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Abstract

The Devonian—Carboniferous boundary is associated with a major extinction event of the Phanerozoic. It was also a time marked
by a rapid but short-lasting change in deposition called Hangenberg Event. In the Namur—Dinant Basin the uppermost Devonian
(‘Strunian’) deposits recorded a third-order transgression that produced a progressive switch from coastal siliciclastic to proximal
mixed deposits with an increase of the carbonate production on the ramp. Hence, the Comblain-au-Pont and lower Hasti¢re
formations are considered as the transgressive system tract, whereas the middle member of the Hastiére Formation is interpreted
as the highstand system tract, capped by an erosion surface corresponding to the third-order sequence boundary. Superimposed
on these third-order sequences are well-marked orbitally forced precession cycles (wet—dry climate alternations) of c. 18.6 ka,
appearing as irregular c. 30-80-cm-thick couplets of limestone and calcareous shale beds. The Hangenberg Black Shale Event is
locally present as dark shales that likely spread over the shelf, marking the maximum flooding surface of the sequence. Before
and after this event, carbonate facies rich in benthic macrofauna and microfauna continued to develop. The Hangenberg
Sandstone Event, appearing as a sandstone bed in pelagic sections, is variously recorded at the base of the Hastiére
Formation, either as a sandy siltstone bed in proximal sections or as a horizon with limestone clasts and reworked fossils in
more distal settings. The Hangenberg Sandstone Event beds occur sharply in the stratigraphic record and do not correspond to the
long sea level fall of a third-order sequence boundary, but most probably to a short out-of-sequence event. The revision of the
stratigraphic distribution of major fossil groups pleads for a continuous biostratigraphic succession with no obvious hiatus. The
variable development of some micropalacontological zones at the end of the Devonian is the result of complex eco-
biostratigraphic interactions with the environment rather than the reflection of true hiatuses. It is marked by extinctions of
Devonian taxa, concomitantly with the end of the reworking produced by the Hangenberg Sandstone Event, most probably
immediately below the entry of the conodont Profognathodus kockeli. 1t is also coincident with the boundary between the
foraminiferal zones DFZ7-MFZ1, rugose coral zones RCO-RC1 and between the palynozones LE-VI. After the short-lasting
regressive phase of the Hangenberg Sandstone Event, normal depositional settings returned with the deposition of the Hasti¢re
Formation. Hence, the end of the Hangenberg Sandstone Event is proposed as the most natural proxy to pinpoint the Devonian—
Carboniferous boundary.
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Introduction

The Devonian—Carboniferous boundary (DCB) was the first
chronostratigraphic boundary to be defined officially and
globally at the Heerlen Congress in 1935 (Paeckelmann and
Schindewolf 1937). It was originally defined by the appear-
ance of the goniatite Gattendorfia subinvoluta, but it was soon
acknowledged that the boundary was chosen in a condensed
deep-water section that accumulated more hiatuses than sedi-
ments (e.g. Alberti et al. 1974; Bless et al. 1987). The search
for a new type section documenting a new marker for the DCB
occupied the stratigraphers during almost 20 years and result-
ed in the selection of the La Serre trench E” in Southern France
where the DCB was placed at the first appearance of the co-
nodont Siphonodella sulcata in the lineage Siphonodella
praesulcata—S. sulcata (Feist and Flajs 1987; Paproth et al.
1991). This decision revealed not to be adequate for several
reasons including the presence of unfavourable facies,
reworking of conodont faunas, difficult correlations and poor
taxonomy of the guide taxon (see Kaiser et al. (2009) and
Corradini et al. (2017) for a recent synopsis). Most of these
issues were already known at that time by the International
Working Group on the DCB, who chose the La Serre trench
E’ as the Global Boundary Stratotype Section and Point
(GSSP). Moreover, the GSSP was established with an appar-
ent ignorance of three major issues: (1) the natural aspect of a
boundary based on major biotic changes and extinction, (2)
the unnatural idea that the specific evolution of a conodont
taxa would happen chronostratigraphically worldwide and
would be facies-independent and (3) the rejection of neritic
sections as they were—incorrectly—considered as incomplete
compared to the pelagic ones. Indeed, it is now largely
acknowledged—but often forgotten (e.g. Corradini and
Spalletta 2018)—that pelagic sections also display hiatuses.
Moreover, the impact of the palacoenvironment on the cono-
dont associations was underestimated (e.g. Sandberg and
Dreesen 1984).

More recent views on sedimentology, biostratigraphy—
indeed eco-biostratigraphy—and processes involved in biotic
and environmental crises allow reconsidering the definition of
the DCB in terms of natural boundary and correlativity in
various depositional settings. The recent workshop of the
International Working Group on the DCB witnessed the will
to move forward by using multi-proxy stratigraphic markers
and by looking for a new GSSP for the DCB (Aretz 2014).

Devonian-Carboniferous boundary and Hangenberg
Event(s)
The original idea of Walliser’s (1984) ‘natural boundary’ was

to associate the chronostratigraphic boundary with the events
and extinctions that took place at the end of the Devonian
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period. However, commonly merged with the late Frasnian
crisis as the ‘Late Devonian extinction event’—one of
Sepkowski’s ‘Big Five Mass Extinctions’, regardless of the
meaning now attributed to this concept (see e.g. McGhee
et al. 2004, 2012)—the Hangenberg Biocrisis stands alone.
The late Frasnian extinctions took place over a very long period
of slowly degrading environmental conditions spread over c.
5 Ma, starting with the middle-late Frasnian boundary and
culminating with the upper Kellwasser Event in the late
Frasnian (Mottequin and Poty 2016). On the contrary, the late
Famennian extinctions occurred during a period of recovery:
they were relatively sudden and short-lasting (one to several
100 ka, Kaiser et al. 2016) and occurred within a depleted
biosphere. Kaiser et al. (2016) recently summarised the effects
of the Hangenberg Biocrisis on fauna and flora, and their main
conclusion shows the various extent and diachronism of extinc-
tion within pelagic ecosystems. The deep-water and pelagic
fauna were stroked early during the crisis (e.g. ammonoids,
conodonts), whereas shallow-water benthic assemblages
(corals, stromatoporoids, foraminifers, etc.) persisted until the
end of the Hangenberg Biocrisis. Moreover, the effect of the
crisis in continental settings seems to have been overestimated
in the past. The timing of the events on the continent is still
poorly constrained, but data on plants (Decombeix et al. 2011a,
b; Prestianni et al. 2015, 2016) tend to show that continental
ecosystems, even if affected by the crisis, were more resilient.
In the pelagic sections of the Rhenish Mountains where the
Hangenberg Event was defined originally, the stratigraphical
succession is typically as follows (Krebs 1979; Paproth et al.
1986; Bless et al. 1987): (1) the Drewer Sandstone covering
the Wocklum Limestone and recording the first extinctions
among pelagic biota; (2) the Hangenberg Black Shale (HBS)
recording anoxia; (3) the Hangenberg Shale (HS), depleted in
fauna but not anoxic; (4) the Hangenberg Sandstone (HSS)
most probably regressive; and (5) the Stockum Limestone that
includes conodonts of Carboniferous affinity in its upper part
(Clausen et al. 1989; Bless et al. 1993). The Hangenberg
Black Shale mostly corresponds to the ‘lower Hangenberg
Crisis’ and coincides with the lower part of the Middle
praesulcata conodont Zone (~ lower part of the costatus—
kockeli Interregnum after Kaiser et al. (2009), ~ upper part
of the Bispathodus ultimus Zone sensu Corradini et al.
(2017)); the Hangenberg Shale and Hangenberg Sandstone
form the middle crisis in the upper part of the Middle
praesulcata Zone; the Stockum Limestone corresponds to
the upper crisis in the Upper praesulcata Zone (= kockeli
Zone sensu Kaiser et al. (2009); lower part of the kockeli
Zone sensu Spalletta et al. (2017)). In the type section, the
Hangenberg Biocrisis corresponds to a few metres of sedi-
ments (c. 7 m in Oberrddinghausen section, c. 2 m in
Drewer section; e.g. Clausen et al. 1989) or even less in ex-
tremely condensed sections (< 0.2 m in Griinen Schneide
section, Carnic Alps; e.g. Spalletta et al. in press, this issue).
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In contrast with the pelagic—i.e. bathyal condensed—
sections commonly used to study global boundaries, the
succession across the DCB in southern Belgium consists
of a relatively thick series (>50 m) of shallow-water
siliciclastics evolving to transgressive carbonate deposits
(Strunian transgression). This rather thick succession al-
lows a good understanding of the Famennian and
Tournaisian transition and of the crisis affecting the ma-
rine ecosystems across this boundary. Being thicker and
more complete for the record of local and global sea level
and/or facies changes, the neritic sections provide a better
suited understanding than their deeper, so-called con-
densed—i.e. discontinuous and hiatus-rich (Paproth and
Streel 1971, 1984; Walliser 1996; Strasser 2015; Lucas
2018)—equivalents that have long been overindulged by
biostratigraphers for their higher conodont content. The
sequence of events that marks the DCB transition and
the diversity crisis is spread over 25 m of sediments in
Belgium whereas, in classic pelagic sections, the events
are condensed in a few metre-thick succession where they
appear superimposed to each other.

Settings and stratigraphy

Southern Belgium (‘the Ardenne(s)’ of the foreign authors) is
part of the Rhenohercynian fold and thrust belt, resulting from
the Variscan orogeny, that extends across Europe from south-
ern Portugal through Southern England, northern France,
Belgium and Germany, into Poland. Devonian and lower
Carboniferous rocks crop out in southern Belgium on both
sides of the major Midi—Eifel thrust fault, notably in the
Brabant Parautochton and the Dinant Synclinorium (for
more details, see Hance et al. 1999; Belanger et al. 2012).
Several sedimentation areas are distributed in the Namur—
Dinant Basin that developed along the southeastern margin
of Laurussia during Devonian and Carboniferous times. In
the course of the Late Devonian and early Carboniferous,
the Namur—Dinant Basin (NDB, Fig. 1) of southern Belgium
and surrounding areas recorded proximal facies in its northern
part, whereas its southern part acted as a shallow basin with
deeper facies (Poty 2016). The basin was probably connected
to the southwest British Province and Ireland and northward,
to the Campine Basin (Fig. 1). However, during most of the
Lower Carboniferous, the NDB was separated from the
Campine Basin by the Booze-Le Val-Dieu ridge (Poty and
Delculée 2011). Eastward, the NDB was probably connected
to the German Kulm Basin but a land barrier probably acted
discontinuously in the Aachen area where depositional gaps
are known in the Devonian and Carboniferous (Poty 2016).
Unlike displayed by the traditional reconstructions (e.g. Van
Steenwinkel 1990), the NDB was not connected southward to
the Rhenohercynian (Cornwall-Rhenish) Kulm Basin, from

which it was separated by the first stage of the Variscan emer-
sion of the Ardenne Massif (Poty et al. 2011). Conversely, the
presence of proximal carbonate facies in the southern
Avesnois suggests a local or regional platform area south-
wards rather than a basin (Conil in Mansy et al. 1988; Poty
et al. 2006).

The NDB was subdivided into six sedimentation areas by Poty
(1997), emended by Poty (2016); (Fig. 1): they correspond to
different tectono-sedimentary units with distinct lithostratigraphic
and faunal succession during the Carboniferous. However, only
five of them expose upper Famennian—Tournaisian deposits. The
Namur sedimentation area (NSA) and the Vesdre—Aachen area
(VASA), both located on the southern margin of the London—
Brabant Massif, display an incomplete succession of proximal
facies, often dolomitised and bearing hiatuses. The Condroz sed-
imentation area (CSA) exposes proximal facies grading south-
wards into deeper facies of the Dinant sedimentation area
(DSA). The southern Avesnois sedimentation area (ASA) ex-
poses peculiar facies that change laterally over short distances.
The lithostratigraphy of these areas is described below, each area
displaying distinct and typical facies at the DCB transition
(Fig. 2).

Quite widely used to qualify the end of the Famennian
worldwide, the Strunian regional substage received increased
attention after the proposition of division of the Famennian
into four substages instead of three and the establishment of
the uppermost Famennian substage (Streel et al. 1998; Streel
2005). This substage is still waiting for a formal definition, but
its base is commonly correlated with the base of the
Bispathodus ultimus conodont Zone sensu Hartenfels and
Becker (2018) (former Upper expansa conodont Zone), it is
also marked by the First Appearance Datum (FAD) of the
foraminifer Quasiendothyra kobeitusana (Conil and Lys
1970). The FAD of the miospore Retispora lepidophyta
(Streel et al. 1998, 2006) once proposed as the base of the
Strunian (Conil et al. 1977) is, however, too low in the upper
Famennian (Streel et al. 2006; Marynowski et al. 2012).

In the type section of the Strunian regional substage—the
Avesnelles railway section near Avesnes-sur-Helpe in north-
emn France (Conil 1964; Mamet et al. 1965; Conil and Lys
1980)—the FAD of Q. kobeitusana is situated at the very base
of unit ‘n” of Conil (1964) (Conil and Groessens 1975), 25 m
above the sequence boundary (between the shallow-water
limestone of unit ‘k’ and the calcarcous shale of unit ‘I’).
The base of the Strunian as a substage is therefore positioned
at the base of this unit ‘n’, but it should be noted that no
foraminifers were recognised in the shale of units ‘I’ and
‘m’, so again, the entry of the guide taxon is cryptic.
However, the first quasiendothyrid foraminifers and
stromatoporoids were recovered from the units j° and ‘k’
(Conil and Lys 1980; Conil and Groessens 1975) together
with the conodonts Polygnathus communis and
Spathognatodus costatus (Conil et al. 1974). The type
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Fig. 1 Dinantian sedimentation areas in the Namur—Dinant Basin and
location map of the main sections cited (white circles) and described
(black circles) in the text. Blue areas correspond to the outcrop zone of
the lower Carboniferous strata. Abbreviations: ASA South Avesnois sed-
imentation area; BVR Booze—Le-Val-Dieu ridge; CSA Condroz sedimen-
tation area; DSA Dinant sedimentation area; //SA Hainaut sedimentation
area; KB Campine Basin; LBM London—Brabant Massif; NSA Namur
sedimentation area; VASA Vesdre—Aachen sedimentation area; VSA

localities are in need of revision to solve the problem of the
base of the Strunian therein.

In the NDB, the Strunian almost coincides with the
Comblain-au-Pont Formation (Fm) (Fig. 3), defined by its first
marine limestone bed—first to yield the biostratigraphic
marker of the substage (Dreesen et al. 1986), which suggest
either a cryptic entrance of the markers or a hiatus at the base
of the transgressive deposits forming the Comblain-au-Pont
Fm (typical hiatuses associated with sequence boundary are c.
0.67 Ma, Poty 2016).

Along the NDB, the mixed siliciclastic—carbonate sedi-
mentation typical of the Strunian follows the dominantly
siliciclastic succession of the Famennian. The facies indicate
an inner-to-median ramp environment close to the base of the
fair-weather wave zone, commonly enclosing storm deposits
and showing both detrital and marine influences (Thorez and
Dreesen 1986; Paproth et al. 1986; Van Steenwinkel 1990). In
the DSA and CSA, the Strunian corresponds to the Comblain-
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Visé—Maastricht sedimentation area (modified after Poty 2016).
Sections: / Menen borehole; 2 Mévergnies; 3 Feluy; 4 Saint-Hilaire; 5
Godin quarry (Avesnes-sur-Helpe); 6 Avesnelles; 7 Etrceungt (du Parcq
quarry); 8 Landelies; 9 Walcourt; /0 Maredsous; // Hastiére; /2
Anseremme; /3 Gendron-Celles; /4 Yvoir; /5 Chansin (section and quar-
ry); 16 Spontin; /7 Huccorgne; /8 Royseux; /9 Jenneret; 20 Tohogne
borehole; 27 Martinrive; 22 Rivage and Pont-de-Scay; 23 Chanxhe; 24
Engis; 25 Chaudfontaine; 26 Dolhain; 27 Stolberg

au-Pont Fm, that is composed of alternating carbonate and
fine-grained siliciclastic sediments, showing a proximal—
distal gradient along a north—south transect. In the VASA,
the Strunian typically includes stromatoporoid biostromes
within a more shaly sequence (Dolhain Fm). In the ASA, the
type area of the Strunian, it is represented by the Etrceungt Fm
that comprises stromatoporoid- and coral-rich carbonate beds
within a dominantly shaly succession (Figs. 2 and 3). Note
that in the old literature, these Strunian formations were des-
ignated as ‘Tnla’, a purely lithostratigraphic acronym intro-
duced by Maillieux and Demanet (1928) and used by the
Belgian geologists until the 1960s but without any chrono-
stratigraphic value (Conil 1968; Hance et al. 2001). This ac-
ronym which causes confusion between lithostratigraphy and
chronostratigraphy can no longer be accepted. Furthermore,
Conil et al. (1977) introduced the Hastarian (lower
Tournaisian) substage in order to include the former—and
very short—‘Tnlb’ and ‘Tn2’ units, whereas the Ivorian
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Fig. 2 Emended lithostratigraphic and biostratigraphic patterns of the
Late Devonian and early Carboniferous in southeastern Belgium and
surrounding areas with indication of the third-order sequences (modified
from Poty etal. (2006, 2011) and Poty (2016)). Abbreviations: ASA South
Avesnois sedimentation area; CSA Condroz sedimentation area; DSA
Dinant sedimentation area; NSA Namur sedimentation area; VASA
Vesdre—Aachen sedimentation area; 3-ord seq., third-order sequences;
up., upper Famennian; Stand. conod., standard conodont zones (Ziegler
and Sandberg 1984, 1990); Mid. exp., Middle expansa; Up. exp., Upper

(upper Tournaisian) substage includes the former ‘Tn3’ and a
part of the “V1a’ units (Poty et al. 2014). Consequently, the
name ‘Middle Tournaisian’ that some authors still use under
the former ‘Tn2’ assumption is no longer valid and it should
be rejected in order to avoid further confusion.

Based on zircon age published by Trapp et al. (2004),
Streel et al. (2006) inferred a duration of 3 My for the
Strunian (covering the latest Famennian S. praesulcata Zone
to earliest Tournaisian S. sulcata Zone). This age appears now
to be overestimated for the duration of only a single transgres-
sive system tract within the Comblain-au-Pont Fm and its
lateral equivalents in the type area. Based on the counting of
45 to 48 (some uncertainties remain) precession cycles
(18.6 ky in rough estimation, Poty et al. 2013), the Strunian
substage has a duration of only 0.84-0.89 My. With the same
method, the duration of the Hastarian substage is estimated as
4.22 My, 0.57 my for the Hastiére Fm only (Poty 2016). The
base of the Strunian (base of the Upper expansa Zone sensu
Streel 2000; i.e. B. ultimus Zone, see “Conodonts”) is situated
in the upper part of the so-called ‘Strunien gréseux’ (Conil
1964) in the Anseremme section (bed 38), recording the
FAD of Quasiendothyra kobeitusana (Bouckaert et al. 1974)
and B. ultimus (Dreesen and Thorez 1994), and in the

expansa; prae, praesulcata (undistinguished); sul., sulcata; Revised
conod., revised conodont zonation (Corradini et al. 2016; undistinguished
in the NDB); cost., costatus; kock., kockeli. Palyno, palynozones (Higgs
et al. 1988). Coral, rugose coral zones (Poty et al. 2006). Foram, forami-
niferan biozones (Poty et al. 2006; emended by Poty 2016). LST lowstand
system tract; 7.ST transgressive system tract; /ST highstand system tract;
MFS maximum flooding ‘surface’; SB sequence boundary. Depositional
hiatuses are indicated by striped pattern. Legend in Fig. 15

Chanxhe section where the FAD of Q. kobeitusana (bed
115, Bouckaert et al. 1970) follows that of B. ultimus (bed
97, Dreesen et al. 1993) overlying the sequence boundary
(bed 93). Note that the base of the Strunian proposed by
Maziane-Serraj et al. (2007) in bed 110 of the Chanxhe section
is only based on graphic correlation with the Refrath borehole
of western Germany (Streel et al., 2004) and therefore should
not be taken into account.

The Comblain-au-Pont, Dolhain and Etreeungt formations
are overlain by the carbonate-richer Hastiére Fm, the first de-
posit of the Carboniferous succession in the NDB. The
Hastiére Fm exposes at its base one bed including Devonian
faunas. The reworked nature of these faunas is debated (Van
Steenwinkel 1988; Casier et al. 2004 and discussion below).
The rest of the formation has clearly post-Devonian faunas
and includes both post-disaster faunas (Lazarus and Liliput
taxa, generalists, ubiquists) and a few long-ranging taxa, as
well as the first typically Carboniferous biota. The lower
member of the Hastiere Fm is a lateral equivalent of the
Binsfeldhammer Mbr in the VASA and partly to the
Stockum Limestone. The Avesnelles Fm (‘Calcaire noir
d’Avesnelles’) is also a lateral equivalent of the lower and
middle members of the Hastiére Fm to which it passes

@ Springer
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laterally over a few hundred metres as demonstrated in the
Godin quarry in Avesnes-sur-Helpe (see below for biostrati-
graphic correlations).

From a sequence-stratigraphical point of view, the third-
order sequence no. 1 of Hance et al. (2001, 2002; Fig. 2)
straddles the DCB. Its transgressive system tract (TST) starts
on an erosional surface (Conil 1968) capping a sandstone unit
(possibly the lowstand system tract) referred as Epinette Fm or
Strunien gréseux by Conil (1964). It covers the laterally equiv-
alent Etreeungt/Comblain-au-Pont/Dolhain formations and the
lower member of the Hastiere Fm. The Strunian part of this
TST includes 4548 cycles of 18.6 ky whereas the Hastarian
part includes 31 cycles (plus the unknown time corresponding
to the 1.75-m-thick unit at the base, see Denayer et al. 2019),
i.e. a duration of c. 1.45 My. Comparable duration is obtained
for the TSTs of other Tournaisian sequences (Poty 2016). The
highstand system tract (HST) is represented by the middle
member of the Hastiére Fm. However, several authors (e.g.
Van Steenwinkel 1988; Muchez 1996; Smeesters et al. 2000;
Kumpan et al. 2014) favour another interpretation. They con-
sider the Etrceungt Fm as a HST, and the Hastiére Fm is the
succeeding TST. The Hangenberg Event would thus represent
the sequence boundary. However, as already noted by Hance
et al. (2001), the facies across the DCB are almost identical
and can hardly be representative of different system tracts. In
addition, the very homogeneous composition of the middle
member of the Hastiére Fm and its wide extension in the basin
is rather typical of a HST. A unequivocal third-order sequence
boundary is located higher, between the middle and upper
members of the Hastiére Fm (Poty et al. 2006; Poty 2016),
which can be traced at a global scale (South China (Hance
et al. 1993, 2011), Poland (Poty et al. 2003), NW Turkey
(Denayer 2014)). The latter upper member starts with an ero-
sive surface and is clearly transgressive with a maximum
flooding ‘surface’ (in fact a zone rather than a surface) corre-
sponding to the shaly Pont d’Arcole Fm and a highstand sys-
tem tract corresponding to the carbonate Landelies Fm
(Denayer et al. 2015; Poty 2016; Fig. 2).

Several sections were explored with geochemical and geo-
physical aspects (e.g. Azmy et al. 2009; Kumpan et al. 2014,
2019; Babek et al. 2016), but none yielded significant results.

Biostratigraphy and biotic assemblages across the DCB

The NDB is a classical area for the Devonian—Carboniferous
transition and has been studied for almost a century (see
summary in Groessens 2006). As stated earlier, a much thicker
and complete succession is recorded within these neritic set-
tings as compared with the time-equivalent deeper facies (e.g.
Conil and Lys 1970, 1980; Conil et al. 1986). However, due to
the absence of a good record of the Siphonodella lineage
within neritic settings, the DCB was traditionally placed

above the last conodonts of the praesulcata Zone (Webster
and Groessens 1991), hence, above the horizon, recording the
extinction of the Devonian fauna such as the quasiendothyrid
foraminifers, cryptophyllid ostracods, Strunian rugose corals,
brachiopods and trilobites (Conil et al. 1977, 1986; Paproth
et al. 1983; see below). Although not matching the ICS stan-
dards, this highly pragmatic criterion is based on the recogni-
tion of the abundant last occurrences of Devonian fauna and
flora in shallow-water sections and has proven to be very
efficient (Fig. 2). Moreover, the Montpellier criterion has
been successfully applied and allows precise correlation be-
tween sections inside and outside the NDB. As currently ac-
cepted by the palaeontological community, the scarcity or
even the lack of conodonts around the DCB everywhere in
shallow-water facies—and sometimes in deeper facies as well
(Corradini et al. 2017)—hampers their effective use for the
recognition of a precise boundary. However, conodonts char-
acteristic of shallow-water conodont biofacies are present in
these neritic facies but their study remained preliminary
(Austin et al. 1970; Bouckaert and Groessens 1976; Dreesen
etal. 1986), possibly because it was traditionally/dogmatically
admitted that they had less utility for international correla-
tions. A review of the main fossil groups occurring in the
Devonian—Carboniferous transitional beds in Belgium and
surrounding areas is proposed, with a focus on their utility
and efficiency as biostratigraphic markers.

Unless specified, all illustrated specimens are housed in the
palaeontological collection of the University of Liége under
prefix PA.ULg.

Plant macrofossils and microfossils

Spores are particularly abundant in the upper Famennian—
Strunian succession of the NDB. Conversely, the dominantly
carbonate Hastarian deposits are particularly poor and only a
few levels have yielded spores. Due to the particular deposi-
tional settings of the Strunian in Belgium (alternating marine
limestone beds and fine-grained proximal siliciclastics), bio-
stratigraphic zonations combining both continental and ma-
rine organisms can be proposed. However, their occurrence
in separated beds prevents precise correlations at a scale lower
than bed thickness, i.e. 10-30 cm.

The abundant and widely distributed miospore Retispora
lepidophyta (Fig. 4a, b) was very early identified as a key
marker of the Strunian (Streel 1966; Conil and Lys 1970).
Recorded in many parts of the world, it is characterised by a
narrow stratigraphic range and a strong morphological varia-
tion (Streel 1966; Owens and Streel 1967). Conil and Lys
(1980) placed the base of the Strunian at its FAD and pro-
posed the Avesnelles and Saint-Hilaire (France) sections as
stratotypes. The precise first occurrence of R. lepidophyta,
however, rises some correlation problems due to facies influ-
ence. In the NDB, R. lepidophyta is found near the base of the
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Fig.4 a—p Selected miospore and acritarch guide taxa across the DCB. a
Retispora lepidophyta, specimen ULg 72237/1. Pont-de-Scay section bed
73. b Retispora lepidophyta var. tener, specimen ULg 72242 B. 87, Pont-
de-Scay section. ¢ Vallatisporites hystricosus, specimen ULg 72237/11,
Pont-de-Scay section bed 73. d Knoxisporites literatus, specimen ULg
72208, Pont-de-Scay section bed 65. e Apiculiretusispora verrucosa,
specimen ULg 72214, Pont-de-Scay section bed 75. f Indotriradites
explanatus, specimen ULg 72242, Pont-de-Scay section bed 87. g
Rugospora radiata, specimen ULg 72235, Pont-de-Scay bed 69. h
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Diducites plicabilis, specimen ULg 62464, E42/2, Strud. i Diducites
versabilis, specimen ULg 62464, M42, Strud. j Verrucosisporites nitidus,
specimen ULg 77831, Chansin. k Maranhites stockmansii, specimen
ULg 77837, Chansin section. | Gorgonisphaeridium winslowiae, speci-
men ULg 72207 R48, Pont-de-Scay section. m Multisphaeridium
anastomosis, specimen ULg 72207, Pont-de-Scay section. n
Micrhystridium ampliatum, specimen ULg 72207 K48, Pont-de-Scay
Section. o Synsphaeridium sp., specimen ULg 77837, Chansin section.
p Cymatiosphaera sp., specimen ULg 77837, Chansin section
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Comblain-au-Pont Fm (top of the Strunien gréseux of Conil
(1964)) or its lateral equivalent in the ASA (upper part of the
Epinette Fm, Conil and Lys 1970, 1980; Fig. 2).
Unfortunately, in the latter type area, conodonts are lacking
at the base of the Strunian. Streel (2005) proposed the well-
studied Chanxhe section as a stratotype for the uppermost
Famennian because of the co-occurrence of spores and
conodonts. However, in this section, R. lepidophyta is found
12.5 m (bed 93, Fig. 3) below the first limestone bed (bed 97)
containing conodonts of the B. ultimus conodont Zone, sug-
gesting a FAD of R. lepidophyta older than the base of the
Strunian (Dreesen et al. 1993; Maziane et al. 1999). A similar
situation is encountered in the Hastiére section (Bouckaert
et al. 1974). These doubts are confirmed by data coming from
the Refrath borehole in Germany that record the spore in
layers attributed to the Bispathodus costatus conodont Zone
(upper part of the former Middle expansa Zone) (Hartkopf-
Froder 2004; Piecha 2004). Hence, the definition of the base
of the Strunian at smaller scale remains problematic, mainly
due to facies issues.

In a first approach, the Strunian has been subdivided by
means of a biometrically based zonation using R. lepidophyta
only. Six successive zones have been established (A to F in
Streel 1966). However, though being of great importance for
regional correlations, these biometrical zones are obviously bi-
ased by the grain size and sorting of the spore-bearing
sediments and should therefore be used with caution. This
was already suggested by Streel (1969) and Maziane et al.
(2002), who both showed that the size sorting is not restricted
to Retispora but affects all spores.

In parallel, a biozonation combining several palynological
criteria was established (Bouckaert et al. 1968, 1969, 1970).
The latter biozones were either interval zones, Oppel zones or
assemblage zones. Four zones and twelve subzones were
established for the Famennian by Bouckaert et al. (1970).
The Strunian was entirely included within the same
Pusilites—Lepidophyta (PL) (PLm to PLs) Florizone,
characterised by the co-occurrence of R. lepidophyta and
Vallatisporites pusillites (now Vallatisporites hystricosus).
The base of the Carboniferous was, according to this zonation
scheme, characterised by the trivialis—explanatus
(TE) Florizone (Paproth and Streel 1971). The biozonation
revised by Higgs et al. (1988) based on the Irish succession
was successfully applied in the German Rhenish Mts and led
firstly to a subdivision of the PL. Zone in three to four sub-
zones that are R. lepidophyta—Apiculiretusispora verrucosa
(LV), R. lepidophyta—Knoxisporites literatus (LL),
R. lepidophyta—Indotriradites explanatus (LE) and
R. lepidophyta—Verrucosisporites nitidus (LN) (Paproth
et al. 1986). A confusion, however, remained concerning the
statuses of the LV and LL subzones that were never found in
stratigraphical succession in any section. In 1984, a new
revision of the zonation led to the upgrade of the LL, LE

and LN subzones to a full biozonal status referring for a
formal definition of each of them to Higgs et al. (1988) that
apparently remained in press for a long time.

Maziane and Vanguestaine (1997) and Maziane et al.
(1999, 2002) presented the biometric evolution of the spore
Retispora lepidophyta below the DCB, showing a significant
decrease of size through the LL and LE palynozones, as al-
ready observed by Streel (1966). In parallel, spores attributed
to ‘coal swamp’ plants (such as Diducites spp., i.e. group Il in
Maziane et al. 2002) decrease in abundance upwards. It is
interpreted by these authors as the progressive replacement
of the 'coal swamp' ecosystem by the ‘swamp margin’ vege-
tation and thus witnessing a probable drying of the continental
margin during the Strunian.

Streel et al. (1987), in fact, summarised and defined most of
the biozones that have been used subsequently. The Strunian
is thereby divided into six interval zones: Retispora
lepidophyta (Lep.), Apiculiretusispora verrucosa (Ver.,
Fig. 4¢), Grandispora echinata (Ech.), LL, LE and LN. The
Lep., Ver. and Ech. zones correspond to the Retispora
lepidophyta—Apiculiretusispora verrucosa (LV) Oppel Zone.
The same issue of the relationship between the LV Oppel
Zone and LL interval Zone however remained. The latter
was considered either younger or equivalent to the Ech.
interval Zone part of the LV Oppel Zone. This problem was
solved by Maziane et al. (1999) that showed the presence of
Knoxisporites literatus (Fig. 4d), the marker of the LL interval
Zone just after the Apiculiretusispora verrucosa—
Vallatisporites hystricosus (VH) interval Zone proving the
LV and LL biozones to be equivalent.

Maziane et al. (1999) highlighted the problem of the absence
of Verrucosisporites nitidus in most Belgian sections and sug-
gested that the change to continuous limestone succession to-
wards the top of the Comblain-au-Pont Fm and the base of the
Hastiére Fm would preclude the possibility of recognising this
biozone. This question was addressed by Prestianni et al. (2016)
while documenting beds closer to the DCB in the CSA. They
suggest the absence of Verrucosisporites nitidus in Belgium, for
ecological and palacogeographical reasons. The latter authors
argue that the absence of this spore alone is not sufficient to
prove the presence of a hiatus at the end of the uppermost
Famennian, as suggested earlier by Van Steenwinkel (1993)
and should be regarded as an ecozone characterising the upper
part of the LE Zone. The recent discovery of a single specimen of
V. nitidus (Fig. 4j) in the Chansin section reinforces the hypoth-
esis of the rarity and, most probably, ecologically influenced
distribution of the V. nitidus bearing plant. The hypothesis of a
gap at the end of the uppermost Famennian in Belgium based on
this absence (e.g. Van Steenwinkel 1993; Casier et al. 2004) has
consequently to be dismissed. Another argument reinforcing this
statement is the record of the zener Event in Belgium (Prestianni
et al. 2016). In most regions, where the levels immediately pre-
ceding the DCB could be observed in detail, a disrupted and/or
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abnormal palynological assemblage has been observed. Named
‘LCr’ in Ireland (Van Veen 1981) and ‘LN transitional’ in
Sauerland (Higgs et al. 1992; Streel and Hartkopf-Froder 2005)
and also identified in Poland (Filipiak and Racki 2010), it corre-
sponds to zone F in Streel (1966). It is characterised by a depau-
perate assemblage dominated by R. lepidophyta var. tener and
presenting a high percentage of abnormally shaped spores
(Fig. 4b).

The basal Carboniferous VI Palynozone, defined in the
British Isles by Neves et al. (1972), was hardly correlated with
the DCB because conodonts lack in the British successions
(Higgs et al. 1986). In Belgium, the TE (trivialis—explanatus)
Zone introduced by Streel (1966) has the same definition than
the VI Zone. The latter was therefore used instead of TE in the
Belgian Tournaisian, again with a base roughly correlated
with the DCB by the lack of marker conodonts and the lack
of facies suitable for palynology immediately around the sup-
posed DCB. Paproth and Streel (1971), however, recognised
the base of the VI Zone in the German Hasselbachtal section,
c. 18 cm below the first Siphonodella sulcata conodont-
yielding bed (Higgs and Streel 1984). This 18-cm delay be-
tween spores and conodonts obviously reflects lithological
differences and Signor—Lipps effect (Signor and Lipps 1982)
rather than any significant stratigraphical discrepancy.

In the subsequent literature, the base of the VI Zone was
placed in the Strunian. In Belgium, however, the last shaly
horizon of the Devonian, immediately below the HSS Event
(e.g. bed 22 in the Spontin section, 1.2 m below the DCB, see
“Mid-shelf: the Spontin and Chansin sections (southern
CSA)” and Fig. 3) still yields Devonian spores such as
Retispora lepidophyta, typical of the last Famennian Zone
LE, whereas a thin silty layer within the HSS Event equivalent
beds (1-cm-thick interbeds 107-108 in Chansin) yielded the
Devonian spore V. nitidus (Fig. 4j). The first shaly horizon in
the Tournaisian (bed 30 in Spontin, 2 m above the DCB)
recorded spores of the VI Zone. A similar situation is known
in the classical Yvoir section (Paproth and Streel 1971). The
boundary between the LE and VI zones therefore should be
placed in this c. 3-m limestone interval. It has to be noted that
the VI Zone is defined by the disappearance of the emblematic
Late Devonian spores Retispora lepidophyta (Fig. 4a),
Vallatisporites hystricosus (Fig. 4c), Rugospora radiate
(Fig. 4g), Diducites versabilis (Fig. 41) and Diducites
plicabilis (Fig. 4h) (Streel 2015). It seems therefore logical
and legitimate to correlate these disappearances—and conse-
quently the base of the VI Zone—with the extinctions of ma-
rine fauna at the top of the HSS Event equivalents, hence with
the DCB.

As floral macroremains are lacking in the NDB, spores are
the only reliable proxies of the Strunian continental plant cov-
er and its dynamics. The Strunian palynological assemblages
diverge slowly from the upper Famennian VCo and VH as-
semblages with several new taxa appearing. The top of the LL
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interval Zone is marked by the highest spore diversity of the
whole Famennian. The LE Zone, in contrast, is marked by a
progressive decrease in diversity that seems to happen as a
step-by-step process (Streel 1996). The tener Event represents
the last scene of this process with low specific diversity, a
lower number of specimens and the occurrence of abnormal,
deformed spores that suggest an environmental disruption on
the continent margins (Fig. 4).

Many studies have been focusing on the Late Devonian
plant diversity in Belgium (Stockmans 1948; Fairon-
Demaret 1996; Prestianni and Gerrienne 2015). It is mainly
represented by the upper (not uppermost) Famennian Evieux
flora (Fairon-Demaret 1986; Thorez et al. 2006). The Strunian
is marked in the NDB by an increasing marine influence on
the facies, the plant preservation is therefore less favourable
and most fossils are unidentifiable drifted laciniate fragments.
No plants have up to now been reported in Belgium between
the upper Famennian and the lower Viséan (Mottequin et al.
2015).

Conodonts

Conodonts are quite rare microfossils in the upper and upper-
most Famennian deposits of the NDB, where they generally
tend to be concentrated in thin carbonate deposits within dom-
inant siliciclastic formations. The upper part of the upper
Famennian Evieux Fm was attributed to the Bispathodus
costatus Zone by Dreesen et al. (1993). The occurrence of
Bispathodus ultimus ultimus in the first limestone bed of the
Comblain-au-Pont Fm in the Chanxhe and Anseremme sec-
tions (Dreesen et al. 1993; Dreesen and Thorez 1994) allows
to include the entire formation in the uppermost Famennian
B. ultimus zone (former Upper expansa standard conodont
Zone, Fig. 2), hence to pinpoint the lower boundary of the
uppermost Famennian and of the Strunian substage, as
proposed by Streel et al. (1998) and Streel (2005).

The conodont assemblages across the DCB received little
attention, as they were supposedly poor (< 10 specimens/kg), less
diverse and dominated by neritic and/or endemic species. Seen
through the prism of the conodont standard zones of Ziegler and
Sandberg (1984, 1990) and subsequent zonations (e.g. Corradini
et al. 2017; Spalletta et al. 2017), these assemblages were con-
sidered of less interest for international biostratigraphic correla-
tions (Dreesen et al. 1986, 1993). They are, nowadays,
reconsidered as they bear an important eco-biostratigraphical sig-
nal (Sandberg and Dreesen 1984). Nevertheless, several identifi-
cations were performed by Austin et al. (1970), Bouckaert and
Groessens (1976), Paproth and Streel (1971), Van Steenwinkel
(1980, 1988) and Sandberg (in Casier et al. 2004). Apparently,
most (deeper-water) biostratigraphic markers or index conodonts
are lacking, especially the fully marine siphonodellids. However,
some species characteristic of—or restricted to—shallower-water
biofacies are useful for intrabasinal correlations and with other
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shallow-water depositional settings (e.g. with Poland, Paproth
and Streel 1971). Van Steenwinkel (1988) summarised the oc-
currences of conodont faunas in the Anseremme section across
the DCB. Icriodus sp., Pelekysgnathus sp., Bispathodus costatus,
Pseudopolygnathus graulichi and Clydagnathus cavusformis oc-
cur in the Strunian Comblain-au-Pont Fm; Pseudopolygnathus
conili (now junior synonym of Pseudopolygnathus primus),
Pseudopolygnathus vogesi (= P. primus primus M2 sensu
Hartenfels and Becker 2018), Neopolygnathus communis
communis, Bispathodus aculeatus aculeatus, Bispathodus
stabilis and Polygnathus inornatus occur in both the Comblain-
au-Pont and the Hastiére Fm; Polygnathus paprothae,
Siphonodella duplicata, Siphonodella quadruplicata,
Polygnathus parapetus, Bispathodus sculderus (now junior syn-
onym of Clydagnathus plumulus), Bispathodus aculeatus
anteposicornis, Protognathodus meischneri and
Pseudopolygnathus expansus (= P. primus primus M2 to M3
sensu Hartenfels and Becker 2018) are only known from the
lower member of the Hasti¢re Fm—mnote that the last three taxa
were identified in the upper part of Strunian strata in the Walcourt
section (Dreesen et al. 1976) and the Tohogne borehole
(Bouckaert et al. 1977). Additional occurrences in the Strunian
and Hastarian can be found in Bouckaert and Groessens (1976).
However, none of these latter taxa is indicative of the DCB. The
presence of Protognathodus kockeli in the basal bed of the
Hastiére Fm in the Anseremme, Hastiére and Gendron-Celles
sections (Bouckaert and Groessens 1976); in the Gendron section
(Hulsonniaux road, a few hundred metres W of the classical
section; Bouckaert et al. 1974); in the Yvoir section (Paproth
and Streel 1971); and in the basal bed of the Avesnelles Fm in
Avesnes-sur-Helpe (Paproth and Streel 1971) allows a correla-
tion of the two formations as lateral time-equivalent deposits (see
discussion below). The specimens determined as P. kockeli by
Bouckaert and Groessens (1976, plate 1, Figs. 8 and 10) from
Anseremme are possibly transitional forms between
Protognathodus collinsoni and P. kockeli (Corradini, written
com., February 2020).

Foraminifers

Strunian and Hastarian foraminifer associations were reported
from the NDB in numerous papers (e.g. Conil 1964, 1980;
Conil and Lys 1970; Conil et al. 1991; Mamet 1986). As for
other faunas, the foraminifer associations differ significantly
in different parts of the basin, reflecting particular sedimentary
environmental conditions along a proximal—distal gradient.
Therefore, the stratigraphic entries are sometimes cryptic and
facies-controlled, just as it is the case for other macrofossils
(brachiopods, rugose corals, stromatoporoids). However, the
lithostratigraphic constraints help to discriminate environmen-
tally controlled associations which could be assigned to an
older stratigraphic position or interpreted as diagnostic for a
hiatus (e.g. Van Steenwinkel 1988).

Calcareous foraminifers began to diversify during the Late
Devonian and were sufficiently abundant and diverse from the
base of the Strunian onwards to become stratigraphically useful
(Conil 1980). Conil et al. (1977) introduced the biozone Df3 to
characterise this particular interval, with subzones « to € corre-
sponding to successive foraminifer associations. The youngest
Df3¢ subzone (renamed DFZ7 by Poty et al. 2006) covers the
Etreeungt, Dolhain and Comblain-au-Pont formations, with a rich
association dominated by Quasiendothyra kobeitusana (Fig. Sa),
Quasiendothyra konensis, Klubovella sp., Septatournayella ex.
gr. rauserae (Fig. 50, 1’), Laxoendothyra parakosvensis,
Septaglomospiranella spp. (Fig. 5t, t, b’, I, 1°), Septabrunsiina
spp. (Fig. Su, v, d’), Glomospiranella spp. (Fig. Sy) and abundant
Paracaligelloides spp.

In some areas (central CSA), the very large and evolved
Quasiendothyra (Q. kobeitusana, Q. dentata, Q. konensis)
and Klubovella seem to be very scarce and only a few speci-
mens of Quasiendothyra regularis with a doubtful incipient
inner fibrous layer (forma ‘radiata’) have been found so far.
The HSS Event equivalent beds yield a slightly more diverse
foraminifer association with, in addition to the previously cit-
ed genera, cf. Klubovella and Chernyshinella spp.
(Fig. 5¢c, e”).

However, those large quasiendothyrids are reported from
the upper part of the Etrceungt Fm in the ASA (Conil and Lys
1970) and from the upper part of the Comblain-au-Pont Fm in
the eastern part of the CSA, allowing the identification of the
DFZ6-DFZ7 zones. Lipina (1961) stated that the large
quasiendothyrid forms are often confined to strong hydrody-
namic facies. In the ASA and VASA, they are often associated
with the reefal facies (Conil 1968, ‘facies récifaux de 1’ouest’
and ‘faciés récifaux de I’est’). As very rare stromatoporoids
and corals occur in the upper Strunian of the ‘central’” CSA
(Spontin and Royseux sections), the large Quasiendothyra
also seem to be lacking for the same reason of hydrodynamics.
The impact of rapid facies changes and siliciclastic influxes on
the Upper Devonian microfaunal distribution in the central
NDB was also pointed by Conil (1968). Reitlinger (1961)
indicated that the last and very large quasiendothyrids seem
to be lacking or that they are very rare in most parts of Western
Europe. The HSS Event equivalent beds yield a slightly more
diverse foraminifer association with, in addition to the previ-
ously cited genera, cf. Klubovella and Chernyshinella spp.
(Fig. 5p”).

Poty et al. (2006) defined the MFZ1 interzone from
Conil et al.’s (1991) ‘Cflx’ zone, covering the Hastiére
lower and middle members above the HSS Event equiva-
lent. It contains simple forms such as Bisphaera
irregularis, Earlandia minima, Earlandia moderata and
parathuramminids. Small tournayellids are rare due to the
crinoidal grainstone—rudstone facies of the Hastiére Fm, not
suitable for plurilocular foraminifers (Conil et al. 1991;
Brenckle and Hance 2005).
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«Fig. 5 a—q’ Selected foraminifers across the DCB in southern Belgium.
a—c, m From the Strunian Comblain-au-Pont Fm. r—g’, j’, I’ From the
HSS Event equivalent horizon, below the DCB. d-g, j, k, n—q From the
basal Tournaisian Avesnelles Fm. h’—j’, m’~q’ From the lower
Tournaisian lower member of the Hastiere Fm. a, b Quasiendothyra
kobeitusana substricta, specimens Spontin 19 and 16. ¢ Chernyshinella
sp., specimen Spontin 18. d, e Septabrunsiina sp., specimens Godin 28
and 24. f Bisphaera malvkensis, specimen Godin 24/1. g—i Tournayellina
pseudobeata, specimens Godin 15, 23/1 and 24/11. j Prochernyshinella
sp., specimen Godin 24/1V. k Septabrunsiina sp., specimen Godin 23/11. 1
Chernyshinella sp., specimen Chansin 108/I1. m Quasiendothyra
communis, specimen 25A/1. n Prochernyshinella sp., specimen Godin
14. o Septatournayella ex gr. rauserae, specimen Godin 23/IV. p
Prochernyshinella sp., specimen Godin 23/I1l. q Septatournayella sp.,
specimen Godin 29. r Septaglomospiranella sp., specimen Chansin bed
108/1. s Quasiendothyra regularis, specimen Spontin 25A/IL. t
Septatournayella aff. potensa, specimen Spontin 26. u, v
Septabrunsiina kingirica, specimens Spontin 24/I and Chansin 109A.
W, X Quasiendothyra regularis, specimens Spontin Chansin 107 and
Spontin 24 top. y Glomospiranella aff. rara, specimen Spontin 25/11. z
Septatournayella ex gr. rauserae, specimen Chansin 108/III. a’
Quasiendothyra regularis, specimen Spontin 25/I. b’
Septaglomospiranella sp., specimen Spontin bed 25A/II. ¢’
Septabrunsiina sp., specimen Spontin bed 23A/1. d’ Septabrunsiina
kingirica, specimen Spontin 24/I11. > Chernyshinella sp., specimen
Spontin 24. £, g* Septatournayella sp., specimens Spontin 24/IV and
23A/. W Septaglomospiranella aff. bouckaerti, specimen Chansin
115/1V. i’ Septabrunsiina kingirica, specimen Chansin 115/11. j’
Septaglomospiranella rudis, specimen Chansin 114/11. k’
Chernyshinella sp., specimen Spontin 25/IL. I’ Septatournayella ex gr.
rauserae, specimen Chansin 114/I. m’ Septabrunsiina kingirica, speci-
men Chansin bed 108/IV. n’ Septaglomospiranella aff. bouckaerti, spec-
imen Chansin 116. 0> Chernyshinella aff. paucicamerata, specimen
Chansin 115/V. p’ Chernyshinella sp., specimen Chansin 115/I1L. q’
Septabrunsiina kingirica, specimen Chansin 114/IV

Richer and more diverse plurilocular associations occur
locally where palacoenvironmental conditions where less
defavourable (Conil and Pirlet 1970). It is the case in the
ASA, 2 to 5 m above the base of the Calcaire noir
d’Avesnelles (Avesnelles Fm; Conil et al. 1986). Typical
taxa include Chernyshinella spp., Earlandia moderata,
Laxoendothyra parakosvensis nigra, Septabrunsiina spp.,
Septaglomospiranella spp. and abundant representatives
of the index Tournayellina pseudobeata (Fig. 5g—i).
They define the DFZ8 Tournayellina pseudobeata fora-
minifer Zone of Poty et al. (2006), which was initially
assigned to the Devonian. Conil et al. (1986) considered
that the associated conodont fauna had Devonian affinities
with ‘preasulcata-age’ elements—notably P. kockeli re-
ported by Paproth and Streel (1971) and Paproth et al.
(1979). However, the foraminifers were more indicative
of a Hastarian age. This interpretation is followed by
Kumpan et al. (2014) who place it even higher, in the
MFZ3 foraminifer zone, i.e. in the Ivorian substage, based
on the occurrence of evolved chernyshinellids (identified
as Chernyshinella glomiformis and Chernyshinella
paucicamerata), but Chernyshinella species are usually
misidentified because of an imprecise taxonomy

(Brenckle and Hance 2005). Kumpan et al. (2014) admit-
ted that both species are known from Eastern Europe in
the lower Tournaisian Upin Horizon (Prochernyshinella
disputabilis Zone, Makhlina et al. 1993). Hence, their oc-
currence in the Avesnelles Fm is not evidence of an age
younger than Hastarian. As the HSS Event is recognised
at its base (see discussion below), the Avesnelles Fm can
be correlated with the Hastiére Fm (hypothesis no. 1 in
Conil et al. 1986). Consequently, the DFZ8 zone would
be coeval of the depleted MZF1, which is characterised
by an impoverished foraminifer association, most proba-
bly for facies reasons.

According to Vevel (2009), T. pseudobeata occurs in
peloidal packstone-to-grainstone facies of the lower
Tournaisian of Timan—Pechora (Urals). Similar carbonate
microfacies characterise the upper half of the Avesnelles Fm
(i.e. beds 22-31 in the Saint-Hilaire section, Conil et al. 1986).
However, the predominant wackestone facies of the lower half
of the Avesnelles Fm also contains numerous 7. pseudobeata
(beds 13-21 in Saint-Hilaire). This suggests that this species
prefers low-energy shallow-marine environments, conditions
that are not met with the coarse crinoidal-peloidal grainstones
of the Hastiére Fm, characteristic of a strong hydrodynamic
environment (Conil and Lys 1970; Poty 2016). Conil and Lys
(in Mansy et al. 1988) suggest, however, that the lower mem-
ber of the Hastiere Fm which locally displays some finer-
grained facies in the NSA localities of Engis and Landelies
could yield T. pseudobeata but recent search failed to confirm
this hypothesis.

The guide taxa T pseudobeata has a very short stratigraphical
range and quickly disappears after the DCB (Kulagina et al.
2016; Hance et al. 2011). Kulagina et al. (2003) use it to define
the Gumerovian Horizon that straddles the DCB and covers only
a few tens of centimetres of sediments in the western Urals sec-
tion. Hence, it seems obvious to correlate the Avesnelles Fm
(bearing the ‘DFZS8’ association) with the upper part of the type
Gumerovian Horizon (Kulagina 2013; Kulagina et al. in press,
this issue). It is post-dating the HSS Event but could be older than
the unilocular association (Malevkian) of MFZ1.

Another plurilocular association occurs in the 0.5-2.5-m-
thick oolitic limestone directly overlying the HSS Event
equivalent beds in several sections: Spontin, Chansin and
Jenneret (eastern CSA, unpublished and Lentz 1985);
Maredsous (northwestern DSA, Conil 1968); and
Anseremme (southern DSA, unpublished). This association
shares many taxa with DFZS, but 7. pseudobeata is lacking
as well as Septatournayella ex. gr. rauserae. New elements
include Septaglomospiranella aff. bouckaerti and large
Septabrunsiina species with triangular septa (Fig. 5h’, 1°).

It is conceivable that during the recovery phase immediately
after the Hangenberg Crisis, small unilocular or bilocular
forms—possibly ecological generalists or ubiquists—
colonised hostile environments whereas more specialised
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forms developed in suitable environments such as shallow oo-
litic shoal and protected back-shoal facies. These forms can
also be seen as the evidence of a Lilliput effect, affecting faunas
after the crisis (Aretz et al. 2014), and especially in harsh envi-
ronments such as crinoidal meadows. The recovery phase is
recorded in the zone MFZ2 still yielding a poorly diverse fauna
comprising Tournayellina beata, Chernyshinella spp.,
Septabrunsiina spp., Septaglomospiranella spp. and
Inflatoendothyra sp. (Conil et al. 1977; Poty et al. 2006), but
it is not before the next MFZ3 that the foraminifer faunas be-
come really diversified again (Brenckle and Hance 2005; Poty
et al. 2000).

Calcified algae and microbionts

As a global tendency, the Strunian algal microflora was dom-
inated by long-ranging taxa and it remained scarce and poorly
diverse throughout the whole Tournaisian (Mamet 1986). In
Belgium, the Strunian formations yield only a few
umbellinids, kamaeninids, issinellids, Sphaerinvia,
Bevocastria and rare Parachaetetes (Herbig and Weber
1996; Casier et al. 2004; Herbig and Mamet 2006). The
incertae sedis Menselina and Bisphaera can be abundant in
the upper part of the Strunian limestone (Herbig and Mamet
2006). The Hastarian is not richer, comprising the same ele-
ments, locally associated with abundant calcimicrobes
(Girvanella duccii and Girvanella wetheredi, Conil 1964)
and moravaminids.

Acritarchs

Although locally relatively abundant, Strunian acritarchs have
only hardly been studied in Belgium. Streel (in Becker et al.
1974) provided a first overview of the general acritarch content
of the middle to uppermost Famenn ey (eastern CSA). He
pinpointed that the Strunian is characterised by the abundance
of specimens of Gorgonipshaeridium winslowiae. Since then,
only three sections reaching the DCB have been studied in detail
for their acritarch content: the Tohogne borehole (Vanguestaine
1978; Maziane 1999), the Chanxhe section I (Maziane 1999;
Maziane-Serraj et al. 2007) and the Spontin source section (Di
Clemente 1985). However, none of these has yielded
Tournaisian acritarchs. Vanguestaine (1978) provided a detailed
account on the acritarch content of the Tohogne borehole.
Unfortunately, this work only documents the lower part of the
borehole corresponding to the LL Palynozone (Maziane et al.
2002). That interval is characterised by a very high diversity of
acritarchs with up to 50 identified taxa. A tentative biostratigraph-
ic interpretation was proposed, suggesting a correlation with the
upper part of the Cymatiosphaera labyrinthica Zone established
by Wicander (1975) in Ohio. The study of the Tohogne borehole
was revised and completed by Maziane et al. (1999). This work
confirms the earlier observations for the first part of the interval
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(=174 to —85.3 m deep: a relatively stable and very diverse
assemblage with up to 57 identified taxa. In contrast, the last
20 m of the borehole was characterised by very poor acritarch
assemblages. Similar results were published by Maziane et al.
(1999) for the Chanxhe section 1. Maziane-Serraj et al. (2007)
gave a very detailed quantitative account of this section. The
basal part of the Comblain-au-Pont Fm (beds 94-111), corre-
sponding to the LL biozone, is marked by a significant diversifi-
cation of acritarch taxa, with the notable occurrence of small
spiny acritarchs like Veryachium and Micrhystridium (Fig. 4n),
large acritarchs such as Solisphaeridium and Stellinium, small
Leiosphaeridia, large and small Gorgonosphaeridium (Fig. 41)
as well as prasinophytes like Cymatiosphaera (Fig. 4p),
Synsphaeridium (Fig. 40) and Petrospermella. Nonetheless, the
diversity in acritarchs tends to remain stable, whereas the end of
the LL Palynozone (beds 111-147) is marked by a progressive
loss of abundance and a higher proportion of prasinophytes. The
top of the section corresponding to the LE Palynozone (beds
147-162) records a very depauperate acritarch assemblage dom-
inated by Leiospheridia and Gorgonisphaeridium. Furthermore,
Maziane et al. (1999) identified two acritarch zones in the
Strunian of Belgium: the Gorgonisphaeridium ohioense—
Gorgonisphaeridium absitum and G. winslowiae—G. ohioense
biozones. The change in diversity observed throughout the
Strunian in the Chanxhe section by Maziane-Serraj et al. (2007)
can probably be explained by changing depositional conditions
(ongoing transgression) although the influence of climatic change
cannot be ruled out.

Corals

Corals are among the most common macrofaunal elements in
the Strunian and in the basal Hastarian. Whereas the corals are
rather uncommon in the Famennian of Belgium (Denayer
et al. 2012), they became more abundant and diversified in
the Strunian, where two successive assemblages have been
defined (Poty 1999; Poty et al. 2006). The first one rugose
coral zone—subzone RCOx—is characterised by the occur-
rence of ‘clisiophyllids’ and Campophyllum ssp. It is only
known from the Epinette Fm in the ASA. The second
assemblage—subzone RCO[3—is more diverse (at least 11
species after Denayer et al. 2011) and characterised by the
occurrence of Campophyllum flexuosum (Fig. 6a),
Campophyllum gosseleti (Fig. 6e), ‘Clisiophyllum’ omaliusi
(Fig. 6d), Bounophyllum praecursor (Fig. 6b) and
‘Palaeosmilia’ aquisgranensis (homeomorphic with the
Carboniferous Palaeosmilia, see Poty 2010) (Fig. 6f).
However, almost all sections yield a different assemblage,
suggesting strong relationship of these corals to environment.
Tabulate corals are not uncommon but require a taxonomic
revision. Yavorskia spp. (Fig. 6¢) and syringoporids are the
most common (Tourneur et al. 1989). The RCO subzone
covers the Etreeungt (ASA), Comblain-au-Pont (DSA, CSA)
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Fig. 6 a—k Selected typical guide taxa across the DCB among corals. a
Campophyllum flexuosum, specimen Stol. I11.21-91g; Stolberg II section,
Dolhain Fm. b Bounophyllum praecursor, specimen Stol. 11.141;
Stolberg II section, Dolhain Fm. ¢ Yavorskia sp., specimen God.25-
82b, Godin section, Etroeungt Fm. d ‘Clisiophyllum’ omaliusi,
specimen Aves.69-92, Avesnelles section, Etroeungt Fm. e
Campophyllum gosseleti, specimen Ans.146-12; Anseremme section,
Comblain-au-Pont Fm. f ‘Palaeosmilia’ aquisgranensis, specimen
Dol.16-69¢, Dolhain section, Dolhain Fm. g Conilophyllum priscum,
specimen Ans.169-24a, Anseremme section, lower member of the
Hastiére Fm. h ‘Hebukophyllum priscum’, specimen 13d.5292, Drewer

and Dolhain (VSA) formations. All rugose corals became ex-
tinct at the end of the Strunian in the NDB (Poty 1999), and
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section, Hangenberg Fm (courtesy D. Weyer). i Kizilia kremersi, speci-
men Roy.108-X, Royseux section, lower member of the Hastiere Fm. j
Eostrotion sp. specimen Spon.47-2b, Spontin section, middle member of
the Hastiere Fm. k Conilophyllum streeli, specimen Spon.47-12a,
Spontin section, middle member of the Hasticre Fm. 1 Siphonophyllia
hastariensis, specimen GC.1, Gendron-Celles section, Landelies Fm. m
Saleelasma delepinei, specimen Roy.V.33-V, Royseux section, Landelies
Fm. n Uralinia lobata, specimen Chan.1.13, Chanxhe section, Landelies
Fm. o Groessensia (= Verolites?) ambigua, specimen Nut.X, Chansin
quarry, upper member of the Hastiere Fm

the last Campophyllum occurs in the beds corresponding to
the HSS Event. The tabulate corals, however, persist in the
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Tournaisian, although the stratigraphic distribution at species
level is unknown.

The rugose corals re-appeared rapidly after the extinction
of the Strunian corals at the DCB extinction event. The diver-
sity of the first Tournaisian zone RC1 (Conilophyllum interval
Zone of Poty et al. 20006) is rather low. The RC1«x subzone,
corresponding only to the lowermost beds of the lower mem-
ber of the Hastiére Fm, yields only Conilophyllum priscum
(Fig. 6g) and Kizilia kremersi (Fig. 61), a Lazarus taxon
(Denayer et al. 2015). The RC1f3 subzone corresponds to
the entrance of Conilophyllum streeli (Fig. 6k),
Siphonophyllia hastariensis (Fig. 61) and Eostrotion sp.
(Fig. 6j) in the lower member of the Hastiere Fm. The appear-
ance of Uralinia lobata (Fig. 6n) and Saleelasma delepinei
(Fig. 6m) defines the base of the subzone RCly in the Pont
d’Arcole Fm. The tabulate corals include syringoporids,
cleistoporids (Yavorskia) and the enigmatic Groessensia (=
Verolites?) ambigua (Fig. 60) recorded from the upper mem-
ber of the Hastiére Fm (Tourneur et al. 1989). The Hastarian
was a period of recovery for the corals with a low diversity.
The coral taxa share characteristics of so-called post-disaster
faunas (Denayer and Webb 2017). Their origin is rarely re-
corded with the exception of Kizilia and Conilophyllum,
which are known in the Famennian of Omolon (Poty 1999),
the later possibly evolved from Hebukophyllum known from
the Strunian—Hastarian deep-water deposits in
western Germany (Weyer 2000; Fig. 6h). Furthermore, they
apparently disappeared with no obvious descendants (or as
Lazarus taxa such as Kizilia re-appearing in the Viséan).
Their morphology is rather simple but with high morpholog-
ical plasticity. Hence, this ability witnesses their ability to
colonise wide areas (and typically, several empty niches) after
the faunal extinction associated with the DCB (Poty 2010).

Stromatoporoids

Strunian stromatoporoids are regarded as a Lazarus group re-
appearing late in the Famennian after their complete disappear-
ance during the late Frasnian Kellwasser extinction Event (Stearn
et al. 1987; Herbig and Weber 1996). Most of them are repre-
sentatives of genera already present in the Givetian—Frasnian
strata (Mistiaen and Weyer 1999). The Etrceungt (ASA) and
Dolhain (VASA) formations are both characterised by the devel-
opment of stromatoporoid-rich facies, including biostromes alter-
nating with siliciclastic units. In the CSA and DSA, no real
biostrome developed, but stromatoporoids are not uncommon
(Conil and Vandenven 1972). The horizons, named ‘premier
biostrome’ and ‘second biostrome’ by Conil (1961) and subse-
quent workers, are not genuine reefs as the stromatoporoids are
scattered and often broken and/or not in living position (Poty
2007). The last ‘biostrome principal’ is locally a reefal construc-
tion. In the CSA, the genera Actinostroma, Atelodictyon,
Amphipora, Clathrodictyon and Stromatoporella were reported
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by Conil (1961) and Mistiaen and Weyer (1999). In the Aachen
area (VASA), the biostromes are dominantly built by
Clathrodictyon spp. and Actinostroma spp. (Weber 1999).
Other components are Amphipora, Anostylostroma,
Atelodictyon, Clathrostroma, Hammatostroma,
Pseudostromatoporella and Stromatoporella (Conil 1961;
Fliigel and Fligel-Kahler 1975; Mistiaen and Weyer 1999;
Weber 1999). A few specimens of the labechiid genus
Stylostroma were reported from the Aachen area by Weber and
Mistiaen (2001), witnessing of the Eastern European influence
on this zone.

In the ASA, Le Maitre (1933), Mistiaen (1997), Mistiaen
et al. (1998) and Mistiaen and Weyer (1999) reported several
species attributed to the genera Actinostroma, Amphipora,
Clathrodictyon, Stromatopora and Stromatoporella. In the
Godin quarry section (Avesnes-sur-Helpe), the last
stromatoporoids occur in the youngest limestone bed of the
Etrceungt Fm, 15 cm below the HSS equivalent. They became
thus extinct immediately before the event or during its early
phase. Up to now, no stromatoporoid reworked in, or that
lived during the deposition of the HSS beds has been
recorded.

Bryozoans

Bryozoans are very common in the Strunian and in Hastarian
beds, but they attracted very few attention. Belgian and
German occurrences in the Strunian were described by Ernst
and Herbig (2010) and Tolokonnikova et al. (2015), whereas
Emnst et al. (2017) reported some long-ranging genera in the
basal Tournaisian.

Brachiopods

The uppermost Famennian is characterised by radiations
among several brachiopod orders, notably within the
productides, the rhynchonellides, the spiriferides and the
spiriferinides, which developed morphological features
heralding the Carboniferous brachiopod faunas (Conil
et al. 1986; Simakov 1990). These are very useful for
correlations in neritic environments near the DCB, in con-
junction with foraminifers and rugose corals (Mottequin
et al. 2014).

According to Conil et al. (1986), at least three brachiopod
species can be considered as good guides for the Strunian in the
Belgian part of the NDB, namely the rthynchonellide Araratella
moresnetensis (Fig. 7a—d), and the spiriferides Prospira
struniana (Fig. 7e—1) and Sphenospira julii (Fig. 7j-1); the au-
thors also mentioned a fourth species, namely the productidine
Whidbornella caperata, but the specimens identified as such
need to be revised (Legrand-Blain 1995). According to
Sartenaer and Plodowski (1975), A. moresnetensis is occurring
in the NDB, from the base of the Strunian (DFZ7) onwards (see
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Fig. 7 Selected typical guide taxa (a—1) across the Devonian—
Carboniferous boundary among brachiopods (rhynchonellide,
spiriferides, productidine) (partly modified from Mottequin and Brice
2016) and Ivorian strophomenide (p—t) (Mottequin and Simon 2017).
a—d Araratella moresnetensis, PA.ULg 3501/2, almost complete speci-
men in ventral, dorsal, lateral and posterior views, Comblain-au-Pont
Formation, Chanxhe (Belgium). e-i Prospira struniana, MGL 1591 (lec-
totype; Musée d’Histoire naturelle de Lille), slightly flattened articulated
specimen in ventral, dorsal, lateral, posterior and anterior views, Etrceungt

also Mottequin 2019). Although the first occurrences of
P. struniana and S. julii need to be precisely located within the
Belgian Strunian, the last occurrence of these three guide species
is recorded within the first metre of the Hastiére Fm (Conil et al.
1986). The material reported from the base of the Hastiére Fm
by these authors most probably includes reworked specimens, as
it is the case for some rugose corals (see further under discus-
sion) and others that genuinely lived on the reworked substrate.
Whereas P. struniana and S. julii are abundant in the Etrceungt
Fm in the ASA (Mottequin and Brice 2016), the absence of

Formation, Etrceungt (France). j-1 Sphenospira julii, MGL 1579 (lecto-
type; Musée d’Histoire naturelle de Lille), ventral valve in plan, lateral
and anterior views, Etrceungt Formation, Flaumont (France). m—o
Spinocarinifera nigra, MGL 1538 (lectotype; Musée d’Histoire naturelle
de Lille), almost complete ventral valve in plan, lateral and posterior
views, Avesnelles Formation, Avesnelles (France). p—t Leptagonia
franca, RBINS a5895 (Institut royal des Sciences naturelles de
Belgique), complete articulated specimen in ventral, dorsal, lateral, pos-
terior and anterior views, Tournai Formation, Tournai

A. moresnetensis in this area is noteworthy (Sartenaer and
Plodowski 1975), although some poorly preserved specimens
assigned to Araratella were reported by Brice (in Milhau et al.
1997) and Mottequin and Brice (2016). Note that Legrand-
Blain’s (1995) report of S. julii within the Avesnelles Fm re-
mains dubious in the absence of illustration. The productidine
Spinocarinifera nigra (Fig. 7m—o) is reported in great abun-
dance in the Avesnelles Fm (Legrand-Blain 1991), but this spe-
cies has never been recognised so far in the basal member of the
Hastiére Fm in Belgium. The distribution of S. nigra was
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obviously facies-controlled; thus, its assumed preference for
calm muddy environments may explain its absence from the
base of the Hastiére Fm, which is characterised by more turbu-
lent environmental conditions. As stated by Legrand-Blain
(1991), the ‘Productus niger’ listed by Demanet (1958) and
the ‘Nigeroplica nigra’ reported by Conil et al. (1986) in several
Belgian localities of the NDB do not belong to this species but to
other unspecified productidines. Besides the three guide species
cited above, the Strunian brachiopod fauna of the NDB includes
productides (chonetidines, productidines), orthotetides, orthides,
rhynchonellides and spire-bearers (athyridides, spiriferides,
spiriferinides) (e.g. Legrand-Blain 1991, 1995; Brice et al.
2013; Mottequin and Brice 2016) that are partly recognised in
the Velbert Anticline (Rhenish Mts, Germany) (Pacckelmann
1931; Paul 1937, 1939; Legrand-Blain 1995). Furthermore,
the NDB brachiopod diversity is lower than that reported in
other contemporaneous shallow-water environments (e.g.
Afghanistan (Mottequin and Brice 2019) and South China
(Sun and Balinski 2011)). In the Holy Cross Mountains
(Poland), Halamski and Balinski (2009) described Strunian bra-
chiopod assemblages comprising species known from the NDB
(e.g. S. julii) and others that are characteristic from deep-water
settings (e.g. Rozmanaria equitans). In Thuringia (Germany),
Strunian brachiopod faunas evolving in deep-water environ-
ments (cephalopod limestones, entomozoid ostracod shales)
are markedly different from those recognised in the NDB.
They are poorly diversified and clearly dominated by smooth
to poorly ornamented rhynchonellides (rozmanariids) that be-
came extinct during the Hangenberg Crisis (Mottequin et al.
2019).

The dysoxic shaly facies recognised below the DCB within
the Comblain-au-Pont Fm (identified as equivalent to the
HBS) yielded some lingulides associated to bivalves, but they
need to be investigated further.

Brachiopod assemblages from the basal Hastarian in south-
emn Belgium are still poorly known, and they seem to be less
diverse, according to Demanet’s (1958) lists of species, which
were partly revised and completed by Conil et al. (1986) and
Legrand-Blain (1991, 1995). Orders recognised in the
Strunian are still present at the base of the Hastarian
(Mottequin et al. 2014), but as reported by Mottequin and
Simon (2017), one of the striking features of the Hastarian
and Ivorian brachiopod assemblage of the NDB is the re-
appearance of Leptaeninae (Rafinesquinidae) belonging to
the genus Leptagonia (Fig. 7p—t) after their absence during
almost, if not, all of the Late Devonian in this area (see these
authors for a detailed discussion); these brachiopods prolifer-
ated in some Tournaisian argillaceous and carbonate environ-
ments post-dating the Hangenberg Crisis. Leptaeninae were
reported in the uppermost Famennian of the ASA by Dehée
(1929) and Brice et al. (2013), and in the DSA and CSA by
Demanet (1958), but these occurrences have been challenged
by Mottequin and Brice (2016).
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Molluscs

Strunian and Hastarian cephalopods were seldomly reported,
mostly in faunal lists. A single occurrence of the goniatite
Striatoclymenia euryomphala (synonym to Postclymenia
evoluta according to Korn and Klug (2002)) was reported by
Demanet (1958) from the Hastiére section, but Demanet’s
specimens stored at the Royal Belgian Institute of Natural
Sciences in Brussels correspond to poorly preserved gastro-
pods. In the ASA, Delépine (1929) illustrated one specimen
referred to as Cymaclymenia camerata from the ‘Etrceungt
Zone’ and later identified as P. evoluta by Delépine (1940).
Goniatites are very rare in the Belgian Strunian, but some
fragments have been noticed in the Royseux section c. 1.5 m
below the HSS equivalent.

Orthoconic nautiloids and actinoceratoids are rare as well,
except in the HSS equivalent in most sections, and some dis-
play respectable sizes.

Similarly, rostroconchids and gastropods are only known
from the name lists in Dehée (1929) and Demanet (1958),
with the exception of recent reviews by Amler (2016) of the
rostroconchids from the Velbert Anticline and by Amler and
Heidelberger (2003) of the gastropods of the Pilton Beds (UK)
and equivalent strata.

Bivalves are quite diverse and locally abundant within pelagic
facies of the Strunian and Hastarian, where their stratigraphical
value was demonstrated by Amler (1992, 2004, 2014). However,
in shallower facies such as those developed in the NDB, besides
the faunal lists of Dehée (1929) and Demanet (1958), only few
recent data are available. Amler (1992) documented the distribu-
tion of several taxa among the Palacotaxodonta, Pteriacea,
Pterinopectinidae, Aviculopectinidae, Heteroconchia, Isofili-
branchia and Anomalodesmata (the last three being more diverse
in shallow facies) from siliciclastic facies of the Velbert
Anticline. In the Spontin and Chansin sections (CSA), gastro-
pods and bivalves (Eupteriomorphia with a dominance of the
genus Pernopecten, M. Amler, written com., January 2019) are
typically abundant and diverse in the HSS equivalent beds.

Fig. 8 a—g Selected facies across the DCB in the proximal areas. a P>
Laminated micaceous sandstone passing upwards to coarse badly
washed crinoidal rudstone (Royseux section bed 104, basal bed of the
Hastiére Fm equivalent to the HSS). b Coarse dolomitic grainstone with
syringoporid tabulate corals (Dolhain section, bed 46, lower part of the
dolomitised Hastiére Fm = Binsfeldhammer Mbr). ¢, e Cross-laminated
siltstone with sandstone layers and bioturbation (Stolberg II section, bed
35, basal bed of the Hastiére Fm equivalent to the HSS). d Floatstone to
rudstone with intraclasts and reworked elements (cf. gastropod shell with
filling different from the sedimentary matrix) (Royseux section, upper
part of bed 104, basal bed of the Hastiere Fm and equivalent to the
HSS). f Intensively bioturbated laminated siltstone—sandstone (Royseux
section, bed 104, basal bed of the Hastiére Fm equivalent to the HSS). g
Bioclastic floatstone to rudstone with large gastropod shells (Royseux
section, bed 103, top Comblain-au-Pont Fm)
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Fig. 9 a—e Field pictures of the investigated sections at the DCB. a
Chanxhe I section exposing the cyclic aspect of the lower part of the
Comblain-au-Pont Fm. b Upper part of the Chanxhe I section exposing
the two dark shale beds interpreted as an HBS equivalent (F, fault elimi-
nating the DCB). ¢ Royseux V section with close-up view of the basal bed
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of the Hasticre Fm interpreted as the HSS equivalent. d Martinrive section
exposing the c. 30-cm-thick beds of dark shale interpreted as the HBS
equivalent in the Comblain-au-Pont Fm. e Anseremme section showing
the top of the cyclic succession of the Comblain-au-Pont Fm, the basal
bed of the Hasti¢re Fm (bed 159) and the lower part of the Hastiere Fm
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Ostracods

Strunian ostracods were first described by Rome and Goreux
(1964) and by Becker and Bless (1974) from the Anseremme
section and by Lethiers (1974a, b, 1975) in the ASA, whereas
Bless (1983, 1993) and Coen (1995) reported ostracods from the
Hastiere Fm. Recently, Casier et al. (2004, 2005) revised the
systematics and distributions of ostracods in the Anseremme
and Chanxhe sections. The Strunian and Hastarian assemblages
are dominantly composed of genera belonging to the Podocopina,
Paraparchiticopina, Platycopina, Palacocopine and Eridostraca in
various proportions, the latter two being restricted to the Strunian
strata. In the ASA, a similar distribution is documented (Casier
and Préat 2003) with notable rarefication of the ostracods in the
lower and uppermost beds of the Avesnelles Fm. The
eridostracean ostracod Cryptophyllus locally disappears at the ba-
se of the Hastiere and Avesnelles Fm, together with the other
typically Strunian fauna, but does not become extinct as scarce
occurrences are known from the Hastarian in this section (Conil
and Lys 1970; Casier and Préat 2003). Moreover, the group re-
appears in the Viséan of Gondwana (Bless and Groos-Uffernorde
1984). Pseudoleperditia gr. venulosa (= ‘Bernix’ venulosa) was
considered to be restricted to the lower part of the Hastiére Fm by
Bless et al. (1993), but its occurrence in the Comblain-au-Pont Fm
in Chanxhe (Casier et al. 2004) indicates that the species is not
diagnostic.

Trilobites

Trilobites are abundant in some levels of the Strunian
Comblain-au-Pont and Etrceungt formations. Since the classi-
cal works by Richter and Richter (1933) and Struve (1976),
the Strunian trilobites of Belgium were almost not studied and
are only cited in more recent works (e.g. Brauckmann and
Hahn 1984; Weber 2000). The most common trilobites are
species of the Omegops accipitrinus group (Brauckmann
et al. 1992), whereas other taxa have virtually not been stud-
ied. Omegops accipitrinus and Omegops maretiolensis are
particularly abundant in HSS equivalent beds (e.g. Spontin,
Chansin and Royseux sections): these are indeed the youngest
known phacopids that disappeared at the end of the HSS
Event. Although much rarer, the Hastarian trilobites are better
documented. Very rare specimens of Moschoglossis rhiannon
and Piltonia (Piltonia) balor were reported from the Hastiére
Fm, and a single cranidium of Archegonus (Phillibole) artaios
was reported from the Avesnelles Fm by Hahn and Hahn
(1988). A fourth species, recently collected in the lower mem-
ber of the Hastiére Fm in the Spontin section, was provision-
ally identified as Liobolina sp. (R. Feist, written com.,
September 2018).

Vertebrates

The DCB corresponds to a significant faunal overturn for the
vertebrates, with the extinction of placoderms and allied
groups and the subsequent radiation of osteichthyans and
chondrichthyans during the early Carboniferous (Janvier
1996). Although vertebrate remains are not uncommon in
the Strunian of southern Belgium, they only have attracted
minor attention. Bothriolepis and Phyllolepsis, though very
rare, were reported from the Strunian (Fourmarier 1899;
Leli¢vre and Goujet 1986). Derycke-Khatir (2005) described
the microremains from residues after dissolution of carbonates
for conodont extraction. However, she sampled only one ho-
rizon in the upper Famennian (Ciney Fm, distal equivalent of
the Evieux Fm) and another one in the upper Tournaisian
(Waulsort Fm). Hence, a fine-scale analysis of the extinction,
survival and recovery of the vertebrate fauna is not possible.
Macroremains (mainly chondrichthyans) are known from the
Strunian and Hastarian, but they have not been analysed yet.

Description of the local lithostratigraphical successions

Rather than describing all sections individually as it was done
previously in the literature, we present here key sections
documenting the lithological succession for each of the known
depositional settings.

Proximal settings: the Feluy section (HSA)

Sections situated on or very close to the London-Brabant
Massif (e.g. Feluy, Mévergnies, Menen borehole in the
HAS, Huccorgne in the NSA; Streel 1977; Higgs et al.
1992; Loboziak et al. 1994; Fig. 1) display successions with
a very incomplete Famennian (almost entirely lacking in
Huccorgne) and lower Tournaisian deposits with proximal

Fig. 10 a-h Field pictures of the investigated sections at the DCB. a Dark P>
shale horizon (bed 9) in the upper part of the Comblain-au-Pont Fm in the
Spontin section, interpreted as equivalent to the HBS. b Interval with
reworked material in the basal part of the Hastiere Fm in the Spontin
section, interpreted as the HSS equivalent. ¢ The same interval in the
Chansin section. d Closer view of the base of the Hastiere Fm displaying
basal erosion associated with the reworking of the HSS equivalent (ar-
rows). e Boundary between the Etrceungt Fm (Strunian, below) and the
Avesnelles Fm (above) with its basal bed recording the reworking asso-
ciated with the HSS Event, Godin quarry. f The same section exposing
the third-order sequence boundary (dotted line) between the top of the
Avesnelles Fm (= middle member of the Hastiere Fm, top of sequence 1)
and the base of the upper member of the Hastiére Fm (base of sequence
2), Godin quarry. g Boundary between the Comblain-au-Pont Fm (right)
and the Hastiére Fm (left), Chanxhe III section. h Third-order sequence
boundary (dotted line) between the middle and upper members of the
Hastiére Fm, Chanxhe I section
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Fig. 11 a—g Selected microfacies across the DCB. a Crinoidal-peloidal
grainstone, typical of the middle member of the Hastiere Fm (bed 54),
Spontin section. b bioclastic—peloidal grainstone, lower part of the lower
member of the Hastiére Fm (bed 28A, immediately above the DCB),
Spontin section. ¢ Reworked ichnoclasts in a bioclastic rudstone at the
base of the Hastiére basal bed interpreted as the HSS equivalent (bed
107), Chansin section. d Uppermost silty shale bed of the Comblain-au-

Pont Fm (bed 22), Spontin section. e Stylolithic boundary between the
bioclastic—peloidal grainstone of bed 115 (top HSS equivalent) and the
oolitic grainstone of bed 116 (base of Carboniferous, Hastiere Fm),
Chansin section. f Intraclasts and ichnoclasts in bioclastic rudstone in
the basal Hastiére Fm interpreted as equivalent to HSS (bed 110),
Chansin section. g Dark laminated (below) and bioturbated (top) shale
equivalent to HBS (bed 9), Spontin section
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<« Fig. 12 a—f Selected microfacies across the DCB. a Boundary between
the topmost silty shale horizon of the Strunian Comblain-au-Pont Fm
(bed 158) and the bioclastic grainstone—rudstone with intraclasts in the
basal bed of the Hastiere Fm (bed 159A), Anseremme section. b
Bioclastic—peloidal grainstone-rudstone with intraclasts, large crinoid
columnals and Campophyllum rugose corals in the basal bed of the
Hastiére Fm (bed 159A), Anseremme section. ¢ Stylolithic boundary
between the bioclastic—peloidal grainstone of bed 159A (top of the HSS
equivalent) and the oolitic grainstone of bed 159B (base of
Carboniferous, Hastiere Fm), Anseremme section. d Bioclastic—peloidal
grainstone with reworked coral with mud-coated margin (compare with b
where margin is clear) and holocephalian dental plates (arrows), basal bed
of the Hastiére Fm interpreted as equivalent to HSS (bed 159A),
Anseremme section. e Typical bioclastic grainstone with tabulate corals
and stromatoporoid coverstone in the Strunian Dolhain Fm (bed 17),
Dolhain I section. f Reworked ichnoclasts in bioclastic—peloidal
grainstone, basal bed of the Hastiére Fm interpreted as equivalent to
HSS (bed 53), Chanxhe II section

siliciclastic facies (the so-called ‘basal clastic complex’ of
Higgs et al. 1992), where the Hangenberg Event is usually
not recorded (Poty 2016) or incorrectly reported (Bouckaert
and Conil 1970). These sections have not been investigated
recently. In the central NSA (e.g. in Engis), the middle mem-
ber of the Hastiére Fm rests directly on the Famennian sand-
stones, the Strunian and the lower part of the Hastarian de-
posits being entirely lacking because the Strunian transgres-
sion did not reach this area (Hance et al. 2001).

Proximal settings: the Stolberg and Dolhain sections (VASA)

The German locality of Stolberg in the Aachen vicinity belongs
to the Vesdre—Aachen sedimentation area (Fig. 1) and displays
very proximal facies. In Stolberg, the Strunian Dolhain Fm is
composed of stromatoporoid—coral biostromes embedded in a
locally dolomitised carbonate shaly matrix relatively rich in
macrofauna (Fig. 8b). The top is capped by a 2-m-thick bed
of bioturbated sandstone and siltstone that probably represents
a time-equivalent deposit of the HSS Event (Fig. 8c, e). The
subsequent Hastarian is intensively dolomitised and has been
assigned to the local Binsfeldhammer Mbr of the Hastiére Fm
(Amler and Herbig 2006). In the Binsfeldhammer section, c.
600 m NE of the Stolberg section, the sandstone bed is missing
(Becker and Weber 2016), suggesting that the siliciclastics
filled palacotopographic lows.

In the Dolhain section (‘Dolhain—-Limbourg’ in Conil
1964), the Strunian succession is analogous to the
stromatoporoid biostromes that are characteristic of the
VASA. It is c. 50 m thick and starts with a 10-m-thick series
of mainly shaly beds with calcareous siltstone interbeds. A
first horizon with corals and stromatoporoids (c. 4 m) is rela-
tively sandy and shaly in its middle part. It then passes to an
alternation of bioclastic calcareous shale and coarse crinoidal
limestone capped by a c. 1-m-thick parabiostrome composed
of small lamellar stromatoporoids. Conil’s (1964) ‘biostrome

principal’ is a 4.2-m-thick biostrome composed of large len-
ticular lamellar stromatoporoids in a sandy and argillaceous
matrix produced by stylolitic joints. Corals, crinoids and for-
aminifers are abundant in this unit. It is overlain by 7 m of
bioclastic limestone beds with few corals and stromatoporoids
alternating with siliciclastic interbeds. The overlying unit is a
massive crinoidal limestone, often dolomitised, with poor mi-
crofauna and macrofauna that already represents the Hastiére
Fm. The top of the Strunian is positioned at the top of bed no.
43 that yielded the last quasiendothyrids. No sedimentary ev-
idence of the HSS Event is recorded here. The upper massive
limestone could represent the middle member of the Hastiere
Fm as known from other localities such as the Chaudfontaine
(see Conil 1964) and Stolberg (‘lower dolomite’ of Kasig
1980) sections but without biostratigraphic evidence (Poty
2016).

Proximal settings: the Royseux section (CSA)

The Royseux station section (= ‘Huy 15’ in Conil 1964 and
Austin et al. 1970), located in the Hoyoux River valley, cor-
responds to a disused railway cutting exposing almost contin-
uously the upper Famennian—Yvorian succession. This sec-
tion displays the most proximal facies in the Dinant
Synclinorium, as it is located along its northern limb. The
Comblain-au-Pont Fm (c. 15 m thick) displays an alternation
of shale—siltstone, occasionally enclosing crinoidal grainstone
to rudstone that are commonly sandy, in 25- to 40-cm-thick
beds (Fig. 8a). Both the shale and limestone contain
centimetre-thick horizons of coarse coquina (crinoids and bra-
chiopods) interpreted as tempestites.

The DCB interval is an 85-cm-thick accumulation of cal-
careous siltstone lenses, sandy and silty at the base, interrupted
by thin irregular shaly layers. The boundary with the overly-
ing shale bed is wavy but not erosive, and there is no evidence
for any sedimentation break (Denayer et al. 2015).
Centimetric lithoclasts occur in the lower half, together with
coarse coquinas (brachiopod Sphenospira julii, gastropods
and phacopid trilobites) (Fig. 8d, g). Although similar in facies
from the base to the top, this bed seems to have recorded
several siliciclastic influxes and/or several hydrodynamic
phases developed as several fining-upwards sequences, com-
monly displaying hummocky cross-stratifications and perva-
sive bioturbations (Fig. 8f). This level (beds 104 and 105,
Fig. 9c) has been interpreted as resulting from the HSS
Event (Mottequin and Poty 2014; Denayer et al. 2015; Poty
2016). This first bed forms the base of the Hastiére Fm.

The rest of the Hastiére Fm (above bed 105) consists of
crinoidal grainstone to packstone rich in large crinoidal stems
and brachiopod shells, interrupted by millimetre-thick argilla-
ceous layers producing undulating beds. There is no trace of
any discontinuity with the previous bed. It grades upwards
into a nodular bed of argillaceous crinoidal packstone with
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Fig. 13 a—f Selected microfacies across the DCB in the Godin section. a
Sequence boundary between the crinoidal grainstone of top of the
Avesnelles Fm (= middle member of the Hastiére Fm, bed 34B) and the
upper member of the Hastiére Fm (bed 35). b Peloidal and bioclastic
grainstone with pendular cement below brachiopod shells in the upper
part of the Avesnelles Fm (= middle Mbr of the Hastiére Fm, bed 30). ¢

@ Springer

Typical peloidal grainstone with mud-coated grains and oblique stratifi-
cations, upper part of the Avesnelles Fm (bed 26). d, e Boundary between
the topmost shaly horizon of the Strunian Etrceungt Fm (bed 11) and the
crinoidal grainstone with intraclasts in the basal bed of the Avesnelles Fm
(bed 12A). f Typical biostromal stromatoporoid coverstone with argilla-
ceous matrix in the Etrceungt Fm (bed 8)
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numerous Kizilia kremersi and Conilophyllum priscum (beds
106 to 108). The clay content increases upwards. Above this
level, the lower member of the Hastiere Fm displays the typ-
ical cyclic alternation of calcareous shale with bioclastic layers
and crinoidal packstone to grainstone with brachiopods and
bryozoans. The fauna, however, is poorly diverse.

Inner shelf: the Martinrive and Chanxhe sections (CSA)

In the Ourthe valley (eastern CSA, Fig. 1), numerous sections
expose the DCB transitional beds, many of which have been
previously described (e.g. Conil 1964, 1968; Bouckaert et al.
1970; Bless et al. 1974; Thorez and Dreesen 1986). The re-
nowned Chanxhe section (Chanxhe I, Fig. 9a, b) exposes the
transition from littoral siliciclastic deposits of the upper
Famennian Evieux Fm to mixed littoral-marine sediments of
the Strunian Comblain-au-Pont Fm. However, the uppermost
3 m of the latter formation and the basal 2 m of the Hastiére
Fm do not crop out because of fault activity. The middle and
upper members of the Hastiére Fm are also well exposed. A
second, so far, unpublished section (Chanxhe III, Fig. 10g),
situated 400 m east of the classical one and located within the
same syncline, allows the observation of the DCB, as this
section is not affected by faults. The Chanxhe II and Rivage
sections are badly accessible, whereas the Pont-de-Scay sec-
tion seems to be affected by a fault near the DCB as well. The
Martinrive road section exposes the top of the Comblain-au-
Pont and Hastiere formations.

The Comblain-au-Pont Fm as exposed in Chanxhe I is
typically made of an alternation of 30-50-cm-thick crinoidal
and bioclastic grainstone—packstone beds with rather abun-
dant macrofauna (brachiopod, corals) and decimetre-thick
beds of shale and siltstone, usually calcareous, also rich in
fossils commonly forming coquina beds. Quartz grains are
common, even in grainstone facies, witnessing a continuous
detrital influence (Thorez and Dreesen 1986). Upsection, the
cyclic alternations become more and more calcareous as a
result of the increasing carbonate content of the shale and of
the increasing thickness of the limestone beds. However, this
overall increase is interrupted by a 3-m-thick shale unit inter-
bedded with thin argillaceous limestone (Fig. 9b, d). The shale
is dark—not black—and several horizons are rich in small flat
bivalves probably indicating dysoxic conditions. This partic-
ular facies most likely corresponds to the HBS Event. The
overlying beds are composed of crinoidal-peloidal grainstone
including a still diverse fauna (foraminifers, brachiopods, os-
tracods, fragments of corals and stromatoporoids, etc.), show-
ing that carbonate facies rich in benthic fauna continued to
develop after the dysoxic episode. As a general tendency,
the carbonate—shale cycles become increasingly calcareous
up to the top of the Comblain-au-Pont Fm, where the last
10-cm-thick, slightly argillaceous limestone intercalation is
overlain by a massive c. 1-m-thick bed of crinoidal grainstone

containing quartz grains and intraclasts (bed 37 in Chanxhe III
section, Fig. 3). Compared to other sections, the clasts are
small (rarely exceeding 2 cm) and their margins are often
affected by stylolites. Detrital quartz grains are abundant.
They are witnesses of the HSS Event. As in other sections,
the clast-bearing bed also contains Devonian faunal elements
such as quasiendothyrid foraminifers that are contemporary of
the reworking.

After this first bed assigned to the Hastiére Fm, the
limestone facies remains the same (crinoidal-peloidal
grainstone with bioclasts) but without any traces of
reworking and without Devonian fauna elements. The
rest of this lithostratigraphic unit is post-dating the
HSS Event.

The lower member of the Hastiére Fm comprises thick
beds of crinoidal grainstone with stylolitic imprints and very
few argillaceous intervals, so that the climatic cyclicity is less
obvious. The middle member is a massive 7-m-thick unit of
the same grainstone with pendulous cement; it is capped by an
erosive surface interpreted as a third-order sequence boundary
(Fig. 10h). The upper member corresponds to a stylonodular
limestone starting slightly argillaceous at its base, then passing
upsection to thicker beds of peloidal and crinoidal packstone
to grainstone with conspicuous 50-80-cm-thick cyclic alter-
nations (Fig. 3).

Mid-shelf: the Spontin and Chansin sections (southern CSA)

The Strunian Comblain-au-Pont Fm and (mostly) Tournaisian
Hastiére Fm are well exposed in these two sections, on each side
of an anticline and located about 2 km from each other (Fig. 1).
Both units present the classical cyclic pattern of orbitally forced
climatic cycles, except at the Devonian—Carboniferous transition,
where they are not expressed. In the Comblain-au-Pont Fm, the
cycles are 75-130-cm-thick and quite irregular. The carbonate
part is usually a bioturbated peloidal and bioclastic packstone—
grainstone grading upwards into wackestone, with various
amounts of quartz grains. The poorly sorted skeletal elements
are dominantly crinoids, brachiopods, gastropods, bryozoans,
foraminifers, ostracods and trilobites. The carbonate episodes
display characteristics of tempestites (hummocky stratifications,
shelter structure of cement under shells). The siliciclastic part of
the cycles is commonly represented by bioclastic and bioturbated
siltstone or shale commonly with more calcareous lenses near the
base (Fig. 11d). Some of these levels are micaceous and yield
fragments of floated plants.

One c. 30-cm-thick horizon, 4 m below the base of the
Hastiere Fm, is composed of dark siltstone shales with a poor-
ly diverse fauna, including small bivalves that reflect dysoxic
conditions. It possibly corresponds to the local expression of
the HBS (Figs. 10a and 11g).

The DCB interval is a 4-m-thick unit, starting with a 120-
cm-thick atypical unit of bioturbated, very bioclastic

@ Springer



Palaeobio Palaeoenv

Anseremme

Spontin  Royseux Chanxhe

16

5 8

e 14 ?
So

S (6 m)

@1m)| | @m)

Fig. 14 Schematic representation of the c. 18.6-ky precession cycles in
the Devonian—Carboniferous transition in selected sections. The sequence
boundary capping sequence 1 of Hance et al. (2001) is taken as horizontal
level. Numbers in italic are numbers of counted cycles, and values be-
tween square brackets are thickness of each unit. Striped areas represent
non-cyclic deposits at the base of the Hastiére Fm with indication of their
relative thickness. Note that in the Chanxhe section, the upper c. 4 m of
the Comblain-au-Pont Fm is massive and displays no cyclicity; the actual
number of cycles could be higher than 31(—35?)

grainstone and rudstone with an uncommonly very abundant
fauna (crinoids, brachiopods, bivalves, gastropods, trilobites,
cephalopods, bryozoans and uncommon chondrichthyan den-
tal plates) and centimetre-sized limestone clasts of various
facies (Fig. 10b—d). The coarse layers consist of crinoidal
and bioclastic rudstone with centimetre-sized limestone clasts
either of similar facies (i.e. peloidal packstone to grainstone)
or of carbonate microfacies that are known only in the
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underlying beds (Fig. 11b, c, f). Geopetal structures within
the clasts and in the larger fossils point to different directions,
suggesting reworking during or just after cementation. The
repetition of clastic layers within the bioclastic matrix sug-
gests a repeated phenomenon. Five such layers are observed
in the Chansin section, and five (or six) are observed in the
Spontin section. Note that a 1.5-cm-thick lens of laminated
siltstone occurs in the fine-grained part of one of these layers.
It yielded a typically late Famennian spore assemblage and a
single Verrucosisporites nitidus spore (Fig. 4j). This produc-
tive horizon is the closest to the DCB ever analysed palyno-
logically in Belgium up to now (Fig. 3).

The fauna within this unit is particularly abundant and quite
diverse. The brachiopods are dominated by Sphenospira julii
(sometimes encrusted by auloporid tabulate corals) and
Araratella moresnetensis. Most of these are represented by
dissociated valves, but as is the case of the former species,
delicate structures such as the mucronate cardinal extremities
are still preserved, reflecting limited transport and disarticula-
tion. This unit also yielded numerous gastropods (euomphalids,
loxonemids), bivalves and phacopid trilobites and very rare
orthoconic cephalopods.

This particular facies is overlain by a 200-cm-thick unit
of cross-bedded oolitic grainstone, more or less bioclastic
and crinoidal at the base then rich in bahamites, mud-
coated grains and grapestones in the upper part. The tran-
sition with the overlying facies is stylolitic (Fig. 11e).
Nevertheless, some oolites are observed in some beds be-
low the oolitic bar, and thus, their occurrence suggests a
progressive change of facies.

The reworking of older rocks is restricted to these five
(six?) layers and suggests five pulses during the deposition
of the 1.2-m-thick HSS equivalent. The oolitic unit is tenta-
tively considered as representing the Stockum Limestone
equivalent. Above, the sedimentation returns to its cyclic pat-
tern with facies most similar to those known below the HSS
and SL equivalent, except that the fauna is very depleted with
almost only crinoids and brachiopods.

The Hastiére Fm displays thinner 25-80-cm-thick cycles,
starting with crinoid-bearing peloidal wackestone to packstone
passing to a more or less calcareous and sandy siltstone.
Nodules and lenses made of badly washed peloidal packstone
with crinoids, ostracods and brachiopods are common in the
siliciclastic parts. There are 13 such cycles in the lower member
of the Hastiére Fm. The middle member corresponds to a 250-
cm-thick unit of coarse bioclastic and crinoidal packstone to
grainstone with brachiopods, corals, foraminifers, peloids and
mud-coated grains (Fig. 11a). The upper member of the
Hastiere Fm is not exposed in the Spontin and Chansin sec-
tions, but a temporary exposure in the nearby Chansin quarry
(Poty et al. 2011) allows us to complete our observations. This
upper member appears as an irregular alternation of limestone
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and shale, quite similar to the lower member (Denayer et al.
2015).

Distal settings: the Anseremme and Gendron-Celles sections
(DSA)

Both sections are located in the southern part of the Dinant
Synclinorium, i.e. in the DSA (Fig. 1), along the Namur—
Bertrix railway, south of Dinant. The Anseremme section
serves as the neostratotypes of the Hastarian substage and thus
as the Belgian stratotype of the DCB (Hance and Poty 2006)
(Fig. 9¢). The Gendron-Celles section is the most distal one of
southern Belgium and records a relatively deeper environ-
ment. The Anseremme section displays similar facies. Both
sections are here described together (see also Bouckaert et al.
1974; Conil et al. 1977; Paproth et al. 1986; Van Steenwinkel
1988).

The Strunian is represented by the Comblain-au-Pont Fm,
which shows more argillaceous facies than the corresponding
stratotype of the formation in the Ourthe valley (eastern CSA),
although it was often described as the Etrceungt Fm (see de-
scription of Godin section). However, in the actual sections, it
appears as a regular alternation of 40—100-cm-thick beds of
bioturbated bioclastic and crinoidal limestone, usually fossilif-
erous (brachiopods, solitary rugose corals, ostracods). The cor-
al Campophyllum gosseleti is particularly abundant. The cyclic
alternations are very obvious in the Anseremme section, where
the boundary between shale and limestone is commonly
condensed by stylonodularisation. Van Steenwinkel (1984)
interpreted these alternations as periodites (sensu Einsele
1982) deposited under the wave base in a topographically uni-
form ramp. The base of the Hastiére Fm is defined by the
occurrence of the first massive limestone bed resting on the last
shaly interbed (Figs. 9¢ and 12a).

The DCB interval is present in the lower bed of the Hasticre
Fm as thoroughly described by Van Steenwinkel (1988,
1990). The lower 25 c¢cm of the bed (159A in Anseremme,
52A in Gendron-Celles, Fig. 3) records a hydrodynamic event
that was responsible for the reworking of the sediment.
Centimetric lithoclasts (and ichnoclasts?) are common,
displaying a facies similar to that of the host rock but slightly
darker: argillaceous packstone with clear margin, in a biotur-
bated crinoidal and bioclastic grainstone (Fig. 12a, b, d).
Microfauna and macrofauna are abundant within the
reworked material. Among the latter, some elements are clear-
ly reworked such as upside-down colonies of the tabulate
coral Syringopora and Campophyllum with perforations filled
with micritic matrix, suggesting a position on the sea floor for
a certain amount of time (Poty 2016). However, other fossils
show no obvious reworking such as corals and brachiopods
that are even not abraded. Chondrichthyan dental plates with a
limited pitting of the osteon (Fig. 12d) indicate a very limited
erosion, as does the fine ornamentation preserved on thin-

shelled ostracods (Casier et al. 2004). Hence, it is rather obvi-
ous that these last Devonian organisms lived within the
reworked material on the sea floor, most probably during the
reworking phase. This first unit is separated from the rest of
the bed by a stylolite of regional extension, as it is always
found at the same level of facies change in all sections of the
DSA (Van Steenwinkel 1990) (Fig. 12c). Contrary to this
author, who interpreted the clasts as a ‘relict deposit’
witnessing of a large-scale erosion followed by a transgres-
sion, the faunal and facies succession rather indicate a rapid
and short-term reworking, contemporary with the deposition.
However, there is no evidence of a reworking of older deposits
(lower in the Strunian) nor a mix of Devonian and Tournaisian
faunas.

The upper part of the lower bed of the Hastiére Fm is a
monotonous bioturbated oolitic grainstone with mud-coated
grains, lumps, grapestones and irregular often flattened ooids.
This facies witnesses the development of an oolitic bar in the
shelf (probably close to Spontin, where it reaches its maximal
thickness) during the transgressive pulse following the HSS
regression. As in other sections, a set of thinly bedded and
nodular beds of peloidal and crinoidal packstone with few
macrofaunal elements lays above the basal bed of the
Hastiére Fm. Next, it grades vertically into cyclic alternations
of crinoidal packstone and centimetre-thick shale beds, very
similar to the alternations known in the Strunian. The lime-
stone beds are still crinoidal and badly sorted, commonly
graded. Van Steenwinkel (1984) interpreted the latter lime-
stone beds as amalgamated tempestites. The middle member
of the Hastiére Fm is a massive metre-thick unit of crinoidal
grainstone showing a shallowing-upwards trend (Van
Steenwinkel 1984) and topped by an erosive surface
interpreted as the sequence boundary of the third-order se-
quence 1 of Hance et al. (2001).

Offshore high: the Godin section in Avesnes-sur-Helpe
(ASA)

During the Strunian, the southern Avesnois sedimentation ar-
ea was characterised by the deposition of the Etrceungt Fm
overlying the shaly Epinette Fm (Figs. 1 and 2). The Etrceungt
Fm varies laterally in composition from massive beds of
stromatoporoid coverstone with a bioclastic and argillaceous
matrix (e.g. Parcq quarry in Etrceungt and southern trench of
the Godin quarry in Avesnes-sur-Helpe, Fig. 13f) to an alter-
nation of smaller stromatoporoid beds and marly interbeds
with an abundant coral and brachiopod fauna (e.g. northern
trench of the Godin quarry and Saint-Hilaire section, Conil
and Lys 1980). The microfauna and macrofauna of these units
were abundantly described in nearby classical sections
(Avesnelles, Saint-Hilaire and Godin South; see e.g. Conil
and Lys 1970, 1980; Mistiaen 1997; Mistiaen et al. 2013;
Casier and Préat 2003; Mottequin and Brice 2016). The
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youngest shaly bed of the Etreceungt Fm is overlain by the first
1-m-thick limestone bed of the Avesnelles Fm ('Calcaire noir
d’Avesnelles"). The base of this formation is a lenticular bed 0—
25-cm-thick (bed 12A) of crinoidal and bioclastic rudstone
with small intraclasts (few centimetres in diameter), that is
slightly darker than the surrounding sediment (Fig. 13d, e).
The upper part of this lenticular bed is slightly finer and argil-
laceous, and locally, a reverse grading appears. The clasts are
only observed locally, and the clast-bearing facies passes lat-
erally to the above-described rudstone with no trace of
reworking. This lenticular morphology might point to the fill-
ing of channel or gullies (Fig. 10e). The following bed (12B)
is more regular in thickness and displays a microfacies very
similar to that known in the Hastiére Fm in other sections, i.e.
badly washed crinoidal grainstone or rudstone—floatstone. The
typical facies of the 'Calcaire noir d’Avesnelles’ appears in
bed 13, i.e. 2 m above the base of the formation, and corre-
sponds to a roughly bedded, finely bioclastic dark limestone
with coquinas. The microfacies varies from mudstone to
wackestone with small bioclasts, foraminifers and ostracods
(including Cryptophyllus in the lower 2 m) to bioclastic
packstone—grainstone with peloids and crinoids, in which
small accumulations of brachiopod shells probably represent
tempestites. The brachiopod Spinocarinifera nigra is locally
abundant in this facies. Six metres above the base of the
Avesnelles Fm (from bed 28 to 31), the limestone is still dark
but thicker-bedded and coarser. The dominant microfacies is a
bioclastic and peloidal packstone to grainstone with abundant
mud-coated grains, crinoids and brachiopod shells (Fig. 13c¢).
Pendent cement under the large bioclasts is very common
(Fig. 13b). A latter thick-bedded unit, often included in the
Avesnelles Fm (Conil et al. 1986), is seemingly the local fa-
cies of the middle member of the Hastiére Fm (Fig. 13a). A
very irregular surface caps this member and is overlain by
thinly bedded, stylonodular, badly washed, finely bioclastic
packstone—grainstone with small crinoids, ostracods and nu-
merous moravaminids (Conil and Lys 1970) (Fig. 10f). The
former irregular surface is interpreted as the sequence bound-
ary of Hance et al.’s (2001) sequence 1, and the overlying unit
represents the upper member of the Hastiére Fm.

The age of the Avesnelles Fm and its geometrical and strat-
igraphical relationships with the Hastiere Fm are discussed
below (“Biostratigraphic misconceptions and incorrect
correlations”™).

Cycles and correlation of the sections

As shown before, most of the Strunian and Hastarian deposits
display a strong cyclicity that was already recognised by Conil
(1964), who used some of these cycles for intrabasinal corre-
lation (e.g. Conil 1968).

@ Springer

In the Strunian Comblain-au-Pont Fm, such as exposed in
the Anseremme section (DSA), the typical cycles correspond
to limestone/shale alternations, in which the basal limestone
part is 30-60 cm thick and the shale varies from a few
centimetres up to 40 cm. The contact between the argillaceous
and carbonate facies is irregular, with a gradual transition from
one facies to the other, as already observed by Van
Steenwinkel (1988). In the lower part of the Comblain-au-
Pont Fm, where the limestone beds are replaced by nodular
and calcareous sandstone beds, the cycles are less clear cut. In
the Spontin and Royseux sections (CSA), the cycles show
similar lithologies but most of the limestone beds are
tempestites whereas the shale beds often include more proxi-
mal elements such as small plant fragments. In the Chanxhe
sections (CSA), the Comblain-au-Pont Fm displays very typ-
ical cycles in its lower part, but in the upper part, the dominant
lithology is a more massive, although bedded, limestone with
only thin and discontinuous shaly layers, making the identifi-
cation of cycles more difficult (see uncertainty regarding the
exact number of cycles in Fig. 14). In the Dolhain and
Stolberg sections (VASA), where the Strunian deposits of
the Dolhain Fm include stromatoporoid biostromes, the cycles
are not well developed and the upper part is dolomitised, ham-
pering their recognition. In the ASA, only a few individual
cycles are obvious but the monotony of some units renders the
cyclicity unrecognisable (see Fig. 3).

However, at the Devonian—Carboniferous transition, the
cyclicity is not developed/expressed in the HSS Event equiv-
alent deposits. The lower member of the Hastiére Fm (and
Avesnelles Fm in the ASA) is usually monotonous crinoidal
grainstone with few shaly intercalations. However, in the
Spontin and Royseux sections, good outcrops and weathering
conditions allow the recognition of 12(— 14?) and 10(— 127?)
cycles, respectively. The middle member of the Hastiére Fm is
a massive unit without any trace of cyclicity in any of the
sections (Fig. 14). The upper member displays 15 shale and
limestone alternations in the Anseremme section, 15 in the
Gendron-Celles section and 15 in a quarry close to the
Chansin section (Denayer et al. 2015).

Correlations between sections are possible by using indi-
vidual cycles, with some restrictions due to their difficult rec-
ognition in the field. It appears that sections located in proxi-
mal areas possibly recorded fewer cycles compared to the
distal ones during the transgressive phase. As summarised in
Fig. 14, the Comblain-au-Pont Fm contains 45(—48?) cycles
in Anseremme and 31(— 35?) in Chanxhe, but in the latter, the
upper c. 4 m that displays no cycles corresponds to the thick-
ness of 10 individual cycles. Similarly, the lower member of
the Hastiére Fm includes 28(—317?) cycles in Gendron-Celles,
28(—347) cycles in Anseremme, 23(—267?) in Spontin and
17(=23?) in Royseux. These differences might result from
the weakest individualisation of the cycles and/or from the
retrograding trend of the transgressive system tract as
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Fig. 15 Detailed stratigraphy and sedimentological events in the basal
bed of the Hastiére Fm interpreted as equivalent to the HSS in the
Chansin and Spontin sections. Here, at least five (possibly six) fining-
upwards horizons with intraclasts and contemporary rich and diverse

suggested earlier by Van Steenwinkel (1990) but probably did
not produce any stratigraphically detectable hiatus other than
slightly condensed FADs in proximal successions (see “Plant
macrofossils and microfossils”).

Discussion

Traditional views and misconceptions of the DCB in southern
Belgium

As explained above, the research concerning the DCB in
Belgium is a long-running (and still-running) process.
Following a historically purely lithostratigraphical definition

fauna are recorded (black triangles). In the Anseremme section, the
reworking event is represented as a 10—15-cm-thick horizon. In the
Royseux V section, the c. 1-m-thick basal bed of the Hasti¢re Fm record-
ed the reworking event as a sandy deposit with clasts

(‘Fa2d’/*Tnla’/*Tnlb’), international correlations led to the
erection of an increasing precise biostratigraphy based on rel-
atively abundant faunal and floral elements, notably foramin-
ifers and spores. Modern approaches started in the 1960s, and
numerous data have been accumulated since then. During the
last 70 years, ideas and concepts continuously evolved.
Meanwhile, new methods were applied (e.g. sequence stratig-
raphy, geochemical analysis), and at the same time, new ques-
tions arose, leading to several paradigm changes. Today,
many original data are not accessible anymore for various
reasons and the only sources of information are to be found
in the abundant literature consisting too often of summarised
views of hypothesis-driven interpretations. Since there were
only few revisions of the original data, the literature kept
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citing itself, progressing in some ideas, but also repeating and
transmitting obsolete views. As a result, recent publications
still contain many misconceptions that require new explana-
tions or interpretations. The present paper does not judge the
published interpretations but aims to integer old and new data
in a revised model in order to withdraw these misconceptions.

Depositional hiatus

The HBS is supposed to be missing in the NDB. This is true if
one expects a thick unit of black shales. Hence, this absence
was interpreted as a stratigraphic gap due to a sea level drop by
Van Steenwinkel (1990), relying on the non-recognition of
biozones (e.g. LN Palynozone, siphonodellid conodonts, see
“Biostratigraphic misconceptions and incorrect correlations’)
and consequently reported in the literature (Bless et al. 1993;
Casier et al. 2004; Kumpan et al. 2014; Becker et al. 2016).
Similarly, the non-development of black shale facies was re-
ported from neritic sections of Pomerania by Matyja et al.
(2015), where the LN (eco-) Palynozone was yet recognised.
In other settings without any sedimentary development of an-
oxic facies, the anoxic event is still detectable with the help of
geochemistry (Carmichael et al. 2016; Babek et al. 2016). The
presence of dark (not black) shale is long known from the
Belgian Strunian (Conil 1964) but only as decimetre- to
metre-thick (after compaction and diagenesis) intercalations
in the shaly beds of the Comblain-au-Pont Fm (e.g. two or
three beds in the Chanxhe and Martinrive sections, one in the
Spontin section; see descriptions of the sections, Fig. 9b, d).
Besides an unsupported assumption, there is no evidence
whatsoever for a hiatus and the most logical explanation
would be that the anoxic facies did not spread into the
shallow-water environments and remained confined to the
deeper-water areas, where true black shales developed.
Dysaerobic waters have occasionally reached the shelf, possi-
bly during transgressive pulses, corresponding to dark shale
horizons with impoverished marine faunas, such as dysoxic-
water pelecypods and lingulide brachiopods (Mottequin and
Poty 2014). In the NDB, carbonate facies rich in benthic fos-
sils continued to develop during the HBS interval. Where the
dark shale facies is not detected, geochemical proxies allow
tracing the anoxia, i.e. in the Gendron-Celles section, where it
occurs in bed 45 (Kumpan et al. 2019). No significant extinc-
tion is observed during this particular time interval span, nor
linked to the dark shale horizons, as the biotas recorded below
and above those horizons are identical.

Reworked fauna
In the basal bed of the Hastiére Fm, the fauna is typically
Devonian: quasiendothyrid foraminifers, campophyllid ru-

gose corals, sphenospirid brachiopods and phacopid trilobites.
These fossils were long considered as reworked by a
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transgressive pulse that followed the so-called hiatus between
the Comblain-au-Pont and Hastiére formations (Conil et al.
1986; Van Steenwinkel 1988) and strongly overestimated in
the subsequent literature (e.g. Casier et al. 2004; Kumpan et al.
2014; Becker et al. 2016; Kulagina et al. 2016). There are
indeed fossils that seem to have been reworked at the base
of the Hastiére Fm (25-cm-thick basal horizon in the classical
Anseremme section, not in the entire metre-thick basal bed!).
But besides them, most of the fossils show no evidence of
reworking, fragmentation, abrasion or microbial coating
(Fig. 12a, b, d). It is therefore suggested that the organisms
were contemporary with the reworking but not all reworked
themselves. As explained above, the reworked material is au-
tochthonous (intraclasts) and points to rapid reworking due to
short-living hydrodynamic event(s). A long-term subaerial ex-
posure with erosion, as suggested by some authors (e.g.
Sandberg et al. 2002; Casier et al. 2004), is not supported by
sedimentological or stratigraphical arguments. Geochemical
proxies show no switch of value nor change in trends across
this so-called unconformity (i.e. Azmy et al. 2009; Kumpan
etal. 2014), adding a final argument indicating that there is no
rupture in the sedimentological record as previously suggested
(Conil et al. 1991; Poty et al. 2006).

Biostratigraphic misconceptions and incorrect correlations

The revision of the palynostratigraphic succession of the
Strunian in the NDB by Prestianni et al. (2016) demonstrated
that the LN Palynozone, only characterised by the appearance
of the single-spore Verrucosisporites nitidus, is an ecozone
rather than a true biozone and that the LE Oppel Zone has to
be extended up to the DCB with a decrease of diversity as well
as a progressive disappearance of heavier spore genera such as
Lophozonotriletes, Tumulispora or Verrucosisporites. Both
observations can be explained by the disappearance of the
ecosystem inhabited by the plant producing V. nitidus and
the progressive marine character of the sediments towards
the end of the Devonian, both produced by the Strunian trans-
gression (Poty 2016). In consequence, the LN Palynozone,
seen as an ecozone, can no longer be used as a stratigraphic
biozone characterising the upper part of the Strunian due to the
rarity of the spore V. nitidus, even if locally recorded very high
in the Strunian. Furthermore, it can no longer be used as an
argument for suggesting a hiatus at this particular moment in
time.

As explained above, the foraminiferal zone DFZ8 was de-
fined in the ASA to cover a part of the Avesnelles Fm and was
never found outside this area in the NDB. Its guide taxon
(Tournayellina pseudobeata) serves as a marker for the
metre-thick Gumerov Horizon of Urals (Kulagina et al.
2016). Following Poty (2016), this zone is here re-assigned
to the early Hastarian as it is included between the HSS Event
and the upper member of the Hastiere Fm. Hence, the
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Avesnelles Fm is a lateral equivalent of the lower and middle
members of the Hastiere Fm. The conodonts found in the
Avesnelles Fm (Conil et al. 1986) are not useful as biostrati-
graphic markers, because they occur in both the Famennian
and the Tournaisian (Polygnathus inornatus, P. communis,
Pseudopolygnathus graulichi). Pelekysgnathus inclinatus
and Protognathodus kockeli were both first considered as
Devonian in age, when Conil et al. (1986) described the as-
semblage, but they are nowadays considered as post-HSS
Event. Only two conodont specimens tentatively assigned to
the species Siphonodella praesulcata might have a Devonian
affinity, but this particular species also occurs in the early
Tournaisian (e.g. Kaiser 2009). Moreover, it is now admitted
that the taxonomy of the siphonodellids is highly questionable
(Kaiser and Corradini 2011), so that their occurrence in the
Avesnelles Fm should be considered with some reserves. Poty
et al. (2006) stated that no rugose coral was known from the
Avesnelles Fm. However, some specimens of Conilophyllum
priscum were found since. These corals are indicative of the
lower Hastarian RC1x Zone of Poty et al. (2006).

Conil et al. (1986) proposed two hypotheses for the age of
the Avesnelles Fm: (1) a Tournaisian age based on foraminifers
with a few reworked Famennian conodonts and (2) a
Famennian age based on conodonts with the very early appear-
ance of the Tournaisian foraminifers. As explained above, these
conodonts are now considered as Tournaisian. Therefore, the
age of the 'Calcaire noir d’Avesnelles' is definitively lower
Hastarian, as suggested by the foraminifers, conodonts and
corals. At the base of the Avesnelles Fm, the presence of the
HSS Event, here consisting of a < 10-cm-thick horizon with
lithoclasts, would constrain the rest of the formation to a post-
Hangenberg age. However, the upper part of the formation
consists of a more massive peloidal grainstone (matching the
facies of the middle member of the Hastiére Fm) and is capped
by an emersion surface, interpreted as the sequence boundary of
the third-order sequence no. 1 of Hance et al. (2001) and by the
upper member of the Hastiére Fm (Conil et al. 1986). Hence,
the Avesnelles Fm is lithostratigraphically, biostratigraphically
and sequence-stratigraphically constrained as a lateral equiva-
lent of the lower and middle members of the Hastiére Fm, as
developed elsewhere in the NDB (Figs. 2 and 3). In conse-
quence, the DFZ8 zone should be regarded as the lateral equiv-
alent or part of the MFZ1 foraminiferal biozone of Poty et al.
(2006), and as explained above, the difference in facies is the
most persuasive explanation for the differences in fauna. The
foraminifer assemblage found in the oolitic lower beds of the
Hastiére Fm is also considered as a time-restricted ecozone (see
detailed argumentation in “Foraminifers”). Once again, zones
regarded as successive biozones should be considered rather as
ecobiozones, laterally present and time-equivalent to each other
at the scale of the biozone. The second consequence is the lack
of evidence for the presence of any hiatus either in the ASA or
in the rest of the basin.

Sedimentary identity of the events and correlation

The Strunian transgression, at the top of the Devonian, marks
the transgression of the first third-order sequence 1 of Hance
et al. (2001), and therefore, the first transgression of the
Carboniferous. The DCB falls within the transgressive system
tract of this first third-order eustatic sequence. Because of all
the aspects explained previously, the regressive event at the
DCB is out of sequence—i.e. not related to any third-order
eustatic fluctuation—and therefore does not correspond to a
third-order sequence boundary (Poty 2016) (Fig. 15).

Besides the HSS regressive event, the other events can be
explained by eustasy. The HBS, with its diachronous base
(Higgs and Streel 1984; Streel 1999; Kaiser et al. 2011), its
retrograding pattern and proximal thinning, seems to corre-
spond to the maximum flooding zone of the TST1. In the
NDB, the dysoxic facies occurs as dark horizons only within
shaly intervals ¢. 5 m below the DCB (i.e. Chanxhe,
Martinrive and Spontin). In more proximal and/or more agi-
tated settings, the water seems to have stayed well oxygenated
during this time interval and a rich benthic fauna continued to
develop, with no record of a major extinction. In deeper-water
facies, where most of the deposited sediments were anoxic,
the HBS facies developed during a longer period of time, with
a duration according to its relative position within the basin.
Therefore, it can be hardly considered an ‘event’! According
to Van Steenwinkel (1993), the HBS recorded the condensed
starved sedimentation corresponding to the maximum rate of
sea level rise, i.e. the maximum flooding interval. Conversely,
Babek et al. (2016), estimating a high rate of accumulation
during the HBS Event, concluded that the black shale in pe-
lagic settings would correspond to an increase in terrigenous
flux into the marine basin due to a regression pulse rather than
a transgressive one as traditionally accepted. Nonetheless,
Kumpan et al. (2019) supported this interpretation and con-
sidered that the HBS Event, bringing anoxic water onto
shelves, was typically transgressive. This latter view is much
more supported now by stratigraphical and sedimentological
evidence.

The fine-grained siliciclastics of the HS, traditionally seen
as regressive deposits following the transgressive black shale,
possibly corresponds to the background noise of sedimenta-
tion, where anoxic facies locally developed, producing the
HBS. Alternatively, the deposition of the HS could be the
effect of a reduced accommodation above the maximum
flooding zone with a sedimentary catch-up, a correlative de-
creasing bathymetry and therefore a false impression of regres-
sion during the TST (see also Babek et al.’s (2016) discussion,
suggesting also a possible confusion between HBS and HS). In
the proximal areas, this episode corresponds to the deposition of
the limestone unit between the HBS equivalent and that of the
HSS, e.g. in the Chanxhe section (Fig. 9). The better preserva-
tion of vegetal palaeodebris in these facies argues for a quicker
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deposition (Streel and Marshall 2006) in a sediment catching-
up phase. The upper part of the HS might have also recorded
the rapid and short-living sea level fall of the HSS Event, as the
shale locally replaces the sandstone, e.g. in Wocklum (Luppold
et al. 1994).

The HSS clearly corresponds to a sea level fall that is well
documented in many locations and settings (for a recent
review, see Becker et al. 2016). The regressive pulse
characterised by the deposition of the regressive unit is
biostratigraphically correlated with high-latitude glaciation
by Becker et al. (2016), who argued for a glacio-eustatic origin
of the HSS Event and who suggested a sea level amplitude of
c. 100 m. This sea level drop seems, however, quite high as it
would have exhumed the whole NDB. Although it is clear that
reworking of sediments has occurred, it is also clear that this
reworking was contemporary with new sedimentation and
with the development of a rich benthic fauna. The latter ob-
servations are not compatible with the occurrence of such a
huge sea level drop, even a very short one (tens of ky?). Streel
and Marshall (2006) interpreted the HSS as the peak of a
eustatic fall (their ‘event 17”) followed by rapid deglaciation.
The subsequent transgression is most probably recorded with-
in the oolitic unit above the DCB, in the lower member of the
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Hastiére Fm, but also in the Laupen Member (Velbert
Anticline, Herbig et al. 2013) and in the La Serre section
(Kaiser 2009) among other localities. Note that there is no
clear evidence of other glaciation before (in the Strunian) or
after (in the Tournaisian) in the NDB.

While the sea level continued to increase with a slower rate,
the facies became shallower and thus calcareous sediments
started to deposit again, with the deposition of e.g. the
Stockum Limestone in the Rhenish domain and that of the
Hangenberg Limestone and its nearshore equivalent, the
Hastiére Fm, interpreted as the HST of the sequence. The
erosive surface at the top of the middle member of the
Hastiére Fm corresponds to the sequence boundary, on top
of which the next transgression started with the deposition of
the upper member of the Hastiére Fm and its equivalent beds
in the Hangenberg Limestone. This second transgressive pulse
reached a maximum depth when the sedimentation was not
strong enough to catch-up the rising sea level. The resulting
deposits correspond to the Pont-d’ Arcole Fm reflecting deeper
facies. The latter formation is considered as a time-equivalent
deposit of the lower Alum Shale of the German successions,
but without the development of anoxic conditions (see Herbig
2016 and references therein).
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It has to be noted that both the HSS regressive event and the
sequence boundary at the top of sequence 1 are of global
extension, at least within the Palacotethys Ocean realm, dem-
onstrating their eustatic origin. On the contrary, local- to
regional-scale unconformities in the upper (uppermost)
Famennian of Northern and Southern America were apparent-
ly tectonically induced by various orogenies (Streel and
Marshall 2006 and references therein).

As a preliminary conclusion, the Devonian—Carboniferous
transition should be regarded as a period of global transgres-
sion (third-order sequence) starting in the Strunian and culmi-
nating within the Hastiére Fm. Most of the ‘events’ of the
Rhenish standard succession can be explained by sequence
stratigraphy, and they correlate rather well with the neritic
succession of Belgium. The Wocklum Limestone records
the onset of the TST. The HBS is typically the expression of
the starved sedimentation around the maximum flooding
zone. The Hangenberg Shale and equivalent recorded the
catch-up of the sedimentation when accommodation de-
creased before the end of the transgression, where it passed
to the Stockum Limestone. The HST is recorded in the
Hangenberg Limestone and in the massive middle member
of the Hastiere Fm, with the sequence boundary laying at the
top of the latter. This first sequence is typically glacio-eustatic
in origin (Poty et al. 2006). The HSS regressive event, which
is superimposed to this transgressive sequence, occurs during
the transgression and is seemingly not related to the third-
order glacio-eustatic sequence. As an out-of-sequence event,
it recorded a short-lived but likely strong sea level drop
followed by a rapid sea level rise. Neither the sea level fall
nor the rise had any consequence on the third-order sequence
as the sediments and cyclicity before and after the event are
perfectly identical (Fig. 14). Herbig (2016), however, pro-
posed an alternative sequential model in which the HBS cor-
responds to the HST whereas the HSS corresponds to the next
LST, the sequence boundary therefore being situated within
the Hangenberg Event s.1., and a hiatus should be considered
between HBS and HSS.

Origin and duration of the regression

In the southern CSA (e.g. Spontin and Chansin), where the
HSS Event is recorded with the thickest deposits, the HSS
regressive deposits are 1.2 m thick + 2 m of oolites formed
during the subsequent sea level rise. Although this sedimen-
tation is not normal, the above 3.2-m-thick deposit has the
thickness equivalence of three c. 1-m-thick precession cycles
in the same sections. If we consider the average duration of a
cycles at about 18.6 ky, the 3.2-m-thick unit might have lasted
at most c. 55 ky, with roughly c. 20 ky for the regressive part
and c. 35 ky for the transgressive part (or even less as oolites
are known to accumulate rapidly). The origin of the sea level
fall is highly hypothetical as it seems to represent a very short

and intense event, even more rapid than the Pleistocene glaci-
ations that lasted between 40 and 100 ky each. A unique
orbitally driven glaciation might therefore not be a satisfactory
explanation by itself.

In the Spontin and Chansin sections, the regressive event is
recorded in the above-described 1.2 m of coarse and fossilifer-
ous grainstone—rudstone with intraclasts and ichnoclasts. The
clasts are arranged in five (possibly six) horizons separated by
similar facies without large clasts. Hence, it is suggestive of a
stepped regression separated by small breaks in reworking
(Fig. 15). Could it be diagnostic for five (or more?) progressive
phases in the glaciation? Or is it only the effect of storms
(tempestites) producing a grading in the sediment? In the
Royseux section in the proximal CSA, the HSS is recorded
within a c. 1-m-thick bed of calcareous sandstone with clasts,
fossils and bioturbations but without any trace of erosive hori-
zons (Fig. 15). Similarly, in the Stolberg II section (VASA), the
event is represented by a ¢. 2-m-thick unit of bioturbated sandy
siltstones. The sudden influx of siliciclastic sediments in the
carbonate environment dominating the DCB transition is re-
sembling the sedimentary consequences of the upper Triassic
Carnian Pluvial Event. Indeed, during the Carnian, localities
around the Neotethys Ocean recorded the massive influx of
coarse siliciclastics intercalated within a thick evaporitic or car-
bonate sequence (Simms et al. 1995). These deposits and asso-
ciated biotic crisis have been interpreted as the result of a major
increase in rainfall (Simms and Ruffle 1989, 1990). The scale
and duration (> tens to hundreds of metres of rock, > 5 Ma) are
not comparable to the short-living HSS Event, and if increased
rainfall explains the influx of siliciclastics in proximal areas, it
still fails to explain the accumulation of clasts in more distal
areas. Throughout the NDB, the HSS Event started in the last
shaly part of the last Devonian precession cycle, i.e. during the
wet climate phase. The contemporaneity of the onset of the
regression is thus demonstrated as no 18.6-ky cycle is missing
in any section. The end of the regression is marked by the end
of the reworking and/or siliciclastic input and by the return to
normal sedimentation (oolitic or bioclastic). The end of the
regression is thus thought to be isochronous and is marked by
the disappearance of the last Devonian taxa (trilobites, corals,
brachiopods, foraminifers, spores), immediately followed by
the development of the Carboniferous faunal and floral
assemblages.

Ifregression was the probable proximal killing mechanism,
the concluding question remains of what phenomenon could
trigger such a rapid, intense and short-living regression. Short
and strong glaciations cannot be excluded, but again, which
phenomenon could produce such a rapid, intense and short-
living glaciation? Glacial sediments such as diamictites are
known in Gondwana (Brezinski et al. 2010; Wicander et al.
2011; Lakin et al. 2016), but most of them are dated by paly-
nology as of late—latest Famennian age—i.e. during the trans-
gressive phase—and do not seem to have recorded a peak at
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the DCB or immediately below. Intense volcanism releasing
massive SO, aerosols in the atmosphere could have produced
a strong cooling that persisted during several thousands of
years, depending on the intensity of the volcanic activity
(Bond and Grasby 2017; Soreghan et al. 2019). Large igneous
province (LIP)-induced volcanism such as in that of the
Pripyat-Dnieper—Donets rift system (not radio-isotopically
dated but estimated to be of Famennian age, Wilson and
Lyashkevich 1996) could have triggered a cooling, leading
to a rapid and short-living glaciation. A significant mercury
enrichment, possibly due to distal but intense volcanic, was
identified at the top of the HSS equivalent in Vietnam
(Paschall et al. 2019). Cosmic phenomena reducing the illu-
mination of Earth during several thousands of years (variation
in solar activity? Cosmic clouds? Bolid lowering the solar
activity?) cannot be excluded here, but they are—up to
now—not verifiable and thus in the field of science fiction.
Let us remember that a bolide impact triggering extinctions
was also in the field of science fiction before Alvarez’s theory
in the 1980s.

Conclusions (Fig. 16)

Unlike previous publications (e.g. Sandberg et al. 2002), an
increasing amount of data suggests that the Hangenberg
Biocrisis near the DCB certainly belongs to the ‘Big Six
Extinction Events’. This is indeed proved not only by its se-
verity (Droser et al. 2000; McGhee et al. 2013) but also and
mainly by the variety of ecosystems that were driven to ex-
tinction (Fliigel and Kiessling 2002; McGhee et al. 2013;
Bond and Grasby 2017) and by the disparity reboot triggered
by the extinctions (Poty 1986, 1999; Denayer and Webb
2017). Contrary to most of the other Big Five, the
Hangenberg Crisis occurred during the recovery phase that
followed the extinctions associated with the Kellwasser
Biocrisis at the end of the Frasnian. Hence, the ecosystems
were hit during their rebuilding phase when the diversity and
disparity were increasing. It was not an event affecting eco-
systems already diminished by long-term environmental deg-
radation as for the end-Frasnian, end-Permian or end-
Cretaceous. The impact of the Hangenberg Biocrisis was dou-
ble, triggering first a major crisis in the nektonic and plank-
tonic domains during the transgressive Hangenberg Black
Shale anoxic phase and then the benthic domain during the
sudden regressive Hangenberg Sandstone Event.

The succession of sedimentary and biotic events is well
developed and particularly well documented in the neritic fa-
cies of the Namur—Dinant Basin in southern Belgium, where
the Devonian—Carboniferous transition is represented by c.
25 m of shallow-water sediments. This includes fossiliferous
bioclastic limestones and shales, dark dysoxic shales of the
HBS equivalent, a horizon with clasts that corresponds to the
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reworking associated with the HSS regressive event. The
Belgian succession was often excluded from the discussion
on the DCB because it was supposedly suffering from major
stratigraphical imperfections: e.g. the lack of index conodonts
and the occurrence of hiatuses. However, a re-assessment of
these so-called imperfections tends to demonstrate that these
disorders are no longer true and that, on the contrary, the
neritic succession of the NDB is probably one of the most
continuous successions for studying the DCB saga.

The occurrence of hiatuses, long spread in the literature, was
based on the non-recognition of the Hangenberg Black Shale in
Belgium and the absence of biozones (foraminiferan DFZ8 and
palynozone LN) that were considered as supporting arguments
for the existence of a non-deposition/erosion event in the
Devonian—Carboniferous transitional deposits. The presence
of dark dysoxic shale c. 5 m below the level of extinction of
the Devonian fauna in several Belgian sections demonstrated
the local spread of dysoxic water on the shelf and the local
development of the HBS equivalent. On the other hand, it is
demonstrated now that the absence of the DFZ8 Zone, only
developed in the fine-grained facies of the Avesnelles Fm, is
a local equivalent of the depleted MFZ1 Zone. Both zones
bracket the HSS Event at the base and the sequence boundary
of the third-order sequence 1 at the top (Hance et al. 2001).
Moreover, the only argument pleading for a Devonian age of
the DFZ8 Zone in the Avesnois area was the occurrence of
conodonts, including P. kockeli, however actually regarded as
the post-Hangenberg Sandstone Event. The extreme rarity or
quasi-absence of the LN Palynozone, due to the almost general
absence of its index spore V. nitidus in most facies, is now
considered as related to the absence of the V. nitidus-producing
plant in most environments. The LN Palynozone is therefore
regarded as an ecozone rather than a biozone. Consequently, its
absence is not an argument for any hiatus.

The HSS regressive event is recorded in various facies
(bioclastic limestone with clasts, sandy limestone, sandstone
beds) varying from some tens of centimetres up to 1.2-m-thick
beds, depending on the position along the proximo-distal gra-
dient. It recorded the last Devonian fauna that was seemingly
contemporary with the reworking. These easily recognisable
facies allow pragmatic section-to-section and intrabasinal and
interbasinal correlations. Although often interpreted as a se-
quence boundary in the literature, the careful examination of
several sections led to the conclusion that the HSS is not the
sequence boundary of a third-order glacio-eustatic sequence
but an out-of-sequence regressive pulse that was intense, sud-
den and short-living. This dramatic sea level fall was recorded
during the global transgressive phase (sequence 1, Strunian
transgression), and the sequence boundary is indeed located
c. 10-15 m above the DCB, between the middle and upper
members of the Hastiére Fm.

During the DCB working group meeting in Montpellier in
2016, a new criterion for the definition of the DCB was selected
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to being tested (Aretz and the working group 2016). The working
group on the redefinition of the Devonian—Carboniferous bound-
ary voted to test the suitability of a timeline recognised by “the
base of the Pr. kockeli Zone, beginning of radiation and top of
major regression (top of HSS), and end of mass extinction” as the
level of the newly defined boundary. The criterion relies on a
timeline recognised and established by the end of the extinctions
and reworking associated to the HSS regressive event, immedi-
ately below the FAD of the index conodont species P. kockeli
(Spalletta et al. 2017; Corradini et al. in press, this issue).
Following this criterion, the DCB can be officially recognised
in Belgium at the top of the basal bed of the Hastiére Fm, be-
tween the reworked horizon corresponding to the HSS and the
overlying deposits that record the sea level rise after the HSS
regression. The correlation potential is maximal for this criterion
as it corresponds to a global, facies-wide, geochemically and
sedimentologically traceable, almost synchronous event bracket-
ed by excellent biostratigraphic markers (conodonts, spores, for-
aminifers, corals). Moreover and eventually, it also corresponds
to a natural boundary as pleaded by Walliser (1984) since it now
coincides with the disappearance of the Upper Devonian biotas.
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