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A B S T R A C T   

This paper reviews global records of anoxic events of the Middle Devonian – earliest Mississippian, as well as the 
possible triggers and controls of these events. These “anoxic events” are complex multistage paleoenvironmental 
disturbances manifested in multiple proxies, which we showcase with the Horn River Group (HRG) – a succession of 
basinal organic-rich shales and cherts deposited during the latest Eifelian – earliest Late Frasnian (~386–373 My ago) 
on the western continental margin of Laurentia near the paleo-equator. Four major events imprinted in the HRG are the 
Kačák, Frasnes, basal punctata, and late punctata events, but positive δ13C excursions (measured on organic matter) are 
more numerous and can potentially be matched to other global events. The Kačák event in the base of the HRG 
manifests as a regional switch from carbonate-platform to anoxic sedimentation. Three major events of the latest 
Givetian – Middle Frasnian display repeating sequences characterized by: (1) an early shift to heavier δ13C values 
coupled with siliciclastic enrichment and mercury enrichment spikes of up to 0.48 ppm; (2) late-stage δ13C reversal to 
background values coincident with the onset of severe anoxia (buildup of authigenic U, Mo, V) and attenuation of 
siliciclastic supply. Devonian anoxic sediments, including HRG, display widespread presence of chlorobi biomarkers, 
which indicates episodes of photic-zone euxinia in the water column. Most of these sediments were deposited under 
open ocean conditions, precluding a Black Sea water-column stratification scenario. These observations indicate 
Devonian anoxic events are similar to classical Mesozoic oceanic anoxic events (OAEs), consistently with growing 
evidence for a volcanic trigger for these events (e.g. spikes in Hg and negative 187Os/188Os anomalies). Oxygen min
imum zones in a greenhouse ocean, such as the one recorded in basinal HRG, were prone to expansion under volcanic 
CO2 reinforcement. This volcanic press-pulse also intensified the hydrological cycle, which resulted in a boost of 
weathering and eutrophication of shelfal seas. These factors, amplified by deoxygenation and acidification of the 
habitable upper ocean, drove extinctions of various magnitude. As a proxy for the input of land-plant detritus, the 
oxygen index from pyrolysis data shows zero response to anoxic events in the HRG, which aligns with broader evidence 
that counters expanding vascular vegetation to be the driver of the marine biotic crises. Finally, our review highlights 
how controversial the evidence of high-frequency (3rd to 5th orders) sea-level fluctuations is in the Devonian. In 
particular, none of the geochemical proxies usually employed to interpret sea-level changes translates unequivocally 
into transgressions and regressions in the greenhouse world. This sea-level puzzle clearly calls for new scrutiny and 
justifies scepticism in the validity of the classical “eustatic sea-level curve of the Devonian”, as well as estimates of 
eustatic amplitudes in excess of ~25 m for 3rd and 4th order cycles.   

1. Introduction 

The Devonian Period (419.0–359.3 Myr; Gradstein and Ogg, 2020) 
represents a profound change of Earth’s land surface, from mostly 

plantless by the end of the Silurian to thickly vegetated wetlands 
inhabited by amphibian-grade tetrapods by the conclusion of the 
Devonian Period (Algeo and Scheckler, 1998; Dahl and Arens, 2020; 
Becker et al., 2020; Capel et al., 2022). The Devonian also experienced 
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several mass extinctions and radiations in the marine realm (Fig. 1), four 
of which are consistently rated within the 10 worst mass extinctions of 
the post-Cambrian Phanerozoic at genus-level taxonomic loss (Sepkoski, 
1996; Bambach et al., 2004; McGhee et al., 2013). Vigorous deposition 
of Devonian planktogenic organic carbon within shelfal seafloors 
created major oil and gas resources on different continents (Fig. 1B; 
North, 1988; Klemme and Ulmishek, 1991; Dyni, 2006), making this 
time period also one of significant economic interest. Stratified condi
tions with a chemocline at least intermittently above the seafloor were 
required for such high organic burial. In addition, recent research re
veals oxygenation of the atmosphere from 10 to 12% O2 (0.5–0.6 of 
present-day level) at the Silurian/Devonian boundary to about the 
present-day level of 21% by the early Mississippian, accompanied by a 
mirroring trend of CO2 drawdown (Krause et al., 2018; Mills et al., 2019; 
Dahl and Arens, 2020). Consistent with atmospheric oxygenation, a 
major shift to mostly oxygenated oceanic watermass is revealed with the 
uranium isotope (δ238U) proxy across the Emsian/Eifelian boundary 
(Elrick et al., 2022). Whether these remarkable features of the Devonian 
Period are related, and what were the overall controlling factors, has 
long been a matter of debate (Algeo et al., 1995; Bond et al., 2004; Racki, 
2020a; Pisarzowska and Racki, 2020; Kabanov, 2021; McGhee and 
Racki, 2021). 

Warm epochs with little or no ice on Earth, including the Devonian 
Period, represent collectively ⁓70–80% of the Phanerozoic. Thus, 
greenhouse conditions have been the “default state” of the planetary 
ocean-atmosphere circulation systems (Kidder and Worsley, 2010) since 
Late Ordovician – Early Silurian drawdown of atmospheric CO2 reduced 
temperature fluctuations to the range experienced by the Earth surface 
during the last ⁓100 My (Mills et al., 2019; Scotese et al., 2021). Un
derstanding this default state is critical as we try to understand the 
impacts of warmer atmosphere-ocean systems unexperienced by Homo 
sapiens Linnaeus, but considered a near future condition if greenhouse 
gas drawdown fails to follow optimistic projections (Kidder and Wors
ley, 2012; Ganopolski et al., 2016; Oschlies, 2021; Wallmann et al., 
2022; https://www.ipcc.ch/srocc/home/). 

The discourse around Devonian anoxic events and biotic crises 
mostly revolves around prominent mass extinctions at the Frasnian- 
Famennian boundary (e.g., Averbuch et al., 2005; Bond and Wignall, 
2008; Racki, 2005, Racki, 2020a, 2020b; Carmichael et al., 2019; Da 
Silva et al., 2020; Lu et al., 2021) and the Devonian-Carboniferous 
boundary (e.g., Carmichael et al., 2016; Kaiser et al., 2016; Percival 
et al., 2022). In this paper we broaden this narrow focus by enquiring 
into environmental factors that kept the marine realm at the tipping 
point of multiple crises for over 30 Myr, starting from the Eifelian- 
Givetian boundary (385.3 Myr) into the early Mississippian (Fig. 1). 
We point out how the sedimentary and geochemical signatures of 
Devonian marine strata, such as the time-specific facies architecture and 
widespread occurrence of photic-zone euxinia (PZE) biomarkers, attest 
for the non-uniformitarian character of Devonian seawater circulation. 
We review the main anoxic events recognized to date, then critically 
discuss factors called upon to explain these events: sea-level fluctua
tions, redox state of the marine realm, ocean circulation specifics for 
greenhouse planetary condition, state of the Earth’s magnetic field, 
evolution of land plants, and large-scale volcanism. Fig. 1 summarizes 
some of these records and interpretations. To examine these events in 
more detail, we also present a new detailed archive of an open ocean 
record of the Devonian system, the latest Eifelian – Frasnian Horn River 
Group (HRG) of NW Canada, which provides important insights. 

2. Events in the Devonian marine realm 

2.1. Rise of Devonian event stratigraphy 

As pointed out by House (1996, 2002), it is the recognition of oceanic 
anoxic events (OAEs) in the Cretaceous that triggered the discourse on 
similar events in the Devonian marine realm. In their pioneering work, 

Schlanger and Jenkyns (1976) interpreted their two Cretaceous OAEs as 
expansions of oxygen minimum zones (OMZs) during sea-level rise. At 
that time, the extent of coastal onlaps and facies successions were seen in 
favor of high-amplitude sea level fluctuations during the Cretaceous, 
and international synchronization of sea-level curves prompted to call 
these fluctuations eustatic (Hancock and Kauffman, 1979). Appointing 
sea level fluctuations as the main and invariable driving force creating 
sedimentary cyclicity was greatly promoted by development of the 
classical sequence stratigraphy (Vail et al., 1977 and successive works). 

Shortly after the discovery of OAEs, Scholle and Arthur (1980) 
published compelling evidence that the two OAEs of Schlanger and 
Jenkyns (1976) coincided with positive δ13C excursions as measured on 
pelagic limestones. The number of recognized OAEs has increased since 
then. Jenkyns (2010) lists 9 main events in the Jurassic-Eocene interval. 
Gale et al. (2020) depicts 11 OAEs in the Cretaceous only, while pointing 
out that global carbon isotopic excursions are more numerous than 
known synchronous spreads of anoxic sediments (see also Cramer and 
Jarvis, 2020). Some OAEs are associated with selective extinctions of 
marine organisms and declines in reef building, whereas others are not 
(Föllmi et al., 1994; Leckie et al., 2002; Freymueller et al., 2019). 

Events in the Devonian marine realm were defined based on prom
inent faunal turnovers, either extinctions of select genera and families or 
combined extinctions-radiations (Walliser, 1984, 1985, 1996; House, 
1985, 2002; Becker, 1993b). Coincident facies shifts, interpreted as 
marine transgressions, were also entered in event definitions (ibid.). This 
inborn biotic-depositional duality resulted in mixed naming for some 
events, e.g. the latest Eifelian Nowakia otomari – Cabrieroceras rouvillei 
faunal event (Walliser, 1984, 1985) and its alter ego Kačák event, named 
after the Kačák Member of the Srbsko Formation in Prague Synclinorium 
(House, 1996). This dual definition of Devonian events is currently 
mainstream (Becker et al., 2020), and numerous studies of the last two 
decades provide a wide array of geochemical proxies extending the 
character of each event far beyond paleontological metrics and observed 
facies changes. In particular, δ13C stratigraphy, first done on brachiopod 
calcites and micritic limestones, revealed negative and positive δ13C 
swings of significant amplitude (~2–4‰) associated with the Upper and 
Lower Kellwasser levels in many sections around the world (McGhee 
et al., 1986; Goodfellow et al., 1989; Joachimski and Buggisch, 1993). 
Additional δ13C data characterized the lower part of the Devonian 
(excluding the basal Devonian Klonk anomaly) as a general quiescence 
in isotope fluctuations, and the Givetian-Frasnian as an interval of 
abrupt, high-amplitude δ13C shifts (Fig. 1F). 

Inception of Devonian event stratigraphy came with development of 
a sea level curve for this system (Fig. 1C). The search for an eustatic 
signal initially focused on stratal successions of Laurussian shelves with 
advanced biostratigraphic age control (House, 1983; Johnson et al., 
1985). While creating their Devonian sea-level curve, Johnson et al. 
(1985) used facies progressions in stratigraphic sections as their primary 
tool to decipher transgressive-regressive cycles (T-R cycles), and exerted 
caution in using coastal onlap estimates. Johnson et al. (1985) inter
preted distinct tongues of black shales in the foreland clastic wedge of 
the Appalachian Basin (a.k.a. the Catskill Delta succession) as trans
gressive and deepest-water deposits. These spectacular cycles with 
black-shale tongues as sea level highstands were correlated with sedi
mentary cycles of Belgium and Germany, demonstrating the coeval 
spread of black shales at certain intervals coincident with biotic events 
(ibid.). Other regions in the western U.S. and western Canada were also 
involved in this correlation. The resultant “eustatic sea level curve”, 
with its subsequent modifications (Fig. 1C; Sandberg et al., 2002; Becker 
et al., 2012, Becker et al., 2020), is the most popular reference (“stan
dard”) of today, although different interpretations of T-R cyclicity do 
exist (Filer, 2002; Bond and Wignall, 2008; Brett et al., 2011; Wong 
et al., 2017). 

Thus, the definition of events in the Devonian historically diverged 
from their Mesozoic OAE prototypes which were unambiguously 
defined as synchronous spreads of anoxic sediments in disjunct world 
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Fig. 1. Summary of records and potential controls of Middle-Late Devonian anoxic events: 
A. Binomial names of conodont zones, bottom to top (from GTS 2020): Polygnathus patulus; P. partitus; P. costatus; P. pseudofoliatus; Tortodus australis; T. kockelianus; Polygnathus eiflius; P. ensensis; P. hemiansatus; P. varcus; 
P. timorensis (tim.); P. rhenanus - P. varcus (rh.-v.); P. ansatus (ans.); Schmidtognathus latifossatus/Ozarkodina semialternans (lat.); Schmidtognathus hermanni; Klapperina disparilis; Mesotaxis falsiovalis; Skeletognatus norrisi 
(nor.); Ancyrodella rotundiloba pristina (pr.); A. rotundiloba rotundiloba (rot.); A. rugosa (rug.); Palmatolepis transitans; P. punctata; P. hassi; P. jamieae; P. rhenana; P. linguliformis; P. triangularis; P. crepida; P. rhomboidea; P. 
marginifera; P. rugosa trachytera; P. perlobata postera; P. gracilis expansa; Siphonodella praesulcata; S. sulcata. 
B. Main spreads of anoxic sediments in six world regions, updated from Kabanov (2019). Western Canada Sedimentary Basin (north) is the Horn River Group in the Northwest Territories between 64 and 68◦N (case study 
in this work). Western Canada Sedimentary Basin (main) refers to the subsurface of Alberta and northeastern British Columbia. Asterisk (*) denotes black shales with notably poor age control. 
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regions. This semantic tangle can perhaps be resolved by retaining 
taxonomic names for biotic events only and reserving lithostratigraphic 
co-names for anoxic events. Separating the discussion of biotic and 
depositional events is also warranted by the growing awareness that 
exact extinction levels and anoxic episodes can mismatch when strati
graphic records are scrutinised (e.g., Hallam and Wignall, 1999; Bond 
and Wignall, 2008; Kaiser et al., 2016). 

2.2. World record of Devonian anoxic events 

Table 1 summarizes the age constraints and diagnostic features of the 
Middle-Late Devonian events. The events are expressed most typically as 
incursions of dark, laminated, organic rich sediments in more oxic and 
less organic rich strata, or if a section is black shale throughout, as ho
rizons of authigenic trace metal enrichment indicating pulses of severe 
anoxia (Kabanov, 2019). Ages of the events are referred to in conodont 
zones.. Since the zonation is rapidly evolving and no “standard” is 
currently adopted for international use, double reference to conodont 
age is sometimes unavoidable. We consider two zonal scales published 
in the Geological Time Scale (GTS) volumes of 2012 and 2020 to be 
sufficient for the purpose (Becker et al., 2012, Becker et al., 2020). Many 
anoxic and faunal events of the Devonian are step-wise rather than 
expressed in one pulse (Becker et al., 2020). Since interregional corre
lation of every pulse within one event is not presently possible, Table 1 
lists only the main conventionally recognized events. In columns “Event 
name” and “Faunal event name”, originators are those who first applied 
a name consistently to sedimentary and coupled biotic perturbations 
recognized in more than one world jurisdiction. Typically, the name had 
already been in long use before as a local litho- or biostratigraphic unit. 

Becker et al. (2020) provided the most recent comprehensive over
view of Devonian events. For Late Devonian events, the δ13C excursions 
in carbonate and organic matter records are summarized by Pisarzowska 
and Racki (2020). The reference δ13C(carb) curve for the entire Devo
nian is provided in GTS 2020 (Cramer and Jarvis, 2020), although this 
curve is constructed from a selection of published data which is not 
comprehensive (Fig. 1F). The column “biotic response” is based on the 
summaries of McGhee et al. (2013) and Becker et al. (2020). It should be 
noted that the ranking of biotic events, albeit based on the same 
PaleoBiology Database, varies depending on database treatment (e.g., 
Stigall, 2012; Stanley, 2016). Nevertheless, four of the Devonian ex
tinctions at the Eifelian/Givetian boundary, in the Late Givetian, at the 
Frasnian-Famennian and Devonian-Carboniferous boundaries (Fig. 1G) 
stay in the ten worst post-Cambrian mass extinctions despite variations 
in statistical approach (Sepkoski, 1996; Bambach et al., 2004; McGhee 
et al., 2013). 

Certainly, the character of Devonian events extends beyond features 
listed in Table 1. Stable isotope records are increasingly used, notably 
18O/16O, 34S/32S, 187Os/188Os, and 87Sr/86Sr systems (see respective 
chapters in GTS 2020), also 15N/14N (Śliwiński et al., 2011; Uveges 
et al., 2019; Percival et al., 2022; Sahoo et al., 2023), molybdenum and 
uranium isotope systems (White et al., 2018; Kendall et al., 2020; Elrick 
et al., 2022). Oxygen isotope records obtained from conodont phosphate 
(francolite-apatite) and brachiopod calcite currently provide the highest 
density of data for the Devonian (Grossman and Joachimski, 2020). 
Being least prone to diagenetic alteration, these materials provide δ18O 
records which can be translated into ambient seawater temperature 
(Fig. 1G). The δ18O-based seawater temperature data are scattered 
broadly and are offset between sampling regions, although all sampling 
regions are within 0–35◦ paleo-latitudes, i.e., generally warm-water 
settings. These regional offsets are most vivid in conodonts, and more
over, a substantial decoupling of temperature trends is observed be
tween brachiopod and conodont data (Joachimski et al., 2004, 2009; 
van Geldern et al., 2006). This is not surprising in view of differences in 
bottom and sea-surface temperature, and moreover, different conodont 
genera inhabited different depth ranges (review in Grossman and Joa
chimski, 2020). Nevertheless, long-term trends are consistent in both C.
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Table 1 
World records of Middle-Late Devonian anoxic events.  

Age Event name 
(originator) 

Faunal event 
name 

Event zonal range Anoxic event Duration of anoxic event Carbon isotope excursions Biotic response 

Devonian- 
Carboniferous 
boundary 

Hangenberg ( 
Walliser, 1984)  

praesulcata, cockeli, 
lower sulcata in 
Europe1; upper 
expansa -lower 
duplicata in W. 
Canada2,13 

black shale within praesulcata-kockeli 
interregnum in Central Europe1,3; more 
protracted black shale deposition in W. 
Canada1,2; black shales in N. Africa, 
elsewhere in Europe, China dated with 
various precision1; no definite anoxic 
incursions in Russian Platform -Urals11 

100–300 kyr1; 50–100 kyr 
in Poland38 

Brief negative δ13C(carb) swing (ca. 
1.5‰) in middle praesulcata in USA 
and S. china; more protracted major 
(ca. 4‰); positive excursion during 
kockeli-duplicata in many regions1,4,5; 
similar δ13C(org) response in Europe8; 
decoupled response of δ13C(carb) and 
δ13C(org) in central USA39 

Major extiction: rank 4 in 
taxonomic severity and rank 7 in 
ecologic severity6 mostly prior to 
kockeli1; rapid diversity rebound 
at DC boundary1. 

Famennian Dasberg (Becker, 
1993a)  

gracilis expansa - 
aculeatus aculeatus3 

thin, locally phosphatic black shales in 
Central Europe and Morocco; described 
as marine transgression elsewhere3,7 

two very short anoxic 
pulses3,8 

Low amplitude positive δ13C(carb) 
swing in Europe8; low amplitude 
negative δ13C(carb) swing in Utah9 

Radiation in goniatites; no 
extinction8 

Famennian N/A annulata (etim.: 
Platyclymenia 
annulata) ( 
Walliser, 1984) 

upper trachytera8,13 

or gracilis 
sigmoidalis-styriacus3 

Central Europe (Germany, Czech 
Republic, Poland), Bulgaria, NW 
China3,8 

two thin black shales in 
central Europe and NW 
China3,8 

two covariant negative δ13C(carb) and 
δ13C(org) swings of low amplitude in 
Europe; low amplitude positive 
excursion just above; described as 
muted in many sections8 

nothing significant8 

Famennian Nehden (House, 
1985)  

Entire Early 
Famennian 
(triangularis-gracilis 
gracilis Zones)3 

black shale deposition in Germany; 
described as long lasting eustatic rise 
elsewhere3; last two anoxic pulses 
recognized as Condroz event3 

acme of black shale 
deposition in termini- 
pectinata Zones (~1 myr)3 

not clear Diversity recovery after F–F 
extinction3; constriction in 
diversity of select goniatite 
groups10 

Frasnian- 
Famennian 
boundary 

Upper Kellwasser 
(UKW) and Lower 
Kellwasser (LKW) ( 
Walliser, 1984;  
Schindler, 1990)  

UKW: linguliformis13 

or linguliformis- 
ultima3 

LKW: upper rhenana 
or bogartensis3 

Two incursions of anoxic sediments 
(LKW & UKW) amply documented in 
many regions of the World3,8; not 
expressed in most N. American 
sections11; LKW is less widespread in 
the World. 

~ 150 kyr for UKW (and 
similar for LKW) in 
Germany; total crisis 
duration ≤800 kyr12 

Well documented positive δ13C(carb) 
and δ13C(org) excursions at and just 
above LKW and UKW anoxic beds, 
preceded by abrupt low-amplitude 
negative swing in some sections8 

Major extinction: rank 5 in 
taxonomic severity and rank 4 in 
ecologic severity6; gradual 
decline of metazoan reef 
diversity during Late Frasnian 
until reef building demise at F–F 
boundary37 

Frasnian N/A semichatovae ( 
Sandberg et al., 
1992) 

lower rhenana13 or 
feisti3 

described as transgression; mass spread 
of offshore pelagic fauna on carbonate 
shelves3,14; local incursions of anoxic 
sediments15 

no estimates (likely very 
short) 

Positive δ13C(carb) excursion with 
amplitude peering δ13C sway at UKW 
in China16 

Radiation in conodonts and 
goniatites; no extinction3,14 

Frasnian Rhinestreet ( 
Becker et al., 1993  

lower-middle hassi 
(MN 7–9)13; or 
nonaginta-proversa3 

Major spread of black shales in N. 
America and E. Russian Platform - 
Urals; locally separated in two black- 
shale tongues (New York State) and 
merging in one major source rock unit 
in W. Canada and Russia11,20,35,36; ; 
expressed as several incursions of 
pelagic (dacryoconarid) sediments in 
overall non black-shale sections3 

~2.3 Myr in W. Canada 
and Russia (entire Middle 
Frasnian except upper 
hassi). NW Canada and 
New York State: two 
acmes of anoxia within 
Middlesex/punctata and 
Rhinestreet/hassi11 

New York State: modest positive δ13C 
(org) deflection in basal Rhinestreet 
shale, poorly separated from higher- 
amplitude Middlesex/punctata 
excursion17; very low amplitude to no 
δ13C excursion elsewhere17 

faunal migrations, spread of 
pelagic forms; no extinctions3,8 

Frasnian Middlesex (Becker, 
1993a, 1993b) 

punctata (Yans 
et al., 2007) 

nodosa (upper 
transitans) to 
punctata3,8,16 

High-amplitude δ13C(carb) and δ13C 
(org) excursions: brief, low-amplitude 
negative deflection in nodosa 
succeeded by major and abrupt 
positive excursion in terminal nodosa- 
early punctata (usually ~3‰, 
maximum 6–8‰)6,8,16,40 

faunal migrations, spread of 
pelagic forms; no extinctions3,8 

Frasnian Timan (Becker and 
House, 1997) 

Timanites (Becker 
and House, 1997: 
after entry of 
genus Timanites) 

transitans3 event defined as global transgression 
based on spread of pelagic faunas3,19; 
co-spread of black shales not detected 
or not enough documented3,19,20 

N/A Short positive low-amplitude δ13C 
swing just below pre-Middlesex 
negative deflection in some sections; 
not expressed in other sections3,8 

global spread of goniatites of the 
genus Timanites; no 
extinction3,8,19 

Givetian- 
Frasnian 
boundary to 
Frasnian 

Frasnes (House, 
1985) 

Manticoceras ( 
Walliser, 1985, 
1996) 

norrisi - lower 
soluta3; or 
falsiovalis13 

described as transgression; mass spread 
of offshore pelagic fauna on carbonate 
shelves3,14; local incursions of anoxic 
sediments15 

pulses of anoxia within 
Frasnes event interval are 
likely short but not 
sufficiently studied3 

Rather poorly known. Short, high 
amplitude (− 2 to − 4‰) negative 
sways of δ13C(carb) just below and at 
lower (norrisi) pulse4; more protracted 

Givetian biotic crisis s.l.6: 
protracted (~2.5 Myr), 
multiphase extinction and reef 
declines in semialternans-norrisi 
Zones or Taghanic-lower Frasnes 

(continued on next page) 
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Table 1 (continued ) 

Age Event name 
(originator) 

Faunal event 
name 

Event zonal range Anoxic event Duration of anoxic event Carbon isotope excursions Biotic response 

positive (~3‰) excursion in earliest 
Frasnian4,40 

event interval3. Ranked 6 in 
taxonomic loss and 8 in ecologic 
severity6; taxonomic loss largely 
compensated by radiations and 
extensive species migration6 

Givetian Geneseo (House, 
2002?)  

lower hermanni3 black shale in New York State22; 
described as transgression;3 no 
transgressive successions or black shale 
incursions in Morocco23 

not clear Distinct, short positive excursion in 
Germany but not in Morocco24 

Givetian Taghanic (House, 
1985) 

Pharciceras (House, 
1985) 

late ansatus-semialternans3 no prominent spreads of 
anoxic sediments10 

N/A 

Positive δ13C(carb) 
excursion of 
~2–3‰ in upper 
ansatus- 
semialternans 
Zones; in New 
York State (not in 
other sections) 
preceded by a low- 
amplitude 
negative swing4,22 

Givetian Pumilio ( 
Lottmann, 1990)  

rhenanus-varcus3 no truly anoxic facies known; two 
horizons of specific brachiopod and 
dacryoconarid faunas in Europe and N. 
Africa3,10; interpreted as transgression 
pulses or tsunami events3,10 

N/A Positive δ13C(carb) excursions of 
1.5–2.0‰ at both pumilio horizons 
known in Germany and France31 

none 

Eifelian- 
Givetian 
boundary 

Kačák (House, 
1985) 

otomari (Walliser, 
1984, 1985) 

ensensis- 
hemiansatus3 

Incursion of black shales and pelagic 
dacryoconarid sediments in Europe, N. 
Africa, China, Canada3,10,11,28,29,30. 
Abrupt demise of carbonate shelf and 
its drowning under anoxic sediments in 
NW Canada11,40 

Entire event is ~370 kyr in 
Morocco34. Main anoxic 
pulse likely very short 
(≤100 kyr?), at Eifelian- 
Givetian boundary 

A succession of abrupt, low to 
moderate amplitude (ca. 1‰ to 1.5‰), 
negative and positive swings in δ13C 
(carb) and δ13C(org) in many 
regions3,4,28,29,30,31; negative can be 
more pronounced (up to 2‰) in δ13C 
(org)29 

Second-order multiphase 
extinction ranked 9 in ecological 
severity and 8 in taxonomic loss6. 
Conodont and trilobite 
extinctions at the base, 
ammonoid extinction near the 
top of event interval3,6 

Eifelian Bakoven (DeSantis 
and Brett, 2011)  

australis3,32 onset of oxygen-deficient (not truly 
anoxic) sedimentation in E. North 
America32; referred to as might-be 
eustatic sea level rise3 

not clear positive δ13C(carb) excursion of 
modest amplitude (similar or slightly 
less than Kačák excursion)31,33 

minor (4th order) faunal 
turnover32 

Eifelian Basal Choteč ( 
Chlupáč and 
Kukal, 1988) 

Pinacites jugleri ( 
Walliser, 1985) 

uppermost partitus 
to costatus3 

thin anoxic horizon intervening in oxic 
facies successions in Czech Rep., 
Morocco, S. Siberia and S. China3,10 

not clear; likely very short Very low-amplitude (<1‰) positive 
δ13C(carb) shift preceded by weak 
negative deflection in Czech Rep.26 

Minor extinction affecting 
several groups3 

References in Table 1: 1Kaiser et al., 2016; 2Johnston et al., 2010; 3Becker et al., 2020; 4Cramer and Jarvis, 2020; 5Stupakova et al., 2017; 6McGhee et al., 2013; 7Hartenfels and Becker, 2009; 8Pisarzowska and Racki, 2020; 
9Stock and Sandberg, 2019; 10House, 2002; 11Kabanov, 2019; 12Percival et al., 2018; 13Becker et al., 2012; 14Sandberg et al., 2002; 15Bond and Wignall, 2005; 16Pisarzowska et al., 2020a; 17Lash, 2019; 18Lüning et al., 
2004; 19Becker and House, 1997; 20House et al., 2000; 21Wendte and Uyeno, 2005; 22Zambito et al., 2016; 23Aboussalam and Becker, 2011; 24Aboussalam, 2003; 25Lottmann, 1990; 26Vodrážková et al., 2013; 27House, 
1996; 28Kabanov and Jiang, 2020; 29van Hengstum and Gröke, 2008; 30Qie et al., 2018; 31Buggisch and Joachimski, 2006; 32DeSantis and Brett, 2011 33van Geldern et al., 2006; 34Ellwood et al., 2011; 35Pană et al., 2018; 
36Liang et al., 2020; 37Copper, 2002; 38Myrow et al., 2014; 39Heath et al., 2021; this work40. 
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records (Fig. 1G): the Lochkovian to Emsian cooling trend is followed by 
the Middle Devonian nadir (19–25 ◦C in brachiopods, 30–35 ◦C in 
conodonts), and then by the Givetian-Frasnian warming trend (GFWT). 
The GFWT started with the Taghanic overheating anomaly, particularly 
abrupt in brachiopod records (Joachimski et al., 2004). Average 
seawater temperatures reached a maximum during the Middle to Late 
Frasnian (~30–45 ◦C in both records), followed by a Famennian cooling 
trend as measured on conodont phosphate (Grossman and Joachimski, 
2020). Most recent data indicate that sea-surface waters during the mid- 
Devonian Kačák event were warmer than previously thought (Suttner 
et al., 2021). 

3. Devonian sea level changes – a critical outlook 

The debate on Devonian sea-level fluctuations continues over de
cades with no sign of resolution (e.g., Johnson, 1971; Filer, 2002; Bond 
and Wignall, 2008; Elrick et al., 2009; Brett et al., 2011; Becker et al., 
2020). This is not surprising. Extraction of the eustatic signal from 
regional stratigraphic records is challenging, and even if some consensus 
is achieved on the number and hierarchy of cycles, the absolute ampli
tudes of sea level change usually remain unscaled (Simmons et al., 
2020). Noteworthy, sea level fluctuations of 3rd-5th orders are also 
highly debatable in the better preserved and better understood green
house stratigraphic archive of the Cretaceous – early Cenozoic 
(Immenhauser, 2005; Sames et al., 2016, 2020; Ray et al., 2019; Davies 
et al., 2020). 

3.1. To what extent does sedimentary cyclicity reflect sea level 
fluctuations? 

Although facies repetitions manifesting 4th and 5th order cyclicity 
(< 0.5 My) are not uncommon in Devonian shallow-marine strata (e.g., 
Elrick, 1995; Brett and Baird, 1996; Da Silva and Boulvain, 2006; Tucker 
and Garland, 2010; Vierek, 2014; Brady and Bowie, 2017), the evidence 
for base-level changes is rather short. This is equally true for the 3rd 
order cycles (0.5–3.0 My sensu Haq and Shutter, 2008) which describe 
the recurrence of anoxic events. Moreover, the eustatic interpretation of 
the 3rd order cycles in the Catskill Delta succession, the heartbeat of 
Johnson et al. (1985) sea level curve, is challenged by rather strong 
arguments for tectonic control (Ettensohn, 1994; Smith et al., 2019). 

Amongst the most rigorous indications of sea- and base-level fluc
tuations are subaerial unconformities. In the Middle-Upper Devonian, 
subaerial exposure surfaces separating 4th order cycles are documented 
only in very shallow water settings referred to as upper ramps (Elrick, 
1995), peritidal successions (Tucker and Garland, 2010; Kabanov, 2014, 
Kabanov, 2021), epicontinental sea strata (Witzke and Bunker, 1996; 
Brady and Bowie, 2017), tops of carbonate buildups (Wong et al., 2017), 
or marine-fluvial cyclic packages (McClung et al., 2013). The depth of 
pedogenic penetrations and paleokarsts in the tops of these cycles is 
often described in centimetres (Elrick, 1995; Brady and Bowie, 2017; 
Wong et al., 2017), whereas deeper penetrating (> 1 m) subaerial 
exposure profiles are notably rare comparing to icehouse stratigraphic 
successions (Chen and Tucker, 2004; Wong et al., 2017; Kabanov, 2021) 
and do not appear to align at one stratigraphic level in examples of 
tightest age control such as the Frasnian-Famennian boundary (Hallam 
and Wignall, 1999; Bond and Wignall, 2008). “Erosional un
conformities” of submarine origin associated with anoxic events are not 
correlated worldwide and are interpreted as being controlled by local 
tectonics (e.g., Baird and Brett, 1991; Ettensohn, 1994; Johnston et al., 
2010; Kaiser et al., 2016). Moreover, some paleokarsts formerly taken as 
an evidence of major eustatic lowstands separating 3rd order cycles of 
Johnson et al. (1985) actually formed in settings of syndepositional 
blocky tectonics (e.g., Chow et al., 2004). 

Another approximation to base level falls is fluvial incisions. Deep (>
10 m) fluvial downcutting is rarely reported in the Middle-Upper 
Devonian (Witzke and Bunker, 1996; McClung et al., 2016; Evans 

et al., 2019). Of three cited examples, the deepest (≥25 m) incisions 
occur in settings of active syndepositional tectonics (McClung et al., 
2016; Evans et al., 2019). Conspicuous changes occurring in stacking 
patterns of riverine sequences deposited during the later Famennian 
indicate the increase of fluvial downcutting during the transition to the 
first phase of the Late Paleozoic Ice Age (LPIA; Eriksson et al., 2019). 
Evidence for sea level fluctuations in the main, pre mid-Famennian part 
of the Devonian, is particularly meager in comparison with icehouse 
sedimentary archives with high resolution records of deep, frequent (4th 
to 5th order) base level falls, fluvial incisions, and high-amplitude ma
rine transgressions in cyclothemic strata (LPIA examples: Soreghan and 
Giles, 1999; Heckel, 2008; Kabanov et al., 2010; Eriksson et al., 2019; Le 
Cotonnec et al., 2020; Isbell et al., 2021). 

A great number of case studies interpret sea level fluctuations in the 
Devonian shelfal strata where tidal flat facies, shoreface units, or sub
aerial breaks do not intervene. The sequence stratigraphic models and/ 
or sea level reconstructions in such successions heavily rely on instru
mental proxies: wirelogs and its outcrop counterparts (notably gamma 
ray spectrometry), bulk magnetic susceptibility (MS), and diverse 
organic, isotopic, and elemental chemostratigraphy proxies. Literature 
interpreting Devonian sea level fluctuations from such proxies is 
immense. Examples from Western Canada are provided by Whalen and 
Day (2010), Dong et al. (2018), and Harris et al. (2021). Recent reviews 
provide more case studies (Da Silva et al., 2013; Pas et al., 2019; Becker 
et al., 2020; Racki, 2020a). Cyclostratigraphic calibrations of instru
mental proxy records are now advanced enough to drastically narrow 
dating of geochronologic boundaries (e.g., Ellwood et al., 2011; De 
Vleeschouwer et al., 2017; Percival et al., 2018) and calibrate stage 
durations in the Devonian System (review in Becker et al., 2020). 

High-fidelity correlation between MS, δ18O, and glacials- 
interglacials in the Quaternary initially inspired application of MS to 
the Paleozoic, particularly to the Devonian strata (Ellwood et al., 1999; 
Da Silva et al., 2013). Nevertheless, the last two decades of research 
have not provided an answer to the underlying question of how to 
deconvolve sea level fluctuations from the rhythms/cycles recorded in 
MS and chemostratigraphic proxies. 

In pelagic sediments, bulk MS is mainly carried by single-domain 
magnetite or greigite produced by magnetotactic bacteria thriving at 
the redox boundary (magnetofossils; Kopp and Kirschvink, 2008; Rob
erts et al., 2013). In the Pleistocene-Holocene, a strong correlation exists 
between the abundance of magnetofossils and MS signals from pelagic, 
aeolian, and marine siliciclastic sequences on one hand, and glacial- 
interglacial cycles on another. However, there is still no rigorous evi
dence for strong temperature or sea level control over high-frequency 
cycles revealed by MS and other proxies in Devonian successions. As 
such, the initial assumption that oscillations in bulk MS reflect sea level 
changes in the Devonian just like in the Quaternary (e.g., Ellwood et al., 
1999) is no longer embraced with enthusiasm. The same caution applies 
to oscillating contents of siliciclastics-associated elements such as Ti, Al, 
Fe, K, Cr and Zr. In Devonian marine sequences these oscillations can be 
at best interpreted as pulses of detrital input in response to fluctuating 
runoff and/or dust supply (e.g., Bábek et al., 2018; Pas et al., 2021). On 
the other hand, buildup of authigenic enrichment in redox sensitive 
metals (such as Mo, U, V) reflects pulses of oxygen deficiency (pro
gression from oxygenated to euxinic condition). None of these elemental 
oscillations in stratigraphic sequences can on their own translate into sea 
level changes. 

3.2. Oxygen isotope records of high-frequency cycles 

The δ18O of diagenetically stable biogenic calcites and phosphates is 
known to imprint two dominant signals: the temperature and isotopic 
balance of ambient seawater (review in Simmons et al., 2020). The 
isotopic balance of seawater changes by sequestering 16O into ice (thus 
shifting seawater 18O/16O balance towards heavier values), and it also 
changes with fluctuating salinity (dilution by freshwater shifts 18O/16O 
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towards lighter values). As summarized by Simmons et al. (2020), 
challenges in extracting ice signal are significant, but a range of tech
niques (e.g., Ca:Mg corrections for foraminiferal tests) seem to be 
working at least for the Cenozoic. In the Miocene-Quaternary, fluctua
tions of δ18O in a variety of carrier minerals are linked to glacials- 
interglacials with high fidelity (Grossman and Joachimski, 2020), and 
the presence of similar high-frequency δ18O cycles as measured on 
conodonts was indicated in the cyclothemic successions of LPIA (Elrick 
and Scott, 2010). 

High-frequency δ18O fluctuations also characterize the Late Creta
ceous – Eocene, a time of a strongly dominant greenhouse regime, and 
this was interpreted as a glacio-eustatic response to ephemeral ice caps 
prior to establishment of the permanent ice sheet in Antarctica (e.g., 
Pekar et al., 2005; Miller et al., 2005). In a similar manner, an enquiry 
was made into how far such δ18O fluctuations extend back in time from 
the LPIA. Using conodont phosphate, Elrick et al. (2009) revealed a few 
My-scale (3rd order) isotopic cycles of ~1.5‰ amplitude in the Late 
Emsian-Eifelian. Subsequently Elrick and Witzke (2016) revealed high- 
frequency (5th order, 0.5–3.0 m) δ18O cycles of ~0.6–1.0‰ amplitude 
in the Givetian epicontinental strata. Elrick and co-authors argue that 
these δ18O fluctuations indicate glacio-eustatic forcing during the Mid
dle Devonian, although glacial deposits are unknown in pre-Middle 
Famennian Devonian and world records of isotopic paleo- 
temperatures indicate much warmer sea-surface temperatures than 
today or during the LPIA (Fig. 1G). However, what if only seawater 
temperature variations and freshwater inflow/withdrawal were driving 
high-frequency δ18O fluctuations during the Devonian greenhouse? 

3.3. Controls on high-frequency sea level fluctuations during the 
greenhouse 

In a model ice-free world, two hypothetical mechanisms are called 
upon to explain high-frequency sea level fluctuations. Thermal eustasy 
(a.k.a. steric sea-level change) stands for the cyclic expansion-contraction 
of the oceanic watermass in response to its heating and cooling (Piecuch 
and Ponte, 2014; Sames et al., 2016). Aquifer eustasy refers to the fluc
tuating proportion of water retained in groundwater reservoirs with 
minor addition from open waters in lakes and rivers (Hay and Leslie, 
1990; Föllmi, 2012; Wagreich et al., 2014; Sames et al., 2016, 2020; Ray 
et al., 2019). In the absence of ice, the total aquifer water potentially 
available to cyclically discharge into the ocean and recharge back, is 
estimated as 8 to 50 m equivalent of the sea level change (Ray et al., 
2019). The thermal or steric component of the non-glacial eustasy is 
considered overall minor to the aquifer potential, as not exceeding 10 m 
on the kyr-scale range, although capable of fast (year-scale) response, 
which is unavailable for the aquifer eustatic cycles (Sames et al., 2016). 

Summarizing extensive knowledge on the Cretaceous, Föllmi (2012) 
rolls out a dynamic greenhouse scenario where the effect of CO2 forcing 
into hotter climate results in the increase of vapor retention in the at
mosphere, reduction of evapotranspiration through higher cloudiness, 
and intensification of the hydrological cycle, by which aquifers and 
inland lakes retain more water than during the normal (unforced) 
greenhouse condition. The net effect of this CO2 forcing is seen in a sea 
level drop of a few meters, and moreover, surface oceanic waters will 
likely cool as the expanded overcast will shield the Earth surface from 
insolation (ibid.). It follows that sedimentary cycles created through 
such greenhouse pulses will record lowstands at the globally hottest 
phase, which is inverse to icehouse cycles. Furthermore, sea-surface 
cooling, combined with atmosphere-aquifer retention of freshwater, 
will shift the δ18O balance in marine biogenic minerals to heavier values, 
thus mimicking a response of expanding ice caps in an icehouse world. 
This scenario, however, may not withstand an advanced simulation of 
global Earth-surface processes. Davies et al. (2020) simulate difference 
in aquifer capacity under lowest and highest possible CO2 forcings for 
the Valanginian, Turonian, and Maastrichtian time slices. Their results 
show that arid areas moderately expand under high-CO2 regime and 

locally become much drier, whereas hydrological cycle intensifies in 
humid belts only, which keeps the eustatic effect of the aquifer recharge 
invariably below 1 m. As such, glacio-eustasy would still be required to 
explain Cretaceous sea-level changes (ibid.). Regardless of presence or 
absence of some form of ice and glacioeustasy, the scarcity of empirical 
evidence of sea-level changes in both the Cretaceous and the Devonian 
casts doubt on sea-level amplitude estimates (such as those by Haq and 
Shutter, 2008 and Haq, 2014) as routinely exceeding ~25 m for 4th and 
3rd order cycles. 

Limited isotopic data from the Devonian events fit into an ice-free 
greenhouse scenario better than into a glacioeustasy-driven one. From 
their study of Nd isotope records in conodonts, Dopieralska et al. (2016) 
infer that the Lower and Upper Kellwasser anoxic events coincided with 
sea level drops in the Variscan domain (in sections of W. Europe and 
Morocco). It should be noted that the εNd(t) proxy measured on con
odonts (or other marine minerals formed in equilibrium with ambient 
seawater) does not translate directly into sea level changes, but it is a 
tracer of degree of ocean openness. Dopieralska et al. (2016) demon
strate that the LKW and UKW events are marked by lows in radiogenic 
143Nd, and consequently, the inflow of oceanic waters into Variscan sea 
should have been more restricted during these anoxic episodes. Essential 
for this discussion is that the interpretation of Dopieralska et al. (2016) 
appears consistent with the conodont δ18O record suggesting cooling of 
surface waters in the Tethyan realm during Kellwasser anoxia (Huang 
et al., 2018). Based on the compilation of Grossman and Joachimski 
(2020), such cooling at the Frasnian-Famennian boundary is also man
ifested in brachiopod records from Siberia, whereas in other regions 
brachiopod and conodont δ18O indicate overheating. The δ18O shifts to 
heavier values are also recorded in conodonts and carbonate materials at 
the Early-Middle Frasnian transition and throughout the Middle Fras
nian of southern Poland (Pisarzowska and Racki, 2012). 

4. Biomarker evidence for widespread photic-zone euxinia 

The deep-water interpretation of black shales as a core element of the 
Devonian sea-level curve of Johnson et al. (1985) is further challenged 
by biomarker evidence. Green sulfur bacteria (GSB) and purple sulfur 
bacteria (PSB) are obligatory anaerobic phototrophs synthesizing pre
cursor macromolecules to the fossil aromatic C40 carotenoids and spe
cific aryl isoprenoids (e.g., Koopmans et al., 1996). Since the 1980s, 
these biomarkers are increasingly used as indicators of the photic-zone 
euxinic condition (PZE) in the stratigraphic record (Summons and 
Powell, 1986, 1987), providing that thermal maturation did not prog
ress to the destruction of aromatic compounds (e.g., Kabanov and Jiang, 
2020). Rapidly increasing awareness of GSB biomarkers (Table 2) sug
gests that PZE was a normal and geographically widespread condition of 
Middle-Upper Devonian shelfal seas, just like it was through the Meso
zoic and the Early Cenozoic (Pancost et al., 2004; Van Bentum et al., 
2009; French et al., 2015). The most disastrous and protracted hothouse 
perturbation across the Permian/Triassic boundary has the same PZE 
signature (Grice et al., 2005 and following works). 

The GSB (family Chlorobiaceae) include green and brown clades 
which vary in biosynthesis of chlorophyl and carotenoids (Imhoff and 
Thiel, 2010; Ma and Cui, 2022). The green-colored GSB synthesize 
bacteriochlorophyll c and d and chlorobactene. The brown-colored GSB 
synthesize bacteriochlorophyll e and isorenieratene. Chlorobactene ad
sorbs light at the wavelength of 435, 461, and 491 nm, which restricts 
their habitat to the highest light intensity (Britton et al., 2004), and the 
presence of chlorobactane (derivative of chlorobactene) conventionally 
indicates paleo water depth of about 15 m or less (reviews by French 
et al., 2015; Ma and Cui, 2022). The ability of isorenieratene to absorb 
light at slightly longer frequency (425 and 450 nm) makes diagenetic 
products of this pigment (isorenieratane and aryl isoprenoids) an indi
cation of sulfidic environment at water depths down to ~100 m (ibid.). 
Another fossil C40 carotenoid is paleorenieratane. Its precursor pigment 
is unknown amongst living bacteria, and its current fossil record ends at 
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the Permian-Triassic boundary (French et al., 2015). Paleorenieratane 
usually co-occurs with isorenieratane in Paleozoic strata, and these two 
carotenoids exhibit a very similar carbon isotope composition, sug
gesting derivation of paleorenieratane from an extinct group of GSB 
which was phylogenetically close to extant brown GSB (ibid.). Iso
renieratane, paleorenieratane, and aryl isoprenoids are increasingly 
reported from Middle Paleozoic marine sediments (Table 2). Presence of 
chlorobactane in the Devonian, and hence the depth of sulfidic envi
ronment within the upper ~15 m of the water column, is currently 

established only in the oceanographically restricted shallow-water car
bonate setting of Canning Basin in Australia (Spaak et al., 2018). 

Purple sulfur bacteria (family Chromatiaceae) synthesize bacterio
chlorophyll a or b and various carotenoids, of which okenone has an 
intermittent fossil record throughout the Phanerozoic in the form of 
okenane. PSB flourish in stagnant stratified water bodies, such as lakes, 
in planktonic layer and in bacterial mats at depths not exceeding 24 m 
(French et al., 2015; Ma and Cui, 2022). Unlike isorenieratane, paleo
renieratane, and aryl isoprenoids, okenane rarely occurs in marine 

Table 2 
Reports of PZE biomarkers in Middle Devonian – Early Mississippian marine sediments.  

Case study Age range of 
samples 

Lithostratigraphy Basin Major biotic 
extinction 

PZE biomarkers Oceanographic regime 
of the basin 

Kabanov and Jiang, 
2020 

Latest Eifelian - 
M. Frasnian1 

Horn River Group (Canol Fm., 
Bluefish Mb.) 

Peel Shelf, Canada None trimethyl aryl isoprenoids; 
isorenieratane 

open1 

Jiang et al., 2001;  
Aderoju and Bend, 
2018 

L. Famennian - 
E. Tournaisian2 

Bakken Fm. Williston Basin, 
Canada 

D/C aryl isoprenoids; isorenieratane, 
paleorenieratane 

open to semi-restricted3 

Spaak et al., 2018 L. Givetian - L. 
Frasnian4,13 

Sadler/Gogo Fm. Canning Basin, 
Australia 

None chlorobactane, isorenieratane, 
paleorenieratane.aryl 
isoprenoids mostly in restricted 
settings 

variable: restricted to 
semi-restricted5 

Bushnev et al., 2016 M. Frasnian10 Domanik Fm. Timan-Pechora 
Basin, Russia 

None isorenieratane, β-isorenieratane NED 

Poludetkina et al., 
2017 

Late E. to M. 
Frasnian 

Domanik Fm. (M. Frasnian); 
Sargaevo Fm (E. Frasnian) 

Volga-Urals Basin, 
Russia 

None “isorenieratene derivatives”, 
incl. aryl isoprenopids; 
compound X 

NED 

Brown and Kenig, 
2004 

L. Givetian - E. 
Mississippian 

New Albany Fm., Antrim Fm. Michigan and 
Illinois basins, U.S. 
A. 

F/F, D/C isorenieratane; diaryl 
isoprenoids (compound X) 

semi-restricted3 

Joachimski et al., 
2001 

L. Frasnian - E. 
Famennian6 

Organic rich shales and 
carbonates of Lower and 
Upper Kellwasser black shales 

Holy Cross Mts., 
Chęciny-Zbrza 
Basin, Poland 

F/F Isorenieratane; diaryl 
isoprenoids 

NED; carbonate-shelf 
facies interbedded with 
black shales6 

Marynowski et al., 
2008 

latest E. 
Frasnian- M. 
Frasnian 

Organic rich shales and 
carbonates equivalent to 
Rhinestreet and Middlesex 
sourcerocks 

Holy Cross Mts., 
Poland 

None Isorenieratane; diaryl 
isoprenoids 

ibid. 

Marynowski and 
Filipiak, 2007;  
Marynowski et al., 
2012 

L. Famennian - 
E. Touraisian 

Organic rich shales equivalent 
to Hangenberg black shale 

Holy Cross Mts., 
Poland 

D/C isorenieratane; aryl isoprenoids ibid. 

Connock et al., 2018 E. Frasnian-E. 
Tournaisian 

Woodford Fm. Arkoma Basin, U.S. 
A. 

F/F,?D/C paleorenieratane, 
isorenieratane, 
renierapurpurane 

Open to semi- 
restricted3 

Requejo et al., 1992 E.-M. Frasnian9 Duvernay Fm. Western Canada 
Sedimentary Basin 

None Aryl isoprenoids; isorenieratane NED 

Riboulleau et al., 
2018 

L. Frasnian - 
Famennian 

Aouinet Ouenine Fm., units III 
and IV 

Ghadames Basin, 
Libya 

NED;?F/F palaerenieratane; 
isorenieratane; aryl isoprenoids 

NED; likely semi- 
restriced8 

Haddad et al., 2016 L. Frasnian-E. 
Famennian11 

Tomachi Fm., Upper 
Kellwasser equiv. interval 

Madre de Dios 
Basin, Bolivia 

F/F trace isorenieratane and 
palaerenieratane; no 
isorenieratane at F/F level 

NED 

Haddad et al., 2016 L. Frasnian-E. 
Famennian3 

Hannover Fm., Upper 
Kellwasser equiv. interval 

Appalachian Basin, 
U.S.A. 

F/F low abundance of aryl 
isoprenoids and 
palaerenieratane; trace 
isorenieratane 

semi-restricted3 

Philp and DeGarmo, 
2020 

Givetian- 
Famennian12 

Woodford Fm. Oklahoma Basin, U. 
S.A. 

NED trimethyl aryl isoprenoids; 
isorenieratane 

open3 

Martinez et al., 2019 L. Famennian - 
E. Tournaisian 

Cleveland Shale Appalachian Basin, 
U.S.A. 

D/C isorenieratane, 
paleorenieratane, aryl 
isoprenoid fragments 

semi-restricted3 

Souza et al., 2022 E. to L. 
Frasnian15 

Pimenteiras Fm. Parnaíba Basin, 
Brasil (high paleo- 
laitudes 

None ND Intracratonic, semi- 
restricted 

Rakociński et al., 
2021b 

M. Famennian14 Zaręby Beds Chęciny-Zbrza 
Basin, Poland 

None isorenieratane, 
paleorenieratane, diaryl 
isoprenoids 

semi-restricted to 
restricted based on U/ 
Mo14 

Lu et al., 2021 E. Frasnian-L. 
Famennian16 

Chattanooga Shale Cincinnati arch 
within Appalachian 
Basin, U.S.A. 

F/F aryl isoprenoids throughout the 
section 

open, shallow-water (at 
or above SWB)17 

Notes: Data from migrated oils are not included. Major biotic extinctions: (F/F) at the Frasnian-Famennian boundary and (D/C) at the Devonian-Carboniferous 
boundary. Numerous minor turnovers in marine faunas are not itemized. NED = not enough data. SWB = storm wave base. References to geologic age and paleo
ceanographic settings: 1Kabanov (2019); 2Johnston et al. (2010); 3Algeo and Tribovillard (2009); 4Nicoll (1984); 5Spaak et al. (2018); 6Narkiewicz (2007); 8Riboulleau 
et al. (2018); 9Wendte and Uyeno (2005); 10Gatovskii et al. (2016); 11Haddad et al. (2016); 12Philp and DeGarmo (2020); 13Tulipani et al., 2015; 14Rakociński et al., 
2021b; 15de Andrade et al., 2020; 16Over (2007); 17Li and Schieber (2015). 
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sediments, and it is currently unknown in the Devonian. 
The biomarker fingerprints of PZE were encountered on a paleo

geographic high where the section is condensed and seen as overall 
shallow-water (Lu et al., 2021). This further indicates that the chemo
cline in Late Devonian seas could have risen at times to quite shallow 
depths, significantly <100 m, consistent with other indications of 
episodic chemocline shallowness. Black shales directly onlap erosional 
unconformities in the distal, epicontinental part of the Appalachian 
clastic wedge, which historically was seen as evidence of a shallow- 
water depositional environment (Baird and Brett, 1991; Ettensohn, 
1994; Smith et al., 2019). Equally noteworthy, Bond et al. (2013) pro
vide an indication of authigenic U and TOC enrichment at the Upper 
Kellwasser event level in a very shallow-water setting of a carbonate 
platform interior. 

The marine PZE condition seems to be much less common in 
icehouse oceanic circulation regimes. For example, no Carboniferous – 
Lower Permian findings of PZE biomarkers are trackable (French et al., 
2015) except for the early-middle Tournaisian (Aderoju and Bend, 2018; 
Martinez et al., 2019; Rakociński et al., 2021a). 

5. Time-specific facies architecture 

The concept of time-specific facies (Walliser, 1984, 1996) denotes 
distinctive facies restricted to a precise time slice when they occur in 
more than one locality globally, while being totally absent in other in
tervals of the geologic time (Ferretti et al., 2012; Brett et al., 2012). The 
Devonian Period was a time of the broadest geographic expanse of 
carbonate platforms for the Paleozoic (Kiessling et al., 2003), with reef 
tracts likely reaching high latitudes of about 45◦ S to 45◦ N (Copper and 
Scotese, 2003; Joachimski et al., 2009). These reefs s.l. encompass a 
broad continuum of carbonate buildups from metazoan reefs to mud 
mounds. The latter are characterized by extensive Stromatactis fabrics 
and relatively few metazoan remains which are “submerged” within 
micritic matrix (e.g., Pratt, 1995; Zhou and Pratt, 2019). The mud 
mound fabrics were particularly widespread during the Devonian and 
Mississippian, literally vanished from the fossil record during the Late 
Mississippian transition to the main LPIA phase, and returned in less 
prominence after the end-Permian mass extinction (Rodríguez-Martí
nez, 2011). Deep-ramp occurrences of mud mounds suggest a different 
control over buildup growth, which was conceptualized as a mud mound 
carbonate factory (Monty, 1995; Pratt, 1995; Schlager, 2003). However, 
neither mud mounds nor spreads of anoxic sediments make Devonian 
facies assemblages time specific, as both occur over wide stratigraphic 
intervals, and the record of mud mounds ranges back to the Proterozoic 
(Pratt, 1995; Rodríguez-Martínez, 2011). Still, the inventory of facies 
specific to Devonian time (Brett et al., 2012) is incomplete without in
clusion of the bank-and-trough facies architecture – extensive 
co-occurrence of carbonate banks s.l. and interbank hypoxic-anoxic 
sediments with documented facies transitions between each other 
(MacKenzie, 1973; Knapp et al., 2017; Shaw and Harris, 2022). The 
carbonate banks s.l. are variously referred to as patch reefs, mounds, 
atolls, or pinnacles, and the interbank depressions are sometimes narrow 
and described in the literature as sags, troughs, or straights. Basins with 
such facies architecture usually occur on lower shelves off 
shallower-water zones occupied by main carbonate platforms. Copper 
and Scotese (2003) conceptualized this abundance and vast geographic 
expanse of carbonate banks in the pre-Famennian Devonian as “mega
reef belts”. Noteworthy, the pinnacle reef/bank sedimentary architec
ture was also widespread in the Silurian (e.g., Cramer et al., 2015; 
McLaughlin et al., 2019). 

To add essential arguments for our discussion, below we review two 
such depositional systems of the Frasnian time. 

5.1. Eastern Baltica 

The Baltica Craton (a.k.a. Russian Platform or East European Craton) 

entered into a phase of continental rifting during late Early to Middle 
Devonian, which profoundly altered the tectonic structure of the craton 
(Nikishin et al., 1996). . Rifting continued into the Late Devonian, most 
intensely in south-central and northern parts of Baltica where it was 
associated with extensive volcanism (Pripyat-Dnieper-Donets and Kola 
large igneous provinces; Kravchinsky, 2012). Concomitantly with rift
ing, a broad stripe of shelfal areas along the eastern continental margin, 
previously uplifted or covered with shallow-water deposits, became 
onlapped with progressively more offshore sediments, until the anoxic 
sediments of the Domanik Formation had spread over vast areas now 
comprising the Timan-Pechora and Volga-Uralian hydrocarbon prov
inces (Fig. 2A; Ulmishek, 1988). Acceleration of subsidence along the 
eastern continental margin could have been caused by the accretion of 
volcanic arc assemblages from the Uralian Ocean which coincides in 
time with the Givetian-Frasnian transgression, although no significant 
crustal downwarping and foreland basin development happened until 
the mid-Carboniferous continent-continent collision (Brown et al., 2006; 
Puchkov, 2009). 

The Domanik black-shale deposition, usually described as a major 
transgression, commenced nearly simultaneously in both provinces at 
the base of punctata conodont Zone and lasted until upper hassi to, 
locally, jamieae zones (Ovnatanova and Kononova, 2008; Gatovskii 
et al., 2016) thus spanning the entire Middle Frasnian as defined in GTS 
2020 (Becker et al., 2020). Late Frasnian-Tournaisian anoxic sediments 
of interbank depressions occurring stratigraphically above the Domanik 
Formation are conventionally referred to as domanikoids or domanikites 
(Liang et al., 2020). The Middle Frasnian was a time of maximum 
eastward retreat of carbonate platforms, although they did not vanish 
completely, and isolated carbonate mounds also occur in the Domanik 
Formation except maybe its basal part (Ulmishek, 1988; House et al., 
2000). The thickness of the Domanik Formation is remarkably uniform 
for such a broad geographic expanse, ranging between 10 and 30 m in its 
typical condensed anoxic facies and up to 100 m where carbonate 
mounds are present. The abundance of aryl isoprenoids revealed in Late 
Devonian domanikoid facies of the Timan-Pechora and Volga-Uralian 
basins indicates incursion of PZE conditions (Bushnev et al., 2016; 
Smirnov et al., 2020). 

The Domanik transgression initiated a protracted phase of bank-and- 
trough facies development in both the Timan-Pechora and Volga- 
Uralian basins, which resulted in the aggradation of carbonate 
buildups, while progradation was overall slow and mostly limited to 
larger platforms (House et al., 2000; Zavyalova et al., 2019; Liang et al., 
2020). This reduced ability of then-time carbonate platforms to pro
grade kept anoxic troughs in the sediment-starved regime for millions of 
years, until they became filled with carbonates and clastics later in the 
Famennian, Tournaisian, or even Early Viséan in different areas 
(Fig. 1B). Smaller isolated carbonate buildups were unable to prograde, 
and many of them retrograded at the late stage of their growth to form 
characteristic pinnacles extensively mapped in the subsurface (Mirchink 
et al., 1974; Nikitin et al., 2018; Vilesov et al., 2009, 2019, 2021). 
Growth of carbonate pinnacles on antecedent topographic highs within 
anoxic troughs can be locally demonstrated (Liang et al., 2020), while 
other studies do not reveal such pre-existing highs (Nikitin et al., 2018). 

Summing up the extensive knowledge on regional geology, Ulmishek 
(1988) concluded that differential subsidence along reactivated faults, 
although repeatedly invoked as a control over this bank-and-trough 
facies architecture, has fallen short of evidence, specifically in the cen
tral part of the Volga-Uralian basin. Tectonic control is obvious where 
abnormally thick Late Devonian strata fill grabens or constrict into thin 
shallow-water carbonate platform above uplifted blocks (e.g., Lobkovsky 
et al., 1996). However, such structural relations are not common. The 
vast majority of seismic and well-based transects reviewed by the first 
author in published and proprietary sources indicates rather uniform 
thickness of Upper Devonian – lower Mississippian strata, essentially 
excluding tectonic control over this time-specific depositional 
topography. 
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5.2. Western Canada sedimentary basin 

Mixed carbonate-siliciclastic deposits accumulated during the Give
tian–Frasnian on the western margin of Laurentia, in the area now 
comprising the main part of Western Canada Sedimentary Basin (WCSB) 
in the subsurface of Alberta (Fig. 3). A long history of conventional 
hydrocarbon production (since 1947) has resulted in excellent well 
control, which permits detailed correlation of surfaces between car
bonate buildups and basinal sediments into a robust sequence strati
graphic framework, which is also recognized in the adjacent Rocky 
Mountains (Wong et al., 2017). 

Normal-marine sedimentation had spread over the WCSB in the Late 
Givetian, giving rise to shallow-water carbonate buildups (reefs and 
broader platforms). Off-reef sedimentation comprised argillaceous‑car
bonate oxic sediments (bioturbated wackestones and lime mudstones), 
until a major change occurred approximately at the base of punctata 
Zone with the spread of organic-rich, mostly laminated shales and lime 
mudstones of the Duvernay Formation, a major source rock and shale 
hydrocarbon play (Fowler et al., 2001). It should be noted that the 
designation “euxinic” to the Duvernay depositional environment (Wong 
et al., 2017) does not withstand closer facies analysis, which revealed 
the presence of benthic shelly fossils, bioturbation, and frequent dis
turbances of seafloor with turbidite and/or contourite currents (Chow 
et al., 1995; Knapp et al., 2017; Shaw and Harris, 2022). Carbonate 
buildups and platforms deposited coevally with the Duvernay are known 
as the Leduc Formation. The Leduc carbonates grew on paleotopo
graphic highs and the edges of underlying platforms (Fig. 3). The 

interfingering nature of the Leduc and Duvernay is particularly well 
documented on the eastern margin of the Redwater reef (Fig. 3C; 
Wendte, 1994; Chow et al., 1995; Wong et al., 2017). The highest TOC 
and other signatures of severe oxygen starvation occur within the 
Duvernay at the early hassi Zone interval, which is interpreted as the 
maximum flooding for the Givetian-Frasnian sequence (Chow et al., 
1995; Wong et al., 2017). The greatest retrogradation of Leduc bioherms 
also occurred at this stratigraphic level (Fig. 3C), as documented in 
multiple sites across the basin (Wong et al., 2017). 

Anoxic sedimentation of the Duvernay was eventually terminated by 
the introduction of muddy terrigenous siliciclastics (Ireton Formation on 
Fig. 3), which were largely sourced from the Ellesmerian Orogen in the 
Canadian Arctic (Boghossian et al., 1996). Contribution of Ellesmerian 
clastics also manifests in detrital zircon signatures in the younger 
Devonian (Hauck et al., 2017). By the late Frasnian, clastics of the Ireton 
Formation filled the inter-buildup basins and eventually suppressed the 
Leduc carbonate factory completely. 

In the Cambrian-Triassic the western margin of Laurentia was 
dominantly in a passive continental margin regime. Recent research 
shows that this quiet tectonic regime was interrupted some time in the 
Devonian, which may be linked to the docking of an oceanic terrane 
further south in present-day Nevada and/or the establishment of a back- 
arc setting along the entire western continental margin of Laurentia 
(Root, 2001; Colpron and Nelson, 2009; Hedhli et al., 2022). The earliest 
volcanic tuff in the WCSB that indicates the proximity of a volcanic arc is 
Late Famennian in age (Savoy et al., 2000). However, much of this early 
tectonism is masked by the heavy overprint of later Mesozoic convergent 

Fig. 2. Timan-Pechora and Volga-Uralian basins of the eastern Baltica Craton with extensive zones of bank-and-trough depositional topography. (A) Middle Frasnian 
through Famennian palaeogeography (modified from Nikishin et al., 1996). (B) Top-Famennian surface expressing Middle Frasnian-Famennian depositional 
topography of the main carbonate platform (south) and adjacent trough with numerous large carbonate mounds (Mirchink et al., 1974). (C) Carbonate mounds in 
southern Volga-Uralian Basin, redrawn from Nikitin et al. (2018). Yellow vertical lines are exploration wells. Age assignments are supported with biostratigraphy: 
C1t = Tournaisian, D3fm = Famennian, D3f3 = Late Frasnian, D2g = Givetian, and D2e = Eifelian. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.) 
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Fig. 3. The Frasnian Duvernay Formation and associated strata in the Western Canada Sedimentary Basin. A) Distribution of the Duvernay Formation (grey) adjacent 
to Leduc Formation reef complexes (blue). Plate tectonic position and palaeogeography of Laurussia, 380 Myr time slice, rectangular projection, is based on Marcilly 
et al. (2022). B) Stratigraphic cross-section (datum = base Cooking Lake Formation) running from the West Shale Basin northeastward through various Leduc reef 
complexes. C) Facies model of the eastern margin of the Redwater Leduc reef (see A)) showing the coeval deposition of Leduc carbonates and the basinal shales of 
Duvernay and Ireton formations. Modified from Wong et al. (2017). (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.) 

P. Kabanov et al.                                                                                                                                                                                                                               



Earth-Science Reviews 241 (2023) 104415

13

tectonics during the Laramide Orogeny. It is unclear what effect, if any, 
this changing tectonic regime had on the initiation and termination of 
Duvernay deposits. However, multiple cross-sections intersecting the 
Leduc-Duvernay facies transition (Chow et al., 1995; Wong et al., 2017), 
as well as isopach maps, clearly demonstrate persistent thickness of the 
Late Givetian - Frasnian sequence (300–350 m). As such, no differential 
subsidence, such as that on a flank of actively subsiding graben or on 
foreland basin forebulge, can be invoked to explain this pronounced 
bank-and-trough facies architecture, although the influence of ante
cedent topography is clear. 

5.3. Bank-and-trough facies architecture worldwide 

The coeval shelfal basins exhibiting similar facies architecture of 
carbonate banks and interbank depressions occur in other world regions. 
Examples are Guangxi in South China (Ma et al., 2016), Lennard Shelf of 
the Canning Basin in Australia (Playford, 1980; Playford et al., 2009), 
and the Brabant shelf in Belgium (e.g., Boulvain, 2001, 2007). The long 
history of geological studies in Belgium made small-scale carbonate 
mounds and intermound facies in this region particularly well docu
mented. The tectonic control over subsidence manifests in these three 
examples as involvement in foreland basins (Belgium and Australia) or 
intracratonic rifting for the Guangxi sedimentary system (Xun et al., 
1996). However, in each case, no assumption can be made that car
bonate mounds and platforms grew universally on uplifting tectonic 
blocks. Consequently, oceanographic factors in maintaining this time- 
specific facies architecture had to be involved. 

6. Possible triggers and controls of Devonian events 

Formerly popular cosmic impact explanations for mass extinctions 
(e.g., McLaren, 1983; Arens and West, 2008), are now out of fashion due 
to the mismatch of the age of known impact structures and biotic crises 
(Bond and Grasby, 2017), which is amply discussed by Racki (2005, 
2020a) in application to Devonian events. Today the end-Cretaceous 
event remains the only example with a time match between bolide 
impact and the final phase of mass extinction (e.g., Vellekoop et al., 
2016). In recent decades, the Earth-bound mechanisms explaining 
Devonian events have focused on volcanogenic or large igneous prov
ince hypothesis and the land-plant evolution hypothesis. 

6.1. Evolution of land plants as a trigger for Devonian anoxia and biotic 
crises 

Algeo et al. (1995) proposed that the spread of anoxic sediments and 
biotic crises in shelfal seas of the Middle-Late Devonian were induced by 
the evolutionary spread of vascular plants, and this authentic hypothesis 
was further expanded on three years later (Algeo and Scheckler, 1998). 
This “Devonian plant hypothesis” (also referred to as terrestrial-marine 
teleconnectionhypothesis) involves the causal chain of expanding 
tracheophyte vegetation, root-assisted intensification of weathering 
leading to thicker soils and greater erodibility of river catchment basins, 
riverine influx of soil erosion products and plant debris into epeiric seas, 
resultant eutrophication, planktonic blooms leading to bottom anoxia, 
and toxic impact of these processes on benthic life habitats. This is 
currently seen as a leading hypothesis for Devonian anoxic and biotic 
extinction events (Caplan and Bustin, 2001; Carmichael et al., 2014, 
2016; Dahl and Arens, 2020; Chen et al., 2021). Indeed, the late 
Emsian-Eifelian onset of major atmospheric 
oxygenation-decarbonization coincided with vigorous radiation of 
vascular plants leading to the advent of the first forests close to the 
Eifelian/Givetian boundary (Fig. 1E; Driese et al., 1997; Dahl and Arens, 
2020). Positive δ13C excursions associated with anoxic events can be 
interpreted as boosts of primary production which in a cratonic sea 
setting are normally maintained by riverine runoff. The fossil record of 
the Devonian also indicates that shallow water faunas were hit by 

extinctions more severely than inhabitants of deep water, which sug
gests that toxicity was spreading from terrigenous sources (review in 
Bond et al., 2004). 

However doubts were raised repeatedly on the ability of land plants 
to trigger mass extinctions in the Devonian (Hallam and Wignall, 1997; 
Racki, 2005, 2020a; Percival et al., 2019). As pointed out long ago (e.g., 
Hallam and Wignall, 1997), the effect of land plant cover on nutrient 
runoff is ambivalent. Although the increase of depth and density of root 
penetration certainly increases the depth and efficacy of chemical 
weathering, nutrients released from parent rock are largely sequestered 
within plant tissues, soils and wetlands, which also manifests in pro
gressive stabilization of stream banks over the course of Silurian- 
Carboniferous (e.g., Gibling and Davies, 2012). Thus, on longer-term 
evolutionary time scale, the net effect should be an increase in 
nutrient retention rather than nutrient release (D’Antonio et al., 2019). 
Equally noteworthy, black-shale events with similar signatures of 
high-amplitude positive δ13C excursions occurred in the Late Ordovician 
- earliest Devonian, long before the mid-Devonian evolutionary boom of 
vascular plants (e.g., Małkowski and Racki, 2009; Melchin et al., 2013; 
Smolarek et al., 2016), and the post-Devonian Phanerozoic also features 
numerous oceanic anoxic pulses which are obviously not associated with 
the major evolutionary spread of vascular plants. Vegetation had been 
essentially confined to fluvial corridors and coastal marshes until a seed 
reproductive strategy emerged in the middle Famennian (Fig. 1E; 
Prestianni and Gerrienne, 2010). Even after this evolutionary invention 
it took the entire Mississippian for seed plants to evolve enough to 
colonize seasonally dry landscapes and uplands, as manifested by fossil 
floras (DiMichele et al., 2010; Bashforth et al., 2014). This lack of 
dryland floras is consistent with unvegetated (primary desert, barren 
land) character of pre-Carboniferous nutrient-lean land surfaces, such as 
subaerially exposed carbonate platforms (Kabanov, 2021). Furthermore, 
uplands were barren of vascular plants before the Carboniferous (re
views in Falcon-Lang, 2005; Boyce and Lee, 2017). It follows that most 
of the land surface was not affected by root-assisted weathering long 
after this process had shown its effect in coastal marshlands and fluvial 
corridors under wet climates. This fundamental evolutionary limitation 
is not adequately addressed in simulations of Devonian vegetation 
cover. Thus, Le Hir et al. (2011) assume Middle and Late Devonian 
cordillera were vegetated, whereas Brugger et al. (2019) simulate barren 
regolith for highlands but vegetated plains for the tropical areas with 
indications of prevailing aridity (compilation in Boucot et al., 2013). 
The global character of extinctions cannot be reconciled with local 
impact of eutrophication, as terrigenous suspension supplied to shelfal 
seas under arid climates was obviously negligible to that required for a 
universal killer force. 

6.2. Large igneous provinces as triggers for Devonian anoxia and biotic 
crises 

Large igneous provinces (LIPs) are >0.1 Mkm3 (frequently >1 
Mkm3) emplacements of mainly mafic effusives (although silicic LIPs or 
SLIPs are also recognized) which occur in both continental and oceanic 
settings. They are geographically extensive (> 0.1 Mkm2) basaltic pla
teaus formed by mantle plumes (Kravchinsky, 2012; Ernst et al., 2020, 
2021). A typical mafic LIP consists of volcanic packages (flood basalts, 
effusives, volcaniclastics) and a plumbing system of dyke swarms, sills, 
and crustal magmatic underplates (Ernst et al., 2021). Emplacement 
appears to happen in short (mostly <1 Myr) pulses accountable for over 
75% of LIP effusives, and the total LIP lifespan does not exceed 50 Myr, 
usually much shorter (Kravchinsky, 2012; Ernst et al., 2020, 2021). 
Unfortunately, age constraints are still notably poor for pre-Permian 
LIPs (e.g., Bond and Grasby, 2017), and timing of Devonian LIPs is 
therefore not constrained on a < 1 Myr timescale. 

Early ideas linking volcanism, spreads of black shales, and mass 
extinctions (e.g., Keith, 1982) gained support in recent years (review of 
Racki, 2020b). Today, LIPs, especially those emplaced in continental 
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settings, are seen as the main driver of dramatic changes in climate and 
ocean-atmosphere circulation systems (Wignall, 2001; Bond and 
Wignall, 2014; Bond and Grasby, 2017; Ernst et al., 2020). Degassing 
across extensive areas involved in LIPs leads to global warming through 
massive release of CO2, and this greenhouse effect may be amplified by 
methane release from seafloor clathrates in warming oceans (e.g., Archer 
et al., 2009), and degassing from kerogen cracking of thermally affected 
rocks within LIP areas (Ganino and Arndt, 2009). At the same time, 
similarly large-scale volcanic co-emission of SO2 leads to short-term 
cooling, which can last several years after major (but still minute 
comparing to LIP) eruptions (Self, 2015). The multiple toxic effects 
volcanic pollution exerts on life can amplify into a killer force during LIP 
eruptions (Bond and Wignall, 2014; Bond and Grasby, 2017; Grasby 
et al., 2019, 2020). 

Several continental LIPs have age constraints partly or completely 
within the Devonian Period (Kravchinsky, 2012; Ernst et al., 2020; 
Racki, 2020a). A major issue with tying Devonian volcanism to biotic 
crises is the lack of high-resolution radiometric ages and detailed map
ping. Another issue is that the use of LIP terminology also seems to 
include rift-related volcanics in the Devonian (e.g. Dniepr-Donets rift; 
Altay-Sayan rift), which is uncommon for other time periods. 

Devonian magmatism accompanying continental rifting all over 
Baltica Craton had two centres of volcanic activity, one along the 
Pripyat-Dnieper-Donets aulacogen on the south (Pripyat-Dnieper- 
Donets LIP of Kravchinsky, 2012) and another in the Kola Peninsula 
(Kola/Kontogero LIP of Kravchinsky, 2012). Ernst et al. (2020, 2021) 
consider Baltica to be one igneous province named Kola-Dnieper, Bal
tica, or East European Craton LIP. Devonian dykes and effusives of this 
province are predominantly mafic, and associated alkaline rocks, kim
berlites and carbonatites occur in the northern part of the craton (ibid.). 
The available age constraints for Devonian magmatism of the Baltica 
Craton are 380–360 Myr (Ernst et al., 2021). Kravchinsky (2012) lists 
the volume of Pripyat-Dnieper-Donets basalts as >1.5 Mkm3, but we 
note that the estimated volume is based entirely on modelling (Kusznir 
et al., 1996), as the volume of outcropping rocks is extremely limited. 
Furthermore, no radiometric ages are available for the Dniepr-Donets 
rift, and ages were determined by biostratigraphy on boreholes (Wil
son and Lyashkevich, 1996). The volume of volcanic materials estimated 
for the Kola LIP is >0.1 Mkm3, although much higher volumes could 
have been emplaced in Kola but stripped with Baltic shield unroofing. 
Ernst et al. (2021) provide an estimate of 2.96 Mkm2 for the size of the 
entire Baltica LIP. The third largest magmatic province of Devonian time 
is the Viluy LIP (a.k.a. Yakutsk-Viluy LIP) of the Siberian Craton with a 
preserved area of 0.3 Mkm2, and volume of the emplaced basalts esti
mated at 0.1–0.25 Mkm3 (Polyansky et al., 2017), but other estimates as 
>1.0 Mkm3 of original effusive volume do exist (Kravchinsky, 2012). 
Two major pulses of eruptions are dated at 374.1 ± 3.5 Ma and 363.4 ±
0.7 Ma (review in Ernst et al., 2021). The fourth continental LIP is the ca. 
407–392 Myr Altay-Sayan igneous province of the fragmented south
western margin of the Siberian Craton, where effusives are represented 
by a wide range of volcanic rocks. The area of the Altay-Sayan LIP is at 
least 0.35 Mkm2, and the volume of effusives is estimated as 120,000 
km3 (Vorontsov et al., 2021). 

Smaller magmatic provinces which were potentially able to amplify 
the global environmental effect of four (or three) LIPs are Magdalen 
(pulses of 380–370 Myr, ca. 360 Myr, and 330 Myr; Dunning et al., 
2002), Kedon (400–345 Myr; may be part of Yakutsk-Viluy LIP), and 
possibly the Selwyn Basin (Canada) of northwestern Laurentia margin 
(reviews in Ernst et al., 2020, 2021; Racki, 2020a). Variability in cu
mulative volcanic arc emissions of CO2, along with variable rates of its 
drawdown through weathering, can account for long-term (10–100 
Myr) greenhouse-icehouse cycles, whereas LIPs are likely responsible for 
short-term (~1 Myr and less) and disastrous perturbations (McKenzie 
et al., 2016; McKenzie and Jiang, 2019). 

It was noted that absolute ages available from LIP igneous assem
blages are younger than Middle Devonian anoxic events, which is likely 

due to an incomplete set of age data, although non-LIP mechanisms for 
global warming and anoxia prior to the Frasnian should not be 
completely discounted (Bond and Wignall, 2014; Ernst et al., 2020). 
Adopting volcanism as a universal driver for Devonian marine events is 
also confused by reports of time offsets between event levels and Hg 
loading spikes (Liu et al., 2021). 

6.3. Volcanism and expanding land plants as linked drivers of Devonian 
events 

The absence of one unequivocal driver, or controversy in appointing 
such a driver amongst known candidates, encourages to see Devonian 
anoxic and biotic events as multicausal or driven by press-pulse mech
anisms (Carmichael et al., 2019; Racki, 2020a). This implies that one 
long-ranging stressor (i.e. LIPs, arc volcanism) has to be amplified by 
another short-term stressor (press-pulse) to knock the ecosystem out of 
stability, culminating in extinction (Arens and West, 2008). 

Racki (2020b) and Pisarzowska and Racki (2020) summarise one 
such multicausal pathway under the name R&S (Retallack/Racki- 
Schobben) hypothesis. In this hypothesis, the volcanogenic and land- 
plant-evolution pathways are bound in a causal loop. This loop in
volves igneous outbursts associated with massive CO2 release, which, in 
addition to driving the ocean into an anoxic event, promotes migration 
and expansion of plants due to pulsatory expansion of humid climates 
(Retallack and Huang, 2011). These intermittent spreads of vegetation 
boost weathering through expanded areas of rooting, which leads to 
marine anoxia through the teleconnection pathway of Algeo et al. 
(1995). 

The R&S hypothesis also explains a sequence of carbon isotopic de
flections from the initial low-amplitude negative δ13C swing to higher 
amplitude positive excursions documented in some Devonian events 
(Table 1), as well as isotopic events of other ages. The initial enrichment 
in 12C in this model is pushed by massive volcanic degassing, and its 
reversal into a 13C-enriched mode is linked to the succeeding burst of 
phytoplankton production caused by land-derived eutrophication. As 
the δ13C fingerprint of volcanically emitted CO2 will not always be 
highly negative, but could be close to the average mantle source of 
carbon (− 6 ± 2‰; Deines, 2002), the initial abrupt negative δ13C 
excursion characteristic of many Phanerozoic carbon perturbations is 
sometimes attributed to methane released from decomposing seafloor 
clathrates (e.g., Gales et al., 2020; Beil et al., 2020). This explanation is 
also embedded in the R&S hypothesis (Pisarzowska and Racki, 2020). 
However, it is unclear how much clathrate would survive in a green
house ocean if, as inferred by Kidder and Worsley (2010), its bottom 
waters will warm to ~15 ◦C or higher in hothouse conditions. Heating of 
bottom waters to 20–23 ◦C would release most methane completely 
(Buffett and Archer, 2004; Majorowics et al., 2014). Furthermore, 
clathrate release is a slow self-limiting endothermic process according to 
Majorowics et al. (2014), instead of a rapid outburst as often portrayed. 

6.4. Other potential controls over Devonian anoxic and extinction events 

More powerful than early land plant expansion, but a much slower 
(multimillion year range) engine of CO2 drawdown, is weathering of 
ophiolite-containing orogens in tropical humid settings (Macdonald 
et al., 2019; Penman et al., 2020). Mafic effusives emplaced in LIPs, due 
to their large surface and weatherability comparable to ophiolite slivers 
in orogens, were also considered as auxiliary or even, at times, main 
contributors to atmospheric decarbonization (Kent and Muttoni, 2013). 
However, major Phanerozoic glaciations coincide with rise of orogenic 
masses in the tropics while showing no correlation with LIP basalts, 
pointing to tropical orogens as a main CO2 removal agent (Macdonald 
et al., 2019). It was also hypothesised that a converse orogenic process of 
CO2 degassing through metamorphic decarbonation could contribute to 
greenhouse conditions during the Devonian, however, this idea has not 
evolved beyond speculation (e.g., Stewart and Ague, 2018). 
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Onset of orogenic weathering along with several tropical continental 
sutures was thought to play a role in abrupt changes (transgressions, 
regressions, overheating and cooling) characterizing the Frasnian- 
Famennian event interval (Averbuch et al., 2005). However, this idea 
also remains conjectural, and this is also less applicable to Devonian 
events preceding the Frasnian-Famennian crisis. With much more cer
tainty, orogenic weathering was a major agent of gradual CO2 draw
down during the Famennian, acting in concert with carbon 
sequestration into anoxic sediments, marine carbonates, and lignitic 
coals. These processes compensated LIP degassing and induced Late 
Famennian glaciation as a result (Averbuch et al., 2005; Chen et al., 
2021). This is consistent with 87Sr/86Sr records (Fig. 1F). Intensification 
of weathering in response to the rise of the tropical Cordillera is thought 
to exert a major control on the 87Sr/86Sr balance in seawater, which is 
imprinted in Phanerozoic 87Sr/86Sr cycles as measured on unaltered 
marine calcites (McArthur et al., 2020; Martin and Cárdenas, 2022). 
Thus, the 87Sr/86Sr trend towards more radiogenic values (enriched in 
87Sr) over the Late Devonian coincides with rapid and large-scale 
(estimated ~10 km) exhumation of the Acadian Cordillera (Fig. 1F; 
Murphy and Keppie, 2005). 

One factor that has recently come into view is the strength and 
character of the magnetic field in the Devonian (Van der Boon et al., 
2022). Particularly during the Middle and Late Devonian, paleomag
netism shows that the magnetic field was extremely weak (e.g., Hawkins 
et al., 2021; Shcherbakova et al., 2017), and a possible non-dipolar 
configuration has been suggested (Shatsillo and Pavlov, 2019). Van 
der Boon et al. (2022) calculate standoff distances of the magnetopause 
and show that the magnetopause could have been at a distance half of 
what it is today, possibly up to tens of millions of years. This means that 
Earth’s atmosphere was poorly protected from solar winds, which could 
have had a profound effect on the biosphere. Findings of increased UV-B 
radiation during, e.g., the Hangenberg event (Marshall et al., 2020) are 
in line with an extremely weak magnetic field. However, due to the 
scarcity in Devonian paleomagnetic data, there are still many unan
swered questions about this hypothesis, particularly with regards to 
timing and duration of the weak field period. If the field was indeed 
extremely weak and the reduction in magnetic shielding had an influ
ence on life on Earth, there might be more indications for increased 
UV-B radiation found in the biological record of the Devonian (e.g., 
Marshall et al., 2020). 

It is possible that the Devonian greenhouse ocean was consistently 
near the tipping point of anoxic events. In this scenario, Milankovitch 
forcing could regulate periodic incurrence of bottom water anoxia, 
through fluctuating global mean temperature, at frequencies <1 My (De 
Vleeschouwer et al., 2014; Lu et al., 2021). This was most compellingly 
demonstrated for the Lower-Upper Kellwasser cycle which lasted 
330–600 Kyr based on astronomical calibration (De Vleeschouwer et al., 
2017; Percival et al., 2018; Ma et al., 2022). As reviewed by Da Silva 
et al. (2016) and Da Silva in Becker et al. (2020), astronomic calibrations 
of deep geologic time mostly rely on eccentricity orbital variations 
which are considered stable and remaining close to 405 kyr, and the 
correctly identified number of these cycles allows an estimated duration 
of stages or conodont zones during the Devonian. Other Milankovitch 
periodicities lose their predictability on time ranges extending beyond 
50 Myr in the past due to the chaotic diffusion of the inner solar system 
(Laskar et al., 2011). 

7. Ocean circulation on an ice-free Earth 

Today’s conveyor belt of thermohaline circulation keeps deep ocean 
water oxygenated and unfavorable for widespread organic carbon 
accumulation, but this condition is unstable on geologic timescales 
(Arthur and Sageman, 1994; Meyer and Kump, 2008). The thermohaline 
circulation in the modern ocean consists of thermal and haline compo
nents. The thermal mode is driven by strong temperature gradients be
tween low and high latitudes, which are characteristic of icehouse 

climates, when cold brines sink in polar regions. The haline mode de
scribes sinking of warm brines concentrated by evaporation, which 
mostly occurs in arid mid-latitudes. In addition to thermal and haline 
drivers, it is possible that geothermal heating from the ocean floor may 
alone drive circulation, although at a much slower rate, approximately 
15,000 years for a complete turnover (Meyer and Kump, 2008), 
comparing with today’s 1000–2000 years under thermohaline regime 
(Böös et al., 2012). 

Ocean stagnation, assumed decades ago to be the main control on 
global anoxia (e.g., Fischer and Arthur, 1977; Goodfellow and Jonasson, 
1984), may not be the chief factor, however, drastic slowdown and 
partial reversal of ocean circulation has to be a critical component of the 
greenhouse planetary condition (Meyer and Kump, 2008; Hay and 
Flögel, 2012). This slowdown is happening today with the ongoing 
global warming and ice retreats (https://www.ipcc.ch/srocc/). The 
associated changes are ocean acidification due to increasing pCO2, 
overall deoxygenation due to water warming, and the slow expansion of 
oxygen minimum zones (e.g., Ruvalcaba Baroni et al., 2020; Wallmann 
et al., 2022). 

Today the oceanic oxygen minimum zone (OMZ) is a mid-depth 
(100–900 m) ocean layer depleted in oxygen due to decomposition of 
planktogenic organic matter. The OMZ is overlain by the photic surface 
layer with thriving phytoplankton-based pelagic life and underlain by an 
oxygenated bottom layer (Karstensen et al., 2008; Paulmier and 
Ruiz-Pino, 2009; Stramma et al., 2010; Gilly et al., 2013). Today OMZs 
develop in areas where surface production is elevated and mixing with 
oxygenated waters is sluggish (ibid.). Four large OMZs persist in the 
modern Ocean: two between 0 and 30◦ on both sides of equator in the 
eastern Pacific and Atlantic oceans (both splitting in two lobes along the 
equator), one in the northern part of Indian Ocean (Arabian Sea OMZ 
and the Bay of Bengal), and one higher-latitude OMZ impinges upon the 
Kurily-Kamchatka-Aleutian volcanic arc. 

The northern lobe of the eastern tropical Pacific OMZ is the broadest 
zone of oxygen depletion in the ocean, where waters with ≤60 μmol/L of 
dissolved O2 extend as far west as the eastern Mariana Trench-Arc 
System (Karstensen et al., 2008; Gilly et al., 2013). The World’s 
largest OMZ in the eastern tropical Pacific occurs beneath the high 
primary production zone nourished by upwelling of bottom waters off 
Peru (Humboldt) and Mexico-California advected from polar regions. 
Oxygen levels in the eastern, most fertile parts of southern and northern 
lobes of this OMZ do not exceed 20 μmol/L (0.5 ml/l or <1/10 of 
surface-water O2 level), and often reach zero, triggering sulphate 
reduction (Karstensen et al., 2008; Wallmann et al., 2022). Outbreaks of 
hydrogen sulphide into shallow waters are also recorded in the tropical 
Atlantic OMZ off Africa (Weeks et al., 2004). Biochemical activity in the 
present-day eastern tropical OMZs is dominated by anaerobic 
non-sulfidic processes via denitrification and anammox pathways 
(Fig. 4), amplified by electron scavenge from the lean inventory of dis
solved trace metals. Once these energy reservoirs are exhausted without 
resupply, the system is driven into sulphate reduction, which is only the 
intermittent state in present-day OMZs. The OMZ thickness is quite 
dynamic on decadal and even diurnal time scales. Many decades of 
monitoring reveal a worldwide thickening trend of OMZs, a switch to 
nitrogen-limited conditions, and expansion of toxic sulfidic waters in 
OMZ cores. Denitrification is currently in full swing in the world’s 
thickest OMZ of the Arabian Sea (Lachkar et al., 2019; Rixen et al., 
2020), and the likely great extent of denitrification is simulated for the 
near future in the Peruvian OMZ if the current trend towards enhanced 
productivity and deoxygenation continues (Paulmier and Ruiz-Pino, 
2009; Wallmann et al., 2022). These processes increase pressure on 
sea life, most obviously, by reducing migration ranges of pelagic species 
and colonisable seafloors for benthic life forms (Stramma et al., 2010). 

Kidder and Worsley (2004, 2010) conceptualized three principal 
states of the Phanerozoic World Ocean (Fig. 5) where greenhouse con
ditions are set as a default state accounting for >70% of Phanerozoic 
time. The icehouse mode with its characteristic strong thermal 
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circulation lasted about 20–25% of the Phanerozoic, and the remainder 
was hothouse conditions. Greenhouse oceans are characterized by 
weakened thermal sinking in polar regions, with consequently less ox
ygen injection into the deep ocean leading to expansion of OMZs 
(Fig. 5). Simulation of the ocean circulation for the end-Permian Pangea- 
Panthalassa Earth indicates that deep-ocean anoxia is achievable when 
the thermal mode becomes dominant (Zhang et al., 2001). Expanded 
anoxic factories, in turn, promote loss of nitrogen from the biochemical 
cycle into the atmosphere in the form of N2 and N2O (Fig. 4). The 
hothouse condition of Kidder and Worsley (2004, 2010) is a disastrous, 
usually short-term (≤ 1 Myr, rarely up to 3 Myr) planetary condition 
accounting for <4% of the Phanerozoic and frequently coincides with 
mass extinctions. Hothouse Earth features ice-free polar regions, weak 
oceanic haloclines, and haline-mode ocean convection that drives polar 
and equatorial upwellings of warm anoxic waters (Fig. 4). As no sinking 
of cold brines occurs, the water turnover is sluggish, which allows 
geothermal heat to warm bottom waters. The OMZ expands dramati
cally under hothouse climates and transfers into a euxinic state while its 
upper boundary shallows to the photic zone (Fig. 4). The hothouse is an 
unstable condition requiring forcing mechanisms, such as degassing by 
LIPs. 

According to Kidder and Worsley (2010), icehouse-greenhouse- 
hothouse transitions are coupled with a profound change in atmo
spheric circulation (Fig. 5). The planetary wind belt speed is predicted to 
wane to 0.83 of the present-day in a greenhouse and 0.67 in a hothouse. 
This calming should contribute to slowdown of wind-driven oceanic 
currents (including upwelling), temper physical weathering, and reduce 
aeolian delivery of iron and other nutrients to surface waters. At the 
same time, Kidder and Worsley (2010) speculate that cyclonic storms 
will likely strengthen and reach out to high latitudes, which will push 
the storm wave base to greater depths, entrap euxinic waters, and 
release H2S into upper productive oceanic layer and the atmosphere. 
These large-scale breakthroughs of hydrogen sulphide would cause a 
major stress to biota and possibly contribute to mass extinctions (Fig. 4). 
Even without involvement of strong cyclonic storms, dramatic shal
lowing of the chemocline and decreased pO2 (an aggressive H2S oxidant) 
in heated surface waters would cause H2S release in upwelling zones 
that is >2000 times higher than the small flux from modern volcanoes 
(Kump et al., 2005). 

Kidder and Worsley (2010)’s prediction for oceanic response to 

ultimate global warming is compelling, and corroborative simulations of 
almost totally (~90%) anoxic ocean condition at the peaks of most se
vere OAEs exist (e.g. Flögel et al., 2011). However, expanding knowl
edge on Mesozoic OAEs refutes expansions of OMZs into a continuous 
euxinic layer during hothouse crises (review in Robinson et al., 2017). 
For example, the southern deeper portion of the proto-Atlantic Ocean 
remained oxygenated during the Toarcian OAE (Ruvalcaba Baroni et al., 
2017), and deoxygenation during the severe OAE2 at the Cen
omanian/Turonian boundary varied between suboxic and euxinic in the 
Atlantic and Tethys (Westermann et al., 2014) while much of the Pacific 
oceanic floor and slopes remained variously oxygenated (Takashima 
et al., 2011). Estimates from isotope proxies (primarily δ98Mo, δ238U, 
and ε205Tl) compiled by Reershemius and Planavsky (2021) indicate 
that anoxia (both non-sulfidic and sulfidic) rarely, if ever, expanded to 
the excess of 50% of the total ocean floor during severe OAEs of the 
Phanerozoic. The Hirnantian anoxic event (HOAE) seems to be one 
exception with its prevalently or almost completely anoxic ocean floors, 
but the Early Paleozoic ocean, including HOAE, is very different from 
more recent OAEs due to manifold differences in the Earth-surface sys
tem, such as much lower content of free oxygen and profound difference 
in nutrient runoff due to the lack of vascular-plant modulation of land 
surface. The End Permian extinction also shows evidence for transient 
euxinia in the abyssal plains of Panthalassa Ocean (Grasby et al., 2021) 
that could be too brief to be imprinted in isotope proxies. Nevertheless, 
slowdown in watermass turnover leading to drastic expansion and 
shallowing of OMZs, coupled with the reversal of deep ocean circulation, 
is a well-founded prediction helping to understand Devonian shelfal seas 
and biotic/environmental/carbon cycle perturbations imprinted in 
them. 

8. Devonian anoxic events in NW Canada 

8.1. Geologic and paleogeographic context 

The Horn River Group (HRG) of the latest Eifelian – Frasnian age is 
an excellent archive of oxic and anoxic facies (Fig. 6). The HRG consists 
of the Hare Indian, Ramparts, and Canol formations (Fig. 6). This 
stratigraphic succession and its geochemical signatures were charac
terized in several recent studies (Pyle and Gal, 2016; Kabanov and 
Gouwy, 2017, 2021; Morrow, 2018; Kabanov, 2019, 2022; Kabanov, 

Fig. 4. Biochemical element cycling in OMZ from mildly anoxic (left-hand) to severe euxinic (right-hand). Note that expansion of the OMZ biochemical factory 
boosts production of greenhouse gases, ultimately arrests N cycle, and removes iron and trace metals as sulphide precipitates; TMS is trace metal sulphides; MCR are 
methane clathrate reservoirs. Graphic summary from Caldwell et al. (2008), Jenkyns (2010), Seibel (2011), and Gilly et al. (2013). Boundaries of redox environments 
(euxinic, anoxic, suboxic and oxic) reproduced from Tribovillard et al. (2006). 
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2021). Three exploration wells and the Prohibition Creek composite 
outcrop section are chosen to discuss here (Fig. 6). They occur in the 
easternmost Laramide Cordillera in the Northwest Territories, Canada. 
Paleogeographically, these sections were deposited on the western 
continental shelf of Laurentia, in the southern hemisphere close to 
paleo-equator (Torsvik and Cocks, 2017). All four sections are located in 
the southern off-bank facies zone (Fig. 6) where the HRG is dominated 
by dark, organic-rich laminated shales and subdivided into the Hare 
Indian Formation (40–60 m) and the Canol Formation (60–90 m). The 
Hare Indian Formation is composed of partly calcareous shales and 
siltstones, and the Canol Formation is composed of siliceous shales and 
cherts with intervals enriched in authigenic dolomite. The chert beds are 
especially abundant in the upper Canol Formation (Dodo Canyon 
Member) where they form thin (1–7 cm) couplets with siliceous shale. 
Upwards, the Canol Formation grades into the Imperial Formation 
(Fig. 6), a thick stratigraphic succession composed of soft shales, silt
stones and very fine-grained sandstones deposited in the distal foreland 
setting of the north-easterly located Ellesmerian Orogen (Hadlari et al., 
2009). 

The review of Cordilleran tectono-sedimentary history suggests the 
lack of effective oceanographic barriers between the HRG seaway and 
Panthalassa until at least Late Frasnian or even Famennian (Colpron 
et al., 2007; Colpron and Nelson, 2009; Cobbett et al., 2021). The 
geochemical signatures with strong U/Mo covariation and high 
enrichment of black shales in authigenic Mo and V are consistent with 
unrestricted supply of trace-metal ions from the dissolved ocean in
ventory (Kabanov, 2019). Further west of the study area within the same 
shelfal basin, thin (1–10 cm) hyper-enriched metalliferous 
(Ni-Mo-Zn-PGE-…Au-Re) horizons occur in the Middle Devonian (latest 
Eifelian to Middle Givetian?), which is also interpreted as precipitation 
of metals from the oceanic watermass under the regime of extreme 
sediment starvation (Gadd et al., 2020, 2022). This oceanographically 
open regime with a minor and uneven supply of siliciclastics from the 
distant Laurentian sourceland lasted in the study area until the end of 
the HRG deposition near the Middle-Late Frasnian boundary (~373.4 

My). During the Famennian and especially across the Devon
ian/Carboniferous boundary, actively rising volcanic arcs converted the 
NW margin of Laurentia into back-arc sea, thus ending the Ordovician – 
Devonian period of passive-margin tectonic regime (Colpron et al., 
2007; Colpron and Nelson, 2009; Cobbett et al., 2021). 

Kabanov (2019) provided first evidence for anoxic events in the 
HRG, preceded by globally traced carbon isotope excursions at the Trail 
River section, ~400 km NW of the study area, within the same shelfal 
basin (Fraser and Hutchison, 2017). 

8.2. Intermittent PZE in the HRG basin 

The basinal black-shale units of the HRG (Fig. 5B) are characterized 
by a strong presence of isorenieratane and aryl isoprenoids at and be
tween the levels of anoxic events (Table 2; Kabanov and Jiang, 2020). 
The Carcajou horizon is a marker level within the Ramparts Formation 
with a relatively high content of in-situ kerogen (Fig. 6B). At the same 
time, several lines of evidence attest for the fluctuating chemocline in 
the water column. First, the unstable presence of gammacerane and the 
variation of the gammacerane/hopane ratio in the organic extracts 
(ibid.) indicates a lack of permanent water-column stratification (Sin
ninghe Damsté et al., 1995). Secondly, the black laminated shales and 
cherts of the HRG contain minute pyritized spicules of hyalosponges, 
sometimes in the form of collapsed and obviously in-situ sponge sacks 
(Braun, 1966; Kabanov and Jiang, 2020). Moreover, these overall anoxic 
facies preserve minute disruptions of lamination identified as trace 
fossils (Biddle et al., 2021). Collectively this indicates that seafloor 
oxygenation episodes were sufficient in duration for benthic metazoans 
with very low oxygen demand to colonize seafloor until the next advent 
of sulfidic conditions (Kabanov and Jiang, 2020). 

8.3. Chemostratigraphic data and proxies 

Since the off-bank HRG is a superficially monotonous black-shale 
succession, carbon-cycle perturbation events can be revealed only 

Fig. 5. Critical characteristics of icehouse, greenhouse and hothouse ocean-atmosphere circulation systems (Kidder and Worsley, 2010, with slight modifications).  
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with instrumental proxies. Data acquisition methods and proxies are 
summarized in sufficient detail by Kabanov (2019), Kabanov and Gouwy 
(2021), and Kabanov et al. (in review). Tabulated data are available in 
Kabanov (2019) and Kabanov et al. (2023). A selection of proxies 
employed herewith includes, first of all, the gamma spectrometry 
proxies Un (Un = 0.29 x U[ppm] x K[wt%]− 1) and KTH (KTH[gAPI] ≈ 4 
x Th[ppm] + 16 x K[wt%]). In the HRG, the Un is mimicking the U/Al 
ratio based on strong covariation of Al and K in the large data set of 
elemental geochemistry (Kabanov and Gouwy, 2021). The KTH is the 
uranium-stripped potassium‑thorium signal characterizing the input of 
terrigenous fines. The acronym KTH, as accustomed in North American 
well logging, stands for potassium + thorium. This proxy is also known 
as CGR (computed or clay gamma-ray signal; e.g., Bábek et al., 2018). 
Other proxies are TOC (total organic carbon content), hydrogen index 
(HI), and oxygen index (OI) from pyrolysis-combustion analyses using 
Rock-Eval 6 and HAWK instrumentation; high-accuracy major + trace 
elemental data acquired with ICP-MS/ES and LECO instrumentation; 
and stable carbon isotope data of bulk organic matter made on acid- 
treated samples (δ13Corg vs. VPDB notation). 

The HI and OI are TOC-normalized pyrolysis peaks S2 (mg HC/g) and 
S3 (mg CO2/g), respectively (Lafargue et al., 1998). In recent sediments 
and Phanerozoic rocks of relatively low thermal maturity (oil window 
and less), high HI and low OI characterizes marine kerogen of mostly 
algal origin, whereas elevated OI traces input of oxygen-rich kerogen, 
mainly polysaccharide-rich remains of land plants which often consti
tutes the bulk of “coaly detritus” in siliciclastic sediments (e.g., Hansen 
et al., 2022). 

8.4. Mid-Devonian events 

The benthic limestone of the Hume Formation is onlapped abruptly 
by the black laminated calcareous shale of the basal Hare Indian For
mation (Fig. 6), producing a prime well log and seismic marker of 
regional significance. Conodont data place this contact within the 
ensensis Zone of the uppermost Eifelian (Uyeno et al., 2017; Gouwy, 
2022), thus indicating that cessation of benthic carbonate production 
and switch to pelagic sedimentation may be related to the Kačák event 
(Table 1). 

Unless tectonically displaced, the top of the Hume limestone in the 
study area appears flat across the study area (Fig. 6). The character of 
this surface changes further south in the Northwest Territories, in 
proximity to the Presqu’ile carbonate platform (Fig. 7). This carbonate 
platform, also referred to as the reefal barrier (Meijer Drees, 1993; 
Morrow, 2018), is the shallow-water equivalent of the Horn River For
mation, the black anoxic shale is correlated with the HRG of the study 
area (Fig. 7). The Presqu’ile carbonate barrier thus represents a major 
mid-Devonian stepback of the shallow-water carbonate sedimentation. 
This carbonate paleo-escarpment is outposted by carbonate pinnacles of 
Givetian age named the Horn Plateau reefs (Meijer Drees, 1993; Corlett 
and Jones, 2011). Although flank facies of Horn Plateau reefs are un
documented, and no outcrops are available, they assumingly interfinger 
with the Horn River anoxic sediments just like the Frasnian carbonate 
buildups of WCSB and eastern Baltica (Figs. 2 and 3). 

Upon closer look, the Hume/Bluefish contact appears as a rugged 
pyritized and chertified hardground in some sections, whereas in others 
it is a condensed transitional limestone of 0.5 to 2.6 m thick (Kabanov 

Fig. 6. Geographic extent and stratigraphy of the Horn River Group (HRG) between 64◦N and 68◦N, NW Canada (simplified from Kabanov, 2019). (A) HRG 
occurrence in outcrops and the subsurface. (B) West-east cross-section based on exploration wells, traced on (5A). Givetian-Frasnian facies zones: (ERT) West Peel - 
East Richardson Trough zone; (WOB) Western off-bank zone; (BAT) bank and trough zone; (SOB) Southern off-bank zone. Sections discussed in this study: (TR) Trail 
River outcrop; (NWB) Norman Wells carbonate bank (oilfield) with hundreds of wells; (1) Loon Creek O-06 well; (2) Mirror Lake N-20 well; (3) Little Bear N-09 well; 
(PrC) Prohibition Creek outcrop. NRTF is Norman Range thrust fault at the eastern limit of Laramide Cordillera. Abbreviations of lithostratigraphic units in the 
southern off-bank area: (fc) Francis Creek Member; (pc) Prohibition Creek Member; (vc) Vermillion Creek Member; (dc) Dodo Canyon Member; (ml) Mirror Lake 
Member; and (lc) Loon Creek Member. 
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and Gouwy, 2017; Kabanov, 2022). This transitional limestone is usu
ally argillaceous, bioturbated, and ranges in texture from bioclastic 
packstone to carbonate mudstone (core face on Fig. 8). As a sign of 
transition to pelagic sedimentation, tentaculitids (predominantly 
dacryoconarids) appear in the upper-most Hume limestone and grow in 
abundance to rock-forming amounts in the base of the Bluefish Member. 
The basal few centimetres of the Bluefish Member are limestone with 
imbricated brachiopod shells mixed with tentaculitids, sometimes 
dominated by tentaculitids with rare brachiopod fragments. As seen on 
the core face (Fig. 8), the degree of bioturbation in this basal Bluefish 
limestone diminishes from base to top, and right above this basal bed it 
declines to zero. Given the collective evidence, the Hume-Bluefish 
contact is interpreted as a drowning unconformity sensu Schlager 
(1989) with no evidence of a geologically appreciable hiatus (Kabanov 
and Gouwy, 2017). 

The elemental logs across the Hume/Bluefish contact reveal overall 
gradual increase in siliciclastic content (Al log on Fig. 8) and gradual 
buildup of authigenic trace metals (Mo, V, and U) from moderate at the 
contact to a major spike in 2.0–4.0 m above the contact (Fig. 8). Kabanov 
(2019) named this horizon of high trace-metal enrichment “the first 
anoxic horizon of the Horn River Group” (AH-I). The siliciclastic content 
increases significantly just above the AH-I, while the calcareousness 
decreases. This lithogeochemical change marks the transition to the 
upper Bluefish Member, a fissile black shale with abundant acritarchs 
historically known as the “spore bearing member”. Further up the sec
tion, this latter grades into the soft shale and siltstone of the Francis 
Creek Member (Fig. 8; Kabanov and Gouwy, 2017). 

Our new high-resolution (~0.3 m) δ13Corg log through the Bluefish – 
Francis Creek interval (Fig. 8) reveals a consistent negative trend from 
− 28.7‰ at the Hume/Bluefish contact to − 29.8‰ above the AH-I 
(Fig. 7). An abrupt swing to heavier carbon values of ~1.2‰ ampli
tude occurs in the uppermost Bluefish – Francis Creek interval (Fig. 8). 
This is the positive isotopic excursion A revealed by Kabanov and Jiang 

(2020) in Little Bear N-09. It was inferred that this δ13Corg deflection 
may result from the influx of coaly detritus based on a moderate spike of 
OI (ibid.). However, data plots from Loon Creek O-06 do not reveal the 
same oxygen index (OI) spike, and the strong dominance of planktogenic 
kerogen at this stratigraphic interval is indicated by uniformly high 
hydrogen index (Fig. 8). These considerations suggest that the isotopic 
excursion A likely reflects an oceanic perturbation. Awareness that the 
top of the Bluefish Member occurs within the rhenanus-varcus Zone 
(upper part of the lower varcus Zone) (Gouwy, 2022) makes the isotopic 
excursion A too young for the Kačák event. Correlation of the excursion 
A with the pumilio isotopic event is most likely (Table 1). 

The carbon isotopic signature of the Kačák event is a pronounced 
negative excursion which varies greatly in amplitude, reaching ~3‰ in 
δ13Corg (van Hengstum and Gröke, 2008) and an extreme of ~8‰ in 
δ13Ccarb (Ellwood et al., 2011). The Eifelian/Givetian boundary occurs 
within the negative δ13C excursion (Ellwood et al., 2011), or the nega
tive excursion can be entirely within the ensensis Zone (e.g., Königshof 
et al., 2015). It should be noted that the conodont age constraints pre
sented by van Hengstum and Gröke (2008) are not conclusive and may 
rather suggest that their negative isotopic excursion in the northern 
Appalachian basin is slightly younger (timorensis Zone) that the Kačák 
event in its type area. Our data from the Hume/Bluefish contact and the 
basal part of the HRG (Fig. 8) do not fit unequivocally into this isotopic 
pattern, although the position of the Hume/Bluefish contact within the 
ensensis Zone is of little doubt (Uyeno et al., 2017; Gouwy, 2022). 

8.5. Latest Givetian – Middle Frasnian events 

The thick (~75–100 m) Canol Formation of the off-bank sections 
(WOB and SOB facies zones on Fig. 6) reveals three main horizons of the 
highest authigenic U and Mo enrichment marked on Fig. 9 as AH-II, AH- 
III, and AH-IV. Using gamma spectrometry, these AHs (Anoxic Horizons) 
are traceable in multiple sections, including those located remotely 

Fig. 7. Conceptual cross-section in the southeastern Horn River shale basin (A) showing backstepped carbonate shelf (Presqu’ile barrier) outposted by Horn Plateau 
carbonate buildups (modified from Morrow, 2018). (B) The map of Cordilleran terranes representative of the Lower-Middle Paleozoic (Colpron and Nelson, 2011) 
with trace of cross-section on Fig. 7A. 
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within the same basin (Kabanov, 2019; Kabanov and Gouwy, 2021; 
Kabanov et al., in review). These AHs are marked by the elevated TOC 
and lows in fine siliciclastics as approximated by KTH (Fig. 9). These 
siliciclastic lows are especially distinct at AH-III and AH-IV. 

The δ13Corg data from three sections reveal multiple positive isotope 
excursions coincident with the highest TOC content (Kabanov et al., in 
review). These carbon isotopic trends are best resolved in the Prohibi
tion Creek section due to the high sampling density (Fig. 9). A major 
shift of +2.5‰ in the basal Canol Formation is characterized by gradual 
buildup of heavier values occurring at 4–8 m of the section from its 
inception to acme; the reversal to more negative background is even 
more gradual (excursion B on Fig. 9). An abrupt δ13Corg swing of up to 
+2.3‰ occurs just underneath AH-III (excursion B2), and a similar 
deflection to heavier isotope values occurs at the base of AH-IV 
(excursion B3). 

Conodont data from the Prohibition Creek section correlate the δ13C 
excursion B with the Frasnes anoxic event at the Givetian-Frasnian 
boundary (Kabanov et al., in review). The abrupt δ13C excursion in 
the base of AH-III is characteristic of the “basal punctata” sub-event in 
the upper transitans Zone, and this correlation is validated with con
odonts (ibid.). The δ13C excursion B3 is placed within the punctata Zone 
and identified as the late pulse of the global punctata event. Minor iso
topic excursions B1, B4 and B5 may correlate with other global isotopic 
perturbations in the Late Givetian-Frasnian interval of geologic time 
which was particularly eventful (Becker et al., 2020). Assignment of the 
excursion B1 to the Timan isotopic event is very likely within the 
available conodont age constraints (Fig. 9). These age constraints allow 
estimation of the average sedimentation rate in the Canol Formation at 

Prohibition Creek and nearby well sections of ~0.19 mm/yr based on 
calibration to the Geologic Time Scale 2020 (Kabanov et al., in review). 
This sedimentation rate is not corrected for compaction (i.e., was orig
inally higher), but estimates of time values of events further down the 
text are independent of such correction. 

Fig. 10 zooms in on event horizons in the upper Canol Formation and 
visualises finer-scale chemostratigraphic patterns using slightly 
different proxies than on Fig. 9. Firstly, it is clearly seen that the high 
content of authigenic U, Mo and V is a signature of the entire Dodo 
Canyon Member. Within this trace metal rich interval, expression of AH- 
III and AH-IV as high Mo and U horizons is rather muffled at Prohibition 
Creek, however, it is more pronounced in two nearby cored sections, 
Little Bear N-09 and Loon Creek O-06 (Kabanov et al., in review). 
Further, the stratigraphic pattern of vanadium enrichment is different 
from U and Mo. Instead of an abrupt swing to higher values at the base of 
the Dodo Canyon Member like U/Al and Mo/Al, the content of authi
genic vanadium increases gradually up the section to attain the highest 
values between AH-III and AH-IV, which is also a feature in the two 
aforementioned borehole cores (Kabanov, 2019). Fig. 10 also shows that 
the minor δ13Corg excursion B4 is associated with the modest spike of 
authigenic U, Mo, and V. The downsection offsets of major carbon iso
topic excursions B2 and B3 relative to AH-III and AH-IV are very clear at 
Prohibition Creek. Conversely, the minor isotopic excursion B4 post
dates the associated trace-metal spike (Fig. 10). 

The elemental mercury data from Prohibition Creek reveal an 
interesting pattern. The interval of AH-II and up to the base of AH-III 
shows overall Hg enrichment and wide data scatter. LOWESS fitting 
manifests a possible Hg spike of up to 0.48 ppm (the second highest Hg 

Fig. 8. Elemental and δ13Corg logs through the Kačák-pumilio event interval in Loon Creek O-06 core. Grey stripe is the anoxic event AH-I and green stripe is the 
carbon isotopic excursion A (Kabanov and Jiang, 2020). OI: oxygen index (mg CO2/g TOC). HI: Hydrogen index (mg HC/g TOC). Labels on core face: (UHM) lime 
mudstone in top of Hume Formation; (BBL) basal Bluefish limestone; (LBS) laminated calcareous shale of the lower Bluefish Member. Conodont age of this strati
graphic interval is based on Kabanov and Gouwy (2017) and Gouwy (2022). (For interpretation of the references to colour in this figure legend, the reader is referred 
to the web version of this article.) 
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value in the entire section) in the base of the δ13C excursion B (lower 
arrow on Fig. 9). Nonetheless, this cannot be treated as a Hg enrichment 
horizon due to high data scatter and the fact that normalisation to TOC 
and Al muffles this spike. Mercury enrichment horizons are more pro
nounced higher in the section (two upper arrows on Fig. 9). Mercury and 
Hg/TOC logs on Fig. 10 further resolve details of these enrichments. A 
distinct spike of up to 0.43 ppm occurs in the very base of the isotopic 
excursion B2, and normalisation to TOC inflates it to the highest Hg/ 
TOC value in the entire section. A similar spike coincident with the 
isotopic excursion B3, however, is muffled by TOC normalisation. An 
enhanced Hg/TOC signal is also detectable in the base of the isotopic 
excursion B4 (Fig. 10). The column “Event signals” on Fig. 10 makes it 
easy to see that two distinct Hg/TOC spikes occur in the basal portions of 
isotopic excursions B2 and B4. Unfortunately, currently available sam
pling density seems to be insufficient to resolve records of other po
tential Hg enrichment horizons. 

Although with a significant age uncertainly, conodont data from the 
Prohibition Creek section are consistent with the identity of the δ13C 
excursion B as the Frasnes event at the Givetian-Frasnian boundary 
(Kabanov et al., in review). The abrupt δ13C excursion in the base of AH- 
III is characteristic of the “basal punctata” sub-event in the upper tran
sitans Zone, and this correlation is validated with conodonts. The δ13C 
excursion B3 is placed within the punctata Zone and identified as the late 
pulse of the global punctata event. Minor isotopic excursions B1, B4 and 
B5 may correlate with other global isotopic perturbations in the Late 
Givetian-Frasnian interval (Becker et al., 2020). Assignment of the 
excursion B1 to the Timan isotopic event is very likely within the 
available conodont age constraints (Fig. 9). These age constraints allow 

estimation of the average sedimentation rate in the Canol Formation at 
Prohibition Creek based on time calibration in GTS 2020 (Becker et al., 
2020). Position of the Givetian/Frasnian boundary at 10.5 m and the 
base of punctata zone at 59.0 m (Fig. 9) yields 0.19 mm/yr as an average 
sedimentation rate through the Early Frasnian (2.55 My), and relative 
facies homogeneity translates this value up the section to the top of the 
Canol Formation. 

Total phosphorus and proxies (P/Al, P/TOC) are used as tracers of 
nutrient inflow at Devonian anoxic event levels (Percival et al., 2020; 
Smart et al., in press), and we explore P distribution in our case study 
(Fig. 10). It is known that the HRG is severely depleted in phosphorus 
(average 342 ppm) against reference values such as the average P con
tent in the surface of Laurentian Shield (655 ppm; Shaw et al., 1986) or 
post-Archean Australian shale (700 ppm; Taylor and McLennan, 1985). 
It is also known that bottom redox conditions were fluctuating between 
mildly oxygenated and euxinic (Kabanov and Jiang, 2020; Biddle et al., 
2021), which would be conductive for episodes of seafloor phospho
genesis if sedimentation were slow and waters were enriched in dis
solved phosphorus. Both P and P/Al logs on Fig. 10 indicate no 
outstanding spikes coincident with isotopic excursions B2 and B3. 
Moreover, most prominent spikes of P and P/Al occur between silici
clastic highs, consistently with near-zero covariance of P and Al at this 
interval (Pearson r = − 0.02). 

It is also noteworthy that OI is very low (mostly <10), except for rare 
spikes made up of single datapoints (Fig. 10). Neither OI, nor OI/Al show 
a response to major events in the Canol Formation, and no significant 
covariance of OI with Al or P exists in the Prohibition Creek data 
(Pearson r = − 0.12 and − 0.15, respectively). Meanwhile, HI is mostly 

Fig. 9. Geochemical expression and conodont age of Late Givetian-Frasnian anoxic events at Prohibition Creek. Horizons of severe anoxia (AHs), traced by grey 
stripes, overlap with carbon isotopic excursions (green stripes). Arrows on the mercury log point at Hg spikes below main event horizons. FCM is Francis Creek 
Member. The isotopic excursions are labelled in italics. The TOC, δ13Corg and Hg scatterplots are clipped at outliers (96–99 percentile). Smoother is LOWESS with 
sliding window 2.5% of data. Match of isotopic excursions: A =?pumilio; B = Frasnes/Manticoceras; B1 =?Timan; B2 = early punctata; B3 = late punctata. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 10. Geochemical expression of the punctata event interval in the composite Prohibition Creek section. Recognized event signals are bracketed with colour bars on the right and traced across geochemical logs with 
high-transparency stripes of same colour. Excessively high values of OI, OI/Al, P/Al, Mo/Al, U/Al, and V/Al are clipped. 
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over 200 (data in Kabanov et al., 2023). Low thermal maturity at Pro
hibition Creek (median Tmax = 430 ◦C) makes this signature trustworthy 
and in line with the larger dataset indicating a planktogenic origin of 
organic matter in the HRG (Pyle et al., 2015; Kabanov, 2017). 

It seems remarkable that chemostratigraphic signals array in 
repeating sequences at three main events within the Canol Formation. 
This sequence is best resolved at the basal punctata event interval 
(Fig. 10). The early phase of isotopic excursion B2 is coupled with a very 
thin (≤ 1 m) Hg spike and the spike in siliciclastic content as revealed 
with the KTH proxy (Fig. 9) and scatterplots of siliciclastics-residing 
elements (Al, Ti, Zr on Fig. 10). This siliciclastic spike reverses to lows 
abruptly at the onset of the late phase of B2, when δ13C just starts 
trending back to lighter values, and this reversal coincides with the onset 
of severe anoxia in AH-III. Such sequences of signals also characterize 
Frasnes and late punctata events, although initial Hg enrichments there 
are less clear. 

9. Discussion 

9.1. OAE identity of Devonian anoxic events 

Many oceanic anoxic events, major biotic extinctions, and other 
environmental crises through the Phanerozoic have an associated sedi
mentary Hg anomaly. Hg anomalies are commonly interpreted as fin
gerprints of catastrophic pulses of volcanism, such as those expected 
from LIP eruptions (Grasby et al., 2019). Although Hg loading into 
marine sediments may not occur directly from volcanic eruptions, but 
rather as recycled Hg from temporary reservoirs in siliciclastic source 
land, the robust correlation of Hg anomalies with episodes of enhanced 
volcanic activity exists (Grasby et al., 2019). In particular, it is typical of 
Mesozoic OAEs that pulses of increased volcanic activity manifest 
themselves as spikes of Hg or other proxies, such as negative deflections 
of 187Os/188Os, in the basal part or just below the isotopic excursion and 
buildup of TOC content. Such signals are very well documented in many 
OAEs, for example at the onset of the Jurassic T-OAE and the Cretaceous 
OAE2 (e.g., Jenkyns, 2010; Du Vivier et al., 2014; Them et al., 2019). 
The 187Os/188Os proxy (Osi) reflects mass balance between two osmium 
isotopes: the primitive (non-radiogenic) 188Os from mantle or extrater
restrial sources, and 187Os as the product of radiogenic decay of 187Re in 
upper continental crust. The fairly short seawater residence time (≤10 
kyr) makes osmium isotopic balance sensitive to geologically brief 
events. Negative 187Os/188Os anomalies thus trace inputs of primitive 
osmium from enhanced volcanism (submarine and/or continental LIPs), 
unless other evidence (such as a coincident iridium anomaly and large- 
scale impact ejecta) indicates 188Os enrichment from a major bolide 
impact (Peucker-Ehrenbrink and Ravizza, 2000). 

World records corroborate the assumption that Hg enrichment spikes 
found in the Canol Formation (Figs. 9 and 10) are of the same nature as 
those extensively reported in association with Mesozoic OAEs. Pisar
zowska et al. (2020a) report a high-amplitude (up to 1.1 ppm) Hg spike 
just underneath the uppermost transitans Zone (referred by these authors 
to as Ancyrodella nodosa Zone), the stratigraphic level close to isotope 
excursion B2 in the Canol Formation (Fig. 9). Mercury spikes are also 
known from just before other Late Devonian anoxic events. The Hg ex
cursions preceding the LKW and UKW in Laurussian records (Racki 
et al., 2018; Liu et al., 2021) are close in amplitude to the Hg spike 
underneath the excursion B2 (Fig. 10). In the Anti-Atlas region of 
Morocco, the Hg and Hg/TOC enrichment horizon at UKW is nearly 
triple these values (Racki et al., 2018). Multiple Hg and Hg/TOC spikes 
characterize the upper triangularis Zone in the Timan-Pechora Basin of 
eastern Baltica, up to the top of the UKW-equivalent black shale (ibid.). 
Even higher-amplitude Hg enrichment spikes are reported from the 
Devonian-Carboniferous boundary interval (Pisarzowska et al., 2020b; 
Rakociński et al., 2021a). At the Hangenberg event level, 187Os/188Os 
and biomarkers are in favor of volcanic emissions as a press-pulse for 
extreme global warming and biotic crises (Percival et al., 2019; 

Rakociński et al., 2020; Kaiho et al., 2021; Zhang et al., 2021). A 
tentative indication of the volcanic trigger for the Frasnes event is pro
vided by Kaiho et al. (2021) who report a low (0.09–0.1 ppm) yet 
distinct Hg enrichment spike just below the Frasnes event in Belgium, at 
the stratigraphic level of the Hg spike that may be present underneath 
the isotopic excursion B in the Canol Formation (Fig. 9). 

The sequence of chemostratigraphic signals at our three major events 
in the Canol Formation (Figs. 9 and 10) seems to fit very well into the 
Earth-surface perturbation loop characteristic of Meso-Cenozoic OAEs 
(Jenkyns, 2010; Föllmi, 2012; Lowery et al., 2021; Chen et al., 2022). A 
volcanic press-pulse triggered global overheating (progression towards 
hothouse condition of Kidder and Worsley, 2010) and intensified hy
drological cycling in humid areas, thus boosting terrigenous flux into 
shelfal seas. These boosts are imprinted in the siliciclastic spikes. In a 
chain reaction, eutrophication-induced planktonic overproduction 
pushed the 13C/12C to heavier values and increased shower of dead 
organic matter, resulting in the highest TOC concentration in sediments 
(Fig. 9). This is recorded in the early phases of isotopic anomalies B, B2, 
and B3. 

During the late phase of the three major events, the volcanic CO2 
reinforcement wanes, and the system gradually reverts to more oligo
trophic condition, which is recorded in gradual 13C/12C reversal towards 
lighter values. It is not yet clear why this decrease in primary production 
is coupled with enhanced anoxia (buildup of trace metals into AHs). 
Earlier ideas that siliciclastic lows at AHs indicate retreats of source land 
in response to thermal transgressions (Kabanov, 2019) is invalidated by 
a geologically momentary response of the oceanic watermass to fluc
tuating global temperatures (see review above). Meanwhile, the onset of 
a Hg anomaly and siliciclastic spike at the earliest stage of punctata event 
occurred ~87 kyr prior to the onset of AH-III based on a sedimentation 
rate of 0.19 mm/yr. Similarly, the time lag between the onset of the late 
punctata event and the AH-IV was ~125 kyr. It is thus obvious that 
fitting of signal sequences into an ideal OAE loop is an over
simplification of complex environmental dynamics over protracted time 
spans, also because such signals do not align the same way on other 
event levels such as the one marked by the isotopic excursion B3 
(Fig. 10). 

The expression of the Kačák event is different from younger events in 
the Canol Formation (Fig. 8). The AH-I is not associated with a carbon 
isotope excursion and siliciclastic low. Our data from the base of the 
HRG do not reveal a clear δ13Corg excursion. However, in other records 
of the Kačák event, a major negative δ13C excursion is extensively 
documented, and it is succeeded by a moderate positive excursion of 
≤1‰ amplitude (Buggisch and Joachimski, 2006; van Hengstum and 
Gröke, 2008; Ellwood et al., 2011; Königshof et al., 2015). This carbon 
isotopic signature is similar to the Toarcian OAE (T-OAE; McArthur 
et al., 2008; Jenkyns, 2010; Léonide et al., 2012; Suan et al., 2015; Them 
et al., 2017) and the mid-Aptian OAE-1a (e.g., Bellanca et al., 2002). The 
major stepback of the carbonate platform in the HRG at the Kačák event 
level (Fig. 7), and shutdown of the Ramparts carbonate banks at some 
level within the punctata event interval (Fig. 6B; Kabanov, 2022), 
exemplify the link between Devonian anoxic events and shrinking of 
benthic carbonate production, which is a well-known signature of 
Mesozoic OAEs (Föllmi and Gainon, 2008; Jenkyns, 2010; Léonide et al., 
2012; Han et al., 2018). 

One takeaway message from this review and the HRG case study is 
that geochemical fingerprints of Middle-Late Devonian events are highly 
variable, just like in Mesozoic OAEs. These variations include presence/ 
absence of negative δ13C excursion and variable sequence of geochem
ical signals, and depletion-enrichment in redox-sensitive trace metals. 
Trace metal depletion is rare in the Devonian (e.g., Algeo, 2004) but well 
established at Mesozoic OAEs where it is interpreted to indicate 
oceanwide exhaustion of trace-metal inventory, which is especially 
likely with regards to dissolved ions having the longest seawater resi
dence time: Mo, U, and V (Algeo and Rowe, 2012; Bennett and Canfield, 
2020). Most severe depletion is traced at OAE2 within the proto-Atlantic 
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(ibid.). However, in the Tethys, trace-metal depletion is not so severe and 
partially inverted to enrichment, despite broad connections between the 
Tethys and proto-Atlantic (Algeo and Rowe, 2012; Owens et al., 2016; 
Siebert et al., 2021). 

Another feature in common is the development of intermittent 
photic-zone euxinia in oceanographically open settings, which is now 
widely recognized based on chlorobi biomarkers in the Mesozoic (re
view above) and in the Middle-Late Devonian (Table 2). In the black- 
shale HRG facies, such biomarkers were identified at and between the 
event levels, consistent with the black-shale, dominantly anoxic char
acter of these strata (Kabanov and Jiang, 2020). 

9.2. Top-down vs. bottom-up nutrient flux 

The latest Devonian – earliest Mississippian suboxic-anoxic sedi
ments of western Laurentia (Exshaw Formation and equivalents) have 
signatures of intermittent phosphogenesis, which supports “bottom-up” 
nutrient flux maintained through tropical oceanic upwelling (Caplan 
and Bustin, 2001; Li et al., 2022). The physical evidence for limited ice 
caps in the latest Famennian and a cooling trend in sea-surface tem
peratures (Fig. 1G) further support hypothetical enforcement of ther
mohaline oceanic circulation as a driver of such upwelling (Hedhli et al., 
2022). In a similar way, upwelling has also been invoked to explain 
spread of anoxia in the pre-Famennian Devonian, including the Frasnian 
anoxic sediments in western Laurentia and eastern Baltica that are part 
of our review (Harris et al., 2018; Bushnev et al., 2016). However, in 
neither of these two regions do Frasnian black shales exhibit signatures 
of phosphogenesis, and instead it is typical to see these strata depleted in 
phosphorus. The overall phosphorus-lean character of Frasnian black 
shales is consistent with qualitative palaeontological observations 
indicating the paucity of fish remains and conodonts, as well as the 
absence of any reports indicating phosphorite occurrence in time 
equivalent strata anywhere across the Mackenzie Shelf. The condensed 
sections and hardgrounds at the drowning unconformity in the top of 
Hume Formation were never found affected by phosphatization either 
(Kabanov and Gouwy, 2017). Most obviously, tropical oceanic upwell
ing is not applicable to the Late Devonian shelves of eastern (in modern 
coordinates) Baltica which were open northeast (or north) to Uralian 
Ocean between equator and 30◦ N (Domeier and Torskvik, 2014; 
Golonka, 2020). In this paleogeographic position, eastern Baltica must 
have been under Hadley Cell circulation with dominantly westward, 
onshore advection of surface watermass (e.g., simulation in De Vlee
schouwer et al., 2014). 

Eutrophication of shelfal seas through a top-down pathway in 
response to increased weathering is seen as part of the OAE loop. As 
argued above, this also applies to Devonian events. Further in favor of 
this pathway, Smart et al. (2022, in press) reveal two pulses of phos
phorus supply in the near-source lacustrine succession of the Cordilleran 
foreland basin now located in Eastern Greenland. These two pulses, best 
expressed as P/Al, are correlated with the Lower Kellwasser (LKW) and 
Upper Kellwasser (UKW) anoxic events and interpreted as related to 
intensified soil formation under expanding vegetation (ibid.), by analogy 
with the Quaternary-Holocene pulsations of P supply into sediments 
(Filippelli, 2002), although in the Devonian case a volcanically forced 
overheating rather than orbitally driven interglacial was a culprit (Smart 
et al., in press). The UKW phosphorus enrichment is the strongest. Smart 
et al. (in press) simulate such strong inflow of nutrients at global scale 
using the Carbon Oxygen Phosphorus Sulfur Evolution (COPSE) model 
and find it adequate to explain the Frasnian-Famennian mass extinction. 
However, as discussed above, persistence or even expansion of arid belts 
during overheating crises makes globally strong inflow of nutrients a 
false assumption (e.g., Hay and Flögel, 2012; Davies et al., 2020). In 
Devonian marine sediments, the far-field response of phosphorus to the 
onset of anoxic events varies between depletion and no response to high 
enrichment. This is clearly seen on Ptot, P/Al, and TOC/P logs from six 
sites of the LKW-UKW interval presented by Percival et al. (2020). 

Phosphorus enrichment is also encountered on other Devonian event 
levels (ibid.). We assume that lack of P response to the onsets of major 
events in the Canol Formation (Fig. 10) reflects depletion of siliciclastic 
plumes in nutrients as they reached offshore to the distal site of our case 
study. Distinct phosphorus enrichment is also known in association with 
the latest Ordovician HOAE which occurred long before the advent of 
tracheophytes and root-assisted weathering (Qui et al., 2022). 

We concur that drastic slowdown of ocean watermass turnover was 
the underlying condition to maintain expanded OMZs impinged upon 
continental shelves (Meyer and Kump, 2008). Moreover, deep-ocean 
circulation reversed towards a haline mode (Fig. 5) is not compliant 
with the bottom-up scenario by which bottom oxygenated waters advect 
from high latitudes and upwell to nourish primary production in tropical 
shelfal seas. This lends more credit to the top-down eutrophication 
during the Middle-Upper Devonian except for maybe the Late Famen
nian when thermohaline circulation, and therefore bottom-up supply of 
nutrients, could have been enforced by glacial caps. However, there is a 
very limited spread of Famennian glaciers compared to the LPIA, and the 
sea-surface temperatures were much warmer than today (Fig. 1G; 
Isaacson et al., 2008; Montañez, 2021). This suggests that these 
oxygenated upwellings were much weaker than in modern settings. 

Finally, a bottom-up flux should have been also operational in the 
pre-Late Famennian ocean through the release of dissolved phosphorus 
from anoxic bottom waters into overlying oxygenated waters (Fig. 4), as 
conventionally perceived for the greenhouse ocean (Meyer and Kump, 
2008; Kidder and Worsley, 2010). This bottom-up flux of P was likely the 
highest in the anoxic/euxinic upwelling zones. Perhaps the chief factor 
in greenhouse ocean oligotrophy was the shortage of bioavailable ni
trogen caused by drastically expanded denitrification/annamox (Meyer 
and Kump, 2008; Schoepfer et al., 2016), although this is also not devoid 
of controversy (Algeo et al., 2014). 

9.3. Land plants did not trigger Devonian mass extinctions 

If boosts of weathering in response to volcanic CO2 emissions were 
due to rapid expansions of vascular plants (R&S pathway of Grzegorz 
Racki), one would expect an inflow of coaly detritus at event levels. It is 
not unusual to see driftwood impressions in carbonate banks and black 
shales of the HRG (e.g., Kabanov, 2017), but a robust proxy, such as the 
oxygen index (OI), is required to assess the scale of plant debris inflow. 
The OI shows zero response at event levels (Fig. 10), just like in two 
nearby drillhole cores (Kabanov et al., in review). As a cautionary note, 
OI response to Mesozoic carbon-cycle perturbations is not known well, 
and in documented cases it varies between sections from no response to 
distinct enrichment (e.g., Suan et al., 2015). 

Collective evidence discussed above converges on a volcanic driver 
of Devonian carbon-cycle perturbations, anoxic events, and mass ex
tinctions, which aligns these events with many other prominent 
environmental-biotic crises of the Phanerozoic. Dramatic contraction of 
the habitable seafloor between the eutrophicated shallow shelf and the 
expanded OMZ probably exerted major stress on benthic metazoans. 
However, shrinking habitats would not decimate marine faunas alone, 
as clearwater seas offshore extensive deserts and copious isolated car
bonate platforms located away from river deltas had sufficient space to 
form refugia for faunas. Mass extinctions were likely driven by a com
bined killer force involving several major amplifiers such as the fast pace 
of transition into hothouse, heat stress, seawater deoxygenation and 
acidification (Bond and Grasby, 2017). The hypothesis of Algeo et al. 
(1995), on the other hand, does not find unequivocal support in any 
proxies discussed herein. It is still assumable that root-assisted weath
ering could act as a minor amplifier of biotic crises operating more likely 
at a regional than on a global scale. 
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9.4. Water-column chemocline as a major control on Devonian facies and 
cyclicity 

One of the pieces in the Middle-Late Devonian puzzle is the time- 
specific “bank and trough” facies architecture (megareef tracts of Cop
per and Scotese, 2003), which was most widespread during the Givetian- 
Frasnian, the time known for its warmest climate and highest frequency of 
carbon-cycle perturbations (Fig. 1). Collective evidence suggests that this 
facies architecture was controlled by a water-column redox boundary in 
combination with siliciclastics-starved regime and sufficient subsidence 
rate. Benthic carbonate production maintained tops of carbonate banks 
above the chemocline, while lateral expansion was suppressed by ambient 
anoxic waters, thus producing a bank or atoll-like shape of carbonate 
buildups (e.g., Fig. 3B). A pinnacle shape is also common (e.g., Fig. 2C) and 
can be interpreted as a gradual advance of an oxygen-deficient environ
ment onto bank flanks until the complete demise and drowning under 
anoxic waters. This suppression of progradation made survival of inter
bank anoxic troughs over millions of years possible. As summarized by 
Kabanov and Jiang (2020), another factor in suppressed lateral expansion 
was a reduced ability for sediment dispersal from carbonate bank tops. 
This is attested by the thinness and dominantly fine-grained character of 
carbonate-bank aprons, which are often hard to pinpoint with subsurface 
data. These fine-grained (calcarenites, calcisiltites), thin (mostly <10 m) 
off-bank sequences are documented in case studies from Western Canada 
(MacKenzie, 1973; Wendte, 1994; Knapp et al., 2017; Shaw and Harris, 
2022). Other indications of reduced hydrodynamic activity are the rarity 
of coarse reef rubble and the paucity of acicular cements in shallow-water 
carbonate facies relative to equivalent facies of Miocene-Quaternary and 
LPIA time (summary in Kabanov and Jiang, 2020). Whalen et al. (2000) 
provided a detailed description of what appears to be the greatest known 
carbonate-platform escarpments of Frasnian age. Their two examples of a 
platform-to-basin transition (Ancient Wall and Miette) exhibit thick (up to 
150 m) successions of toe-of-slope debris interbedded with basinal sedi
ments. Cobbly wedges are present there, including megabreccias (clasts 
≥1 m). However, such coarse-grain expression of the off-reef debris is 
rare. In the subsurface of Alberta, intraclastic and breccia beds within the 
Duvernay Formation are thin (10–20 cm) and mostly occur adjacent to 
Leduc reefs where they constitute only a minute portion of examined 
cores (Knapp et al., 2017). Coarse debris on carbonate bank – shale basin 
transitions seem to be rare globally, although reports of such facies exist. 
Thus, slope calcarenites and rubble accumulations occur in the Late 
Devonian pinnacle reefs of eastern Baltica (Vilesov et al., 2009, 2019), but 
materials presented in cited works do not allow to estimate how thick are 
these reef-apron sequences. Relatively quiet-water sedimentation was 
likely a norm for the broad expanse of bank-and-trough shelfal basins. 
This seems consistent with reduction of wind strength predicted for 
greenhouse and hothouse Earth conditions (Kidder and Worsley, 2010) 
and was likely a factor in sustaining water-column stratification. 

The redox boundary in stratified shelfal basins was in turn main
tained by expanded greenhouse OMZs which were fundamentally 
different from today’s OMZs in their nutrient and water mass cycling. In 
a representative uranium isotope record through the Devonian, Elrick 
et al. (2022) demonstrate broad scatter of δ238U during Givetian – early 
Famennian which shows occasional reversals to low (− 8 to − 4 ‰) 
values characteristic of largely anoxic deep ocean of the earlier Paleo
zoic. This is consistent with pulsatory expansions of anoxic watermass in 
the deep ocean during that time known for its warmest sea-surface 
temperatures, frequent carbon-cycle perturbations and multitude of 
anoxic events (Fig. 1). However, anoxic pulses in shelfal seas and in deep 
ocean might have had a complex relation, or were even decoupled, as 
suggested by heavier δ238U values at the Frasnian-Famennian boundary 
that apparently indicate more oxygenated deep oceans during the UKL 
anoxic event (White et al., 2018). 

The bank-and-trough depositional architecture is uncommon in 
Mesozoic shelfal seas, despite the parallelism in climatic conditions, the 
multitude of anoxic events and the carbon-cycle perturbations. We 

speculate that this difference is due to the evolutionary advent of 
calcareous phytoplankton in Late Triassic and the progressive increase 
of its biomass over the later Mesozoic (Bown et al., 2004). Calcareous 
phytoplankton channelled CO2 sequestration into new carbonate path
ways which partly took over massive production of benthic microcrys
talline calcites (“microbial carbonates”) and filled seafloor depressions 
with pelagic calcareous ooze (Hay, 2008), thus producing chalk suc
cessions in loci that would host thin anoxic sediments between car
bonate buildups in the Devonian. 

Fluctuations of the water-column chemocline, combined with pul
sations of siliciclastic influx, can adequately explain sedimentary cycles 
which are revealed with magnetic susceptibility, gamma spectrometry, 
and elemental geochemistry. Our review elucidates how controversial is 
translation of such sedimentary cycles into sea level changes without 
confirmation from verified coastal onlaps, stacked subaerial exposure 
surfaces, incised valleys, and unambiguous facies progressions from 
deep to shallow-water. We also point out that in an ice-free world, δ18O 
signatures in marine biogenic minerals possibly require different in
terpretations than in the Quaternary-like world where pulsating ice 
volumes control eustasy at < 1 Myr time scales. As such, spreads of 
anoxic facies put by Johnson et al. (1985) in the heart of “Devonian 
eustatic sea-level curve” may just emulate transgressions, but in fact 
record expansions of anoxia in response to overheating and ocean 
deoxygenation with no or minimal eustatic effect. However, this latter 
idea applies to the idealistic ice-free greenhouse world, whereas 
advanced simulations suggest that the input of glacio-eustasy is un
avoidable even at some hottest episodes of greenhouse time spans (e.g., 
Davies et al., 2020). This sea-level puzzle clearly calls for new scrutiny, 
in the meantime justifying serious scepticism with regards to Devonian 
eustatic amplitudes as routinely exceeding ~25 m for 3rd and 4th order 
cycles (Haq and Shutter, 2008). 

10. Conclusions 

This paper reviews global records of anoxic events of the Middle 
Devonian – earliest Carboniferous. These anoxic events are complex 
multistage paleoenvironmental disturbances manifested through mul
tiple proxies. We provide a case study on the latest Eifelian – Frasnian 
black-shale succession named the Horn River Group (HRG). Our review 
and case study elucidate a number of remarkable aspects and contro
versies of the Devonian: (1) widespread black-shale sedimentation with 
pulsatory expansions of anoxic environments historically recognized as 
anoxic events; (2) multiple δ13C excursions and associated geochemical 
signatures; (3) widespread intermittent photic-zone euxinia in oceano
graphically open shelfal seas; (4) time-specific facies architecture with 
aggrading isolated carbonate buildups (reefs, banks, pinnacles, mud 
mounds) interspersing oxygen-deficient (severely anoxic at times) sea
floor areas; (5) lack of rigorous evidence for high-amplitude eustatic sea 
level fluctuations; (6) controversy on marine nutrient flow through top- 
down (terrigenous eutrophication) or bottom-up (nurtured by oceanic 
upwelling) pathways; and (7) whether or not evolutionary expansion of 
vascular plants could drive marine ecosystems into mass extinctions. In 
this sequence, we conclude that:  

(1) Drastically expanded oxygen minimum zones (OMZs) of the 
Devonian greenhouse ocean maintained water-column stratifi
cation in shelfal seas, which explains thick anoxic successions in 
oceanographically open settings; the HRG provides a good 
example of redox dynamics in such an OMZ in a shelfal sea that 
was likely broadly open to eastern tropical Panthalassa.  

(2) The clearest fingerprint of the middle Devonian Kačák event is a 
regional backstepping of the benthic carbonate factory and a 
rapid switch to anoxic sedimentation at the HRG base. Higher in 
the section, three major events of the latest Givetian-Middle 
Frasnian interval display repeating sequences of signals: δ13Corg 
shifts to heavier values coupled with mercury and siliciclastic 
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enrichment spikes; δ13C reversals to background values, coinci
dent with onsets of severe anoxia (authigenic trace metal 
enrichment) and weakening of the siliciclastic supply. This 
sequence fits in the hothouse loop induced by massive volcanic 
eruptions. These signatures are similar to those of Mesozoic 
oceanic anoxic events (OAEs).  

(3) Shallowness of sulfidic episodes in the water column is attested 
by a widespread presence of chlorobi biomarkers indicating 
photic-zone euxinia (Table 2).  

(4) The shallow chemocline in the expanded OMZ fluctuated with a 
high frequency and likely suppressed lateral expansion of car
bonate buildups, thus controlling bank-and-trough facies archi
tecture. We hypothesize that the absence of such facies 
architecture in otherwise similar Cretaceous sediments is partly 
or completely due to the advent of calcareous phytoplankton 
which filled basinal depressions with chalk instead.  

(5) Just like in the better understood super-greenhouse sedimentary 
archive of the Cretaceous, direct evidence of high-frequency (< 1 
My) sea-level fluctuations is suspiciously meager in the Devonian. 
Our review of proxies usually employed to interpret Devonian 
eustasy shows that none of them confidently translate into 
eustatic fluctuations in an ice-free world. However, simulations 
of hydrological dynamics signal that glacioeustatic forcing was 
likely operational even during the hottest episodes of the Creta
ceous greenhouse. This sea-level puzzle clearly calls for new 
scrutiny. In the meantime, this justifies strong scepticism with 
regards to the validity of the classical eustatic sea-level curve of 
the Devonian and estimates of eustatic amplitudes in excess of 
~25 m for 3rd and 4th order cycles.  

(6) The reversal of deep-ocean circulation into thermal mode during 
a model ice-free greenhouse is not compatible with a bottom-up 
nutrient supply though oceanic upwelling at the scale we see it 
today, which is consistent with signatures from the HRG and 
worldwide. Collective evidence converges on a prevalent top- 
down nutrient flow possibly combined with a bottom-up supply 
of dissolved P from anoxic bottom waters.  

(7) Not a single proxy assessed in this paper unequivocally supports 
the hypothesis that holds expanding vascular vegetation 
accountable for anoxic events and biotic crises in the marine 
realm. Intolerance of pre-Pennsylvanian plants to dry seasons and 
upland climates implies that root-assisted weathering was 
geographically limited, and hence only locally impacted nutrient 
flows. It is nevertheless assumable that vascular plants, through 
root-assisted weathering, were one of multiple amplifiers of bi
otic crises in the Devonian. 
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Aboussalam, S.Z., Becker, R.T., 2011. The Global Taghanic biocrisis (Givetian) in the 
eastern Anti- Atlas, Morocco. Palaeogeogr. Palaeoclimatol. Palaeoecol. 304, 
136–164. https://doi.org/10.1016/j.palaeo.2010.10.015. 

Aderoju, T., Bend, S., 2018. Reconstructing the palaeoecosystem and palaeodepositional 
environment within the Upper Devonian-lower Mississippian Bakken Formation: a 
biomarker approach. Org. Geochem. 119, 91–100. 

Algeo, T.J., 2004. Can marine anoxic events draw down the trace element inventory of 
seawater? Geology 32, 1057–1060. https://doi.org/10.1130/G20896.1. 

Algeo, T.J., Fisk, N.H., Berner, R.A., Maynard, J.B., Scheckler, S.E., 1995. Late Devonian 
oceanic anoxic events and biotic crises: ‘Rooted’ in the evolution of vascular land 
plants? GSA Today 5, 64–66. 

Algeo, T.J., Rowe, H., 2012. Paleoceanographic applications of trace-metal concentration 
data. Chem. Geol. 324–325, 6–18. https://doi.org/10.1016/j.chemgeo.2011.09.002. 

Algeo, T.J., Scheckler, S.E., 1998. Terrestrial-marine teleconnections in the Devonian: 
Links between the evolution of land plants, weathering processes, and marine anoxic 
events. Phil. Trans. R. Soc. B Biol. Sci. 353, 113–130. https://doi.org/10.1098/ 
rstb.1998.0195. 

Algeo, T.J., Tribovillard, N., 2009. Environmental analysis of paleoceanographic systems 
based on molybdenum–uranium covariation. Chem. Geol. 268, 211–225. https:// 
doi.org/10.1016/j.chemgeo.2009.09.001. 

Algeo, T.J., Meyers, P.A., Robinson, R.S., Rowe, H., Jiang, G.Q., 2014. 
Icehouse–greenhouse variations in marine denitrification. Biogeosciences 11, 
1273–1295. https://doi.org/10.5194/bg-11-1273-2014. 

Archer, D., Buffett, B., Brovkin, V., 2009. Ocean methane hydrates as a slow tipping point 
in the global carbon cycle. PNAS 106, 20596–20601. www.pnas.orgcgi/doi/10.10 
73/pnas.0800885105. 

Arens, N.C., West, I.D., 2008. Press-pulse: a general theory of mass extinction? 
Paleobiology 34, 456–471. https://doi.org/10.1666/07034.1. 

Arthur, M.A., Sageman, B.B., 1994. Marine black shales: depositional mechanisms and 
environments of ancient deposits. Annu. Rev. Earth Planet. Sci. 22, 499–551. 

Averbuch, O., Tribovillard, N., Devleeschouwer, X., Riquier, L., Mistiaen, B., van Vliet- 
Lanoe, B., 2005. Mountain building-enhanced continental weathering and organic 
carbon burial as major causes for climatic cooling at the Frasnian-Famennian 
boundary (c. 376 Ma)? Terra Nova 17, 25–34. https://doi.org/10.1111/j.1365- 
3121.2004.00580.x. 
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Davies, A., Grésele, B., Hunter, S.J., Baines, G., Robson, C., Haywood, A.M., Ray, D.C., 
Simmons, M.D., van Buchem, F.S.P., 2020. Assessing the impact of aquifer-eustasy 
on short-term cretaceous sea-level. Cretac. Res. 112, 104445 https://doi.org/ 
10.1016/j.cretres.2020.104445. 

de Andrade, C.L.N., Cardoso, T.R.M., Santos, R.R., Dino, R., Machado, A.J., 2020. 
Organic facies and palynology from the Middle to late Devonian of the Pimenteiras 
formation, Parnaíba Basin, Brazil. J. S. Am. Earth Sci. 99, 102481 https://doi.org/ 
10.1016/j.jsames.2019.102481. 

De Vleeschouwer, D., Crucifix, M., Bounceur, N., Claeys, P., 2014. The impact of 
astronomical forcing on the late Devonian greenhouse climate. Glob. Planet. Chang. 
120, 65–80. https://doi.org/10.1016/j.gloplacha.2014.06.002. 

De Vleeschouwer, D., Da Silva, A.-C., Sinnesael, M., Chen, D., Day, J.E., Whalen, M.T., 
Guo, Z., Claeys, P., 2017. Timing and pacing of the late Devonian mass extinction 
event regulated by eccentricity and obliquity. Nat. Commun. 8, 2268. https://doi. 
org/10.1038/s41467-017-02407-1. 

Deines, P., 2002. The carbon isotope geochemistry of mantle xenoliths. Earth-Sci. Rev. 
58, 247–278. https://doi.org/10.1016/S0012-8252(02)00064-8. 

DeSantis, M.K., Brett, C.E., 2011. Late Eifelian (Middle Devonian) biocrises: Timing and 
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1–98. 

Lu, M., Lu, Y., Ikejiri, T., Sun, D., Carroll, R., Blair, E.H., Algeo, T.J., Sun, Y., 2021. 
Periodic oceanic euxinia and terrestrial fluxes linked to astronomical forcing during 
the late Devonian Frasnian-Famennian mass extinction. Earth Planet. Sci. Lett. 562 
https://doi.org/10.1016/j.epsl.2021.116839. 

Lüning, S., Wendt, J., Belka, Z., Kaufmann, B., 2004. Temporal–spatial reconstruction of 
the early Frasnian (Late Devonian) anoxia in NW Africa: new field data from the 
Ahnet Basin (Algeria). Sediment. Geol. 163, 237–264. https://doi.org/10.1016/ 
S0037-0738(03)00210-0. 

Ma, J., Cui, X., 2022. Aromatic carotenoids: Biological sources and geological 
implications. Geosyst. Geoenviron. 1, 100045 https://doi.org/10.1016/j. 
geogeo.2022.100045. 

Ma, K., Hinnov, L., Zhang, X., Gong, Y., 2022. Astronomical climate changes trigger late 
Devonian bio- and environmental events in South China. Glob. Planet. Chang. 215, 
103874 https://doi.org/10.1016/j.gloplacha.2022.103874. 

Ma, X., Gong, Y., Chen, D., Racki, G., Chen, X., Liao, W., 2016. The late Devonian 
Frasnian-Famennian event in South China - patterns and causes of extinctions, sea 
level changes, and isotope variations. Palaeogeogr. Palaeoclimatol. Palaeoecol. 448, 
224–244. https://doi.org/10.1016/j.palaeo.2015.10.047. 

Macdonald, F.A., Swanson-Hysell, N.L., Park, Y., Lisiecki, L., Jagoutz, O., 2019. Arc- 
continent collisions in the tropics set Earth’s climate state. Science 364 (6436), 
181–184. 

MacKenzie, W.S., 1973. Upper Devonian Echinoderm Debris Beds with Graded Texture, 
District of Mackenzie, Northwest Territories. Can. J. Earth Sci. 10, 519–528. https:// 
doi.org/10.1139/e73-051. 

Majorowics, J., Grasby, S.E., Safanda, J., Beauchamp, B., 2014. Gas hydrate contribution 
to late Permian global warming. Earth Planet. Sci. Lett. 393, 243–253. https://doi. 
org/10.1016/j.epsl.2014.03.003. 

Małkowski, K., Racki, G., 2009. A global biogeochemical perturbation across the 
Silurian-Devonian boundary: Ocean–continent–biosphere feedbacks. Palaeogeogr. 
Palaeoclimatol. Palaeoecol. 276, 244–254. https://doi.org/10.1016/j. 
palaeo.2009.03.010. 

Marcilly, C.M., Torsvik, T.H., Conrad, C.P., 2022. Global Phanerozoic sea levels from 
paleogeographic flooding maps. Gondwana Research 110, 128–142. https://doi. 
org/10.1016/j.gr.2022.05.011. 

Marshall, J.E.A., Lakin, J., Troth, I., Wallace-Johnson, S.M., 2020. UV-B radiation was 
the Devonian-Carboniferous boundary terrestrial extinction kill mechanism. Sci. 
Adv. 6, 1–9. https://doi.org/10.1126/sciadv.aba07. 

Martin, R.E., Cárdenas, A.L., 2022. Terrestrial forcing of marine biodiversification. Sci. 
Rep. 12, 8309. https://doi.org/10.1038/s41598-022-12384-1. 

Martinez, A.M., Boyer, D.L., Droser, M.L., Barrie, C., Love, G.D., 2019. A stable and 
productive marine microbial community was sustained through the end-Devonian 
Hangenberg Crisis within the Cleveland Shale of the Appalachian Basin, United 
States. Geobiology 17, 27–42. https://doi.org/10.1111/gbi.12314. 

Marynowski, L., Filipiak, P., 2007. Water column euxinia and wildfire evidence during 
deposition of the Upper Famennian Hangenberg event horizon from the Holy Cross 
Mountains (central Poland). Geol. Mag. 144, 569–595. 

Marynowski, L., Filipiak, P., Pisarzovska, A., 2008. Organic geochemistry and 
palynofacies of the Early-Middle Frasnian transition (Late Devonian) of the Holy 
Cross Mountains, Southern Poland. Palaeogeogr. Palaeoclimatol. Palaeoecol. 268, 
152–165. https://doi.org/10.1016/j.palaeo.2008.04.033. 
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the late Ordovician–early Silurian: review and new insights from black shales and 
nitrogen isotopes. GSA Bull. 125, 1635–1670. https://doi.org/10.1130/B30812.1. 

Meyer, K.M., Kump, L.R., 2008. Oceanic euxinia in Earth history: causes and 
consequences. Annu. Rev. Earth Planet. Sci. 36, 251–288. 

Miller, K.G., Wright, J.D., Browning, J.V., 2005. Visions of ice sheets in a greenhouse 
world. Mar. Geol. 217, 215–231. https://doi.org/10.1016/j.margeo.2005.02.007. 

Mills, B.J.W., Krause, A.J., Scotese, C.R., Hill, D.J., Shields, G.A., Lenton, T.M., 2019. 
Modelling the long-term carbon cycle, atmospheric CO2, and Earth surface 
temperature from late Neoproterozoic to present day. Gondwana Res. 67, 172–186. 
https://doi.org/10.1016/j.gr.2018.12.001. 

Mirchink, M.F., Mkrtchan, O.M., Khatyanov, F.I., Trokhova, A.A., Mitreikin, Y.B., 
Kuryaeva, V.V., 1974. Рифы Урало-ПоволЖья и их роль в разМещении залеЖей 
нефти и газа и Методики поисков. Nedra, Moscow, 152 p. (in Russian).  
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