.1
K 08 42.1 0.82 1.52 0.1
Median value 20.7 0.66 5.29 0.15
Spearman’s rs correlation Hg 0.05 0.44 0.44
coefficient
[ ?Volcaniclastics
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S 4. General view of the quarry wall exposing the upper Frasnian and the F-F boundary interval (left), and
close-up of the F-F boundary beds at Kahlleite (September 2012; right).

3. Syv’yu, Subpolar Urals, north-eastern European Russia
Coordinates: 65°45°58.2” N; 59°30°30.8” E

The geology and geochemistry of the deep-slope succession of the Timan—Pechora Basin,
West—Urals structural zone, was studied in detail by Yudina et al. (2002). The Syv’yu River
section is located in the vicinity of the town of Inta (Subpolar Urals) near Vorkuta (Komi
Republic), about 38 km up-stream from its junction with the Kozhym River. The Upper
Devonian deposits, exposed along the right bank of Syv’yu River in several outcrops, represent

an almost continuous sequence of the clayey-siliceous-carbonate (Domanic—type) deposits



91  through the Frasnian and lower Famennian, and comprise thinly bedded, westerly dipping strata,
92  without tectonic complications. For present paper, 62 archival samples, from a densely sampled

93 7.8 minterval, yielded in 1999 by Alexandra Yudina, were re-measured.

94

0.5 km

'D,ef?-gv :

‘ b l ! |
0 30km - geological < outcrop \ gFe?rl\oegri(t:sal
95 S— el boundaries 60 | numbers | 70 (dip and strike)

96 S 5. Location of Syv’yu locality in northern European Russia (A), Kozhym River basin (B), and locality

97  map of studied outcrops along the Syv’yu River section, western slopes of the Subpolar Urals (C); Clt,
98  Tournaisian. D1, Lower Devonian; D2tk, ?Middle Devonian, Takata Suite; D2ef—gv, Eifelian—Givetian;
99 D3fr, Frasnian; D3fm, Famennian (from Yudina et al., 2002, fig. 1).

100
101 Hg, Al,O3, Mo contents, and Hg/TOC and Hg/Al,Os ratios from F-F succession of Syv’yu River.
Sample Hg TOC ALO3 Mo
Method AAS Eltra CS- ICP-ES INAA Hg/ Hg/ Height
Stage o % o om | TOC | AROs | (em)
MDL 0.2 0.01 0.01 2o0r5

SYV 96 - S10 21.8 2.24 no data no data 9.8 X 775
SYV 96 -S12 23.2 1.64 no data no data 14.1 X 748,5
SYV96-S9 21.8 2.19 no data no data 10.1 X 739,5
SYV 96 -S7 164 1.46 no data no data 11.0 X 714,5
SYV 96 - S4 153 2.79 no data no data 5.4 X 651,5
SYV 96 - 134A 12.9 1.89 0.21 <5 6.9 61.5 613.,5
SYV 96 - 132 23.5 3.09 no data no data 7.5 X 599
CB 99355 242 1.39 0.33 <5 17.2 73.4 591
CB 99354 36.8 1.40 0.34 <5 26.5 108.2 585.,5
CB 99353 26.6 1.64 0.43 <5 27.4 104.5 582.,5
CB 99352 43.0 2.04 0.48 <5 21.1 89.6 581,5
CB 99351 449 2.40 0.63 <5 19.6 74.9 578
CB 99350 47.2 2.0 0.87 <5 23.57 54.3 575,5
CB 99349 33.8 2.00 0.39 <5 17.0 86.5 573,5

Famennian SYV 96 - 138/1 26.9 2.13 0.27 <5 12.7 99.8 571.,5




102
103
104
105

106

Frasnian CB 99348 50.5 2.66 0.24 <5
120.8 1.33 0.19 <2
109.8 2.11 0.30 <5
109.6 1.65 0.07 <2
CB 99344 89.9 2.47 0.15 <5
CB 99342 65.4 1.97 0.22 <5
CB 99341 39.7 3.00 0.45 <5
CB 99340 3.05 0.68 <5
241 0.56 <5
2.65 0.55 6
2.10 1.09 <5
2.32 0.44 <5
CB 99335 2.17 0.54 <5
CB 99334 93.5 4.18 1.26 <5
Upper KW | CB 99333 371 1.09 <5
CB 99332 3.48 1.14 <5
CB 99331 422 4.05 1.13 <5
CB 99330 24.5 3.35 0.54 <5
CB 99329 23.8 3.00 0.38 <5
CB 99328 36.7 3.13 0.36 <5
2.81 0.98 25
CB 99326 2.58 1.15 <5
CB 99325 5.54 9.66 17
CB 99323 96.4 2.37 6.24 8
CB 99322 59.5 2.73 6.75 <5
CB 99321 49.5 3.12 5.71 <5
CB 99320 107.5 2.09 10.99 <5 .
CB 99318 2Sx 2.84 1.95 <s SR 109.0 4585
CB 99317 61.5 1.36 2.09 <5 45.6 29.4 451,5
CB 99316 2Sx 1.84 10.92 <5 | 203 443
CB 99314 109.2 2.08 11.23 <5 52.4 9.7 427,5
CB 99313 36.7 2.24 2.18 <5 16.6 16.9 419
CB 99312 59.5 1.16 13.75 <5 51.0 4.3 415,5
CB 99310 25.1 1.81 1.49 <5 13.8 16.9 399
CB 99309 94.1 2.11 7.66 <5 44.6 12.3 391
CB 99305 25.4 1.55 2.02 <5 16.1 12.6 351,5
Inter KW CB 99301 32.9 1.38 2.57 <$5 23.9 12.8 305,5
CB 99300 46.1 0.62 1579 s Tl 2o 297.5
CB 99229 18.5 1.75 1.64 <5 10.3 11.3 295
CB 99228 36.4 1.90 1.80 <5 189 20.2 288
CB 99227 51.7 2.28 7.04 <5 22.8 7.3 282,5
CB 99226 16.4 1.83 1.11 <5 8.8 14.8 275
SYV 96 - 100 373 1.84 1.18 <5 20.1 31.6 220
SYV 96 - 91 17.1 2.92 no data no data 5.8 X 67
CB 99222 36.4 0.83 0.49 <5 432 74.3 0
CB 9921 37.0 1.27 no data no data 29.1 X Omitted
SYV 96 - 64 18.7 1.62 no data | no data 11.7 X in Fig.
Median value 42.5 2.17 1.14 X 21.5 62.7
Spearman’s rs correlation Hg 0.23 017 X

*Samples analyzed in more refined variant

[__]Zr enrichment (up to eightfold) and probable volcaniclastic admixture (Na—feldspars, micas, illite-smectite mixed layer
clays, amorphous particles of ?glass shards; Yudina et al., 2002, fig. 7)
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(DR 3) ANALYTHICAL METHODS

Mercury determination

Bulk samples from Lahmida and Kahlleite sections were first analyzed geochemically for
trace elements at the Bureau Veritas AcmeLabs, Vancouver, Canada. Hg concentrations were
determined using the ICP-MS method and precision and accuracy of the results were better than
+10 ppb. Several anomalously high Hg values were established in the measured samples. The
Russian samples were originally analyzed for Hg contents by INAA at the Activation
Laboratories, Ontario, Canada, by Yudina et al. (2002); single samples, however, yield values

below the method detection level (1000 ppb).

Subsequently, Hg determination of 122 samples from all three sections was refined using

atomic absorption spectrometry (AAS) Milestone DMA-80 Direct Mercury Analyzer

http://www.milestonesrl.com/landing-page/dma-80/) in the Faculty of Earth Sciences, University

of Silesia (Poland). This commonly used analyzer assess samples by thermal decomposition, Hg
amalgamation and atomic absorption detection, and has a detection limit of 0.2 ppb. The DMA
analytical curves were prepared with dilution of a 1 mg L-1 standard solution (Merck Darmstadt,
Germany). Measurement of each sample was duplicate and analyses were repeated when the
coefficient of variability of samples exceeds 5%. The instrument was calibrated using certified
reference material INCT-OBTL-5 (tobacco leaves) prior to the measurement, with Hg content =
20.9 ppm. The measured error did not exceed 2%. In another Hg study, with use of the same
analyzer type, accuracy and precision of the determinations was estimated as ca. 8 and 6.5%,

respectively (Sabatino et al., 2018).

Total organic carbon (TOC)

Total carbon (TC) contents were determined using an Eltra CS-500 IR-analyzer with a
TIC (total inorganic carbon) module. TC was determined using an infrared cell detector. TIC
content was determined by infrared detector as carbon dioxide derived from carbonates reacted
with 15% warm hydrochloric acid. TOC was calculated as the difference between TC and TIC.
Instrument calibration used Eltra standards. Analysis were performed in Faculty of Earth

Sciences, University of Silesia (Poland).


http://www.milestonesrl.com/landing-page/dma-80/
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Aluminum and molybdenum determinations

Al and Mo concentrations (DR 2) were analyzed at Bureau Veritas AcmeLabs, Vancouver,
Canada, with the exception of samples from Russia, which were analyzed at Activation
Laboratories, Ontario, Canada (Yudina et al., 2002). Al content was determined using ICP-ES
method and precision and accuracy of the results were better than 0.01 %. Mo concentration was

determined by ICP-MS method (detection level = 0.01 ppm; Lahmida, Kahlleite) or in two

analytical variants by INAA (detection level =2 or 5 ppm; Syv’yu).

(DR 3) THE STRONGEST HG AND HG/TOC SIGNALS OF THE “BIG FIVE” MASS

EXTINCTIONS
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K-P: Nascimento Silva et al. (2011, 2013), Sial et al. (2013, 2014, 2016), Font et al. (2016)

J-T: Thibodeau et al. (2016), Precival et al. (2017)

P-T: Sanei et al. (2012), Grasby et al. (2013, 2015, 2017)

O-S: Jones et al. (2017), Gong et al. (2017)
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