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A B S T R A C T

During the Late Devonian, several anoxic pulses triggered severe biotic crises such as the Kellwasser Event, 
profoundly affecting marine ecosystems. These episodes are well-documented in the North American Seaway 
(NAS), in which accumulated thick deposits of dark-gray/black shales generally lacking biogenic structures. This 
study applies an ichnological approach to assessing the impact of anoxic pulses on macrobenthic tracemakers at 
five sites in the NAS (one from the Anadarko Basin, three from the Illinois Basin, and one from the Appalachian 
Basin). The study sections consist of dark-gray to black shale beds interbedded with light-gray to greenish shale 
layers. Ichnological analysis identified five ichnoassemblages dominated by: (1) Planolites, (2) Chondrites, (3) 
Planolites, Teichichnus, and Cylindrichnus, (4) Zoophycos, Chondrites, and Planolites, and (5) vertical spreiten- 
bearing structures along with Planolites, Teichichnus, and Cylindrichnus. In the NAS, Givetian deposits exhibit the 
highest ichnodiversity (Ichnoassemblage 5). Stratigraphically upwards, several anoxic pulses are recorded by 
laminated black shale deposits, correlated with globally-recorded biological crises (e.g., Rhinestreet, Kellwasser, 
Dasberg): lower Frasnian sediments exhibit alternating unbioturbated/laminated intervals and Ichnoassemblages 
1a and 1b along with mottled textures, whereas the Famennian is characterized by more persistent anoxia 
interrupted by oxic intervals with Ichnoassemblage 4 or 1 and common mottled textures. In contrast, the Ana
darko Basin shows only mottled textures alternating with laminated facies in the Frasnian-Famennian transition, 
followed by a persistent decline in biogenic structures during the Famennian (only sparse records of Ichnoas
semblages 1a and 2). Notably, in inner areas of the NAS, oxic conditions were prevalent during the Upper 
Kellwasser Event, characterized by Ichnoassemblage 3. Our ichnological study, compared with the global record, 
indicates that Late Devonian anoxic pulses had a greater impact on open-marine settings than on the restricted 
areas of the NAS, highlighting that regional features heavily conditioned global effects of the Late Devonian 
biocrises, leading to highly variable patterns in benthic recovery and oxygenation dynamics.

1. Introduction

Unlike the other "Big Five" mass extinctions, which were driven by 
abrupt catastrophic events such as large igneous province eruptions (e. 
g., end-Permian) or bolide impacts (e.g., end-Cretaceous), the Late 
Devonian biocrises consisted of multiple successive episodes of elevated 

extinction rates, especially at the Givetian-Frasnian Boundary (GFB; 
382.3 Ma), the Frasnian-Famennian Boundary (FFB; 372.1 Ma), and the 
Devonian-Carboniferous Boundary (DCB; 358.8 Ma) (Algeo and Shen, 
2024). Moreover, the true severity of this extinction event remains in 
debate, as some studies have inferred that it primarily reflects a decline 
in species origination rates rather than a sharp biodiversity loss, 
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characterizing it as a "mass depletion" event (Bambach et al., 2004; 
Gereke and Schindler, 2012; Stanley, 2016). The Late Devonian mass 
extinction is arguably the least well understood of the "Big Five", as key 
factors such as paleoclimate dynamics, sea-level fluctuations, and the 
extent of marine anoxia remain poorly constrained (see reviews in 
Carmichael et al., 2019, and Qie et al., 2019).

The Late Devonian extinction episodes, particularly the Kellwasser 
and Hangenberg events (i.e., the classic designations for the FFB and 
DCB biocrises, respectively), had a profound impact on marine biota, 
primarily affecting shallow-water organisms such as coral-reef builders 
and pelagic taxa such as cephalopods and fish (House, 1985; Hallam and 
Wignall, 1999; Copper and Scotese, 2003; Sallan and Coates, 2010). 
Recently, the study of trace fossils has emerged as a critical tool for 
investigating both major mass extinctions ("Big Five") and smaller-scale 
events (e.g., oceanic anoxic events), particularly in cases where abrupt 
changes in benthic oxygenation occurred (e.g., Uchman et al., 2013; 

Rodríguez-Tovar and Uchman, 2017; Fernández-Martínez et al., 2021a, 
2021b; Rodríguez-Tovar, 2021; Rodríguez-Tovar et al., 2022). The 
occurrence of black shales—typically deposited under anoxic conditions 
and frequently associated with these biocrises—combined with the 
analysis of their sedimentary structures and ichnological features, en
ables the assessment of benthic macrofaunal responses to changing 
bottom- and pore-water conditions. Ichnofossils record behavioral ad
aptations of macrobenthic tracemakers to redox fluctuations, among 
other paleoenvironmental changes, providing valuable insights into 
ecosystem dynamics during these extinction events.

Ichnological studies of the FFB are few in number, with the majority 
of research conducted in North America (Hannibal and Feldmann, 1983; 
Bezys, 1987; Boyer, 2007; Boyer and Droser, 2009, 2011; Boyer et al., 
2014; Zou and Slatt, 2015; Boyer et al., 2021), although there are also 
studies from Eastern Europe (Stachacz et al., 2017) and China (Wang 
et al., 2006). In the present study, we review the existing literature and 

Fig. 1. Conodont biostratigraphy of the Frasnian and Famennian stages, indicating old (Ziegler and Sandberg, 1990) and new (Klapper and Kirchgasser, 2016; 
Corradini et al., 2017; Spalletta et al., 2017) conodont biozones, including the Frasnian Zones (FZ, former MN—Montaigne Noir), and the main biocrises (modified 
from figure 1 in Becker et al., 2016; and figures 1 and 2 in Brett et al., 2020). Sea-level curves are from Johnson et al. (1985), Algeo et al. (2007), as modified in Liu 
et al., 2025), and Algeo et al. (2026). The degree of shading within the anoxia column reflects the intensity and persistence of anoxic conditions. Ages follow Harrigan 
et al. (2022), their table 6. The thickness of zones is calibrated according to their inferred duration (after Spalletta et al., 2017). Gray shadowing indicates a possible 
anoxic event restricted to the North American Seaway. Abbreviations: MD, Middle Devonian; Gi, Givetian; Mi, Mississippian; To, Tournaisian.
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analyze five new Upper Devonian sections (cores) from across the U.S.A. 
composed mainly of dark-gray/black and light-gray/greenish shales. 
Our focus is on the ichnological and sedimentological features of these 
sections. The objective of this research is to examine the spatio-temporal 
behavioral patterns of macrobenthic tracemaker communities and study 
their response to the anoxic pulses that characterized Late Devonian 

marine environments (Fig. 1).

2. Geological setting

The North American Seaway (NAS) was a vast epeiric sea that 
spanned much of North America during the Paleozoic, with its extent 

Fig. 2. A) Paleogeographic map during Late Devonian showing the location of the study cores and the main basins of the North American Seaway. The black arrows 
to the left of the Acadian Mountains indicate the input of terrigenous sediments linked to the Catskill Delta. Map modified from Deep Time Maps Inc. B) Global 
paleogeographic map indicating the study area (red rectangle) and global sections from the literature. Map modified from Deep Time Maps Inc. C) Correlation of the 
study units across the Anadarko, Illinois, Appalachian, and Moose River basins. Abbreviations: AB, Appalachian Basin; AnB, Anadarko Basin; Be, Bezys (1987); Bo, 
Boyer et al. (2014) and Haddad et al. (2018); CA, Cincinnati Arch; Cash., Cashaqua Shale; Cc, Current core; CD, Catskill Delta; Clev. S., Cleveland Shale; Dc, Dupont 
core; EB, Elk-Point Basin; FFB, Frasnian-Famennian Boundary; Gene. Shale, Geneseo Shale; Ha, Hannibal and Feldmann (1983); HB, Huron Bay Basin; Han. Shale, 
Hanover Shale; IB, Illinois Basin; IwB, Iowa Basin; Jc, Jackson core; Ls, Limestone; MB, Moose River Basin; MiB, Michigan Basin; Oc, OHRS-5 core; OU, Ozark Uplift; 
PB, Permian Basin; Pc, Palmer core; Rhin, Rhinestreet Shale; Son Gr, Sonyea Group; St, Stachacz et al. (2017); TCA, Trans-Continental Arch; TLB, Three Lick Bed; WB, 
Williston Basin; Wa, Wang et al. (2006); Zo, Zou and Slatt (2015).
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and environmental conditions varying over time due to tectonic activity, 
paleoclimate changes, and sea-level fluctuations (Algeo et al., 2007). 
During the Late Devonian, the NAS reached its maximum expanse, 
covering much of present-day Canada and the United States (Fig. 2A). It 
was composed of a number of major basins (e.g., Appalachian, Illinois, 
Michigan, Moose River, Huron Bay, Iowa, and Anadarko), each exhib
iting different depositional characteristics due to varying water depths, 
paleogeography, and connectivity to the global ocean.

The Appalachian and Illinois basins were surrounded by the Lau
rentian Craton to the north, the Acadian Orogen (precursor to the 
modern-day Appalachian Mountains) to the east, the Ozark Uplift to the 
southwest, and the Transcontinental Arch to the west. They were 
narrowly connected to the Rheic Ocean via the Cumberland Sill to the 
south and were partially separated from each other by the Cincinnati 
Arch (Fig. 2A). These basins experienced fluctuating environmental 
conditions, ranging from well-oxygenated shallow-marine settings to 
restricted deep-water regions severely affected by anoxia. The northern 
part of the Appalachian Basin was strongly influenced by the Catskill 
Delta (Algeo et al., 2026) (Fig. 2A), which increased water-column 
oxygenation and limited black shale accumulation in that area (Boyer 
et al., 2014).

Within this paleogeographic framework, sedimentation dynamics in 
the NAS during the Frasnian and Famennian stages were dominated by 
the deposition of thick black shales (up to 100 m) that serve as regional 
hydrocarbon source rocks (Barrows and Cluff, 1984; Higley et al., 2014; 
Cardott and Comer, 2021). The present research is focused on several of 
these units, from east to west (Fig. 2C): the Upper Olentangy and Ohio 
Shales in the Appalachian Basin; the Chattanooga Shale in the southern 
Appalachian and Illinois basins; the New Albany Shale in the Illinois 
Basin; and the Woodford Shale in the Anadarko Basin (see biostratig
raphy and correlations in Fig. 2C). Although all of these units are 
generally considered to have been deposited under strongly anoxic 
conditions, sedimentological analysis reveals the presence of abundant 
thin, light-gray/greenish mudstone layers within the black shales that 
are indicative of transient oxygenation episodes.

The Frasnian and Famennian stages are defined on the basis of co
nodont biozones (Over, 2002; Becker et al., 2016, cf. figure 9 in Algeo 
et al., 2007) and correlations based on gamma-ray logs and sequence 
stratigraphy (Lazar, 2007; Remírez et al., 2023) (see Section 4.4). The 
FFB is indicated by a regression during the bogartensis-ubiquitus zones 
(FZ 13a to 13c, former linguliformis Zone) linked to the FFB Glaciation 
(Algeo et al., 2026). This was followed by a rapid transgressive- 
regressive cycle during the superlobata and triangularis zones and then 
by a major transgression during the early Famennian (triangularis-platys 
zones) continuing until the termini Zone (Fig. 1).

3. Materials and methods

The five study cores were selected with the goal of achieving wide 
paleogeographic coverage of Upper Devonian black shale units in the 
eastern and central United States (Fig. 2): (1) the OHRS-5 core (central 

Appalachian Basin), (2) the Jackson core (central Illinois Basin), (3) the 
Palmer core (northern Illinois Basin), (4) the Dupont core (southern Il
linois Basin), and (5) the Current core (Anadarko Basin), see Table 1 for 
location, curation site, study units, and more information. Some of the 
study cores have been the subject of earlier sedimentological and 
geochemical studies, e.g., the Dupont core (Over et al., 2019; Song et al., 
2021), Jackson core (Chen et al., 2023; Remírez et al., 2023), and OHRS- 
5 core (Jaminski et al., 1998; Gilleaudeau et al., 2023; Liu et al., 2025).

For each core, we conducted an integrated sedimentological and 
ichnological analysis (see SM Figs. 1-5). We realized bed-by-bed de
scriptions, focusing on lithology and sedimentary structures and tex
tures (such as lamination or mottling). The ichnological analysis focused 
on characterization of trace-fossil assemblages, including ichnological 
features such as trace size, distribution, abundance, infilling material, 
crosscutting relationships, orientation, internal structures, and pene
tration depths from the bed of origin. Detailed photographs were taken 
to illustrate both sedimentological texture and ichnological features 
(Figs. 3 and 4). Some photos were then treated using Adobe Photoshop 
CS6 to enhance visibility of selected features (as noted in the figure 
captions), following the methodology proposed by Dorador and Rodrí
guez-Tovar (2018).

4. Results

4.1. Synopsis of trace fossils

Our ichnological analysis led to the recognition of six well- 
characterized ichnogenera, along with several structures with uncer
tain taxonomic classification, and two types of biogenic structures 
(biodeformational and “mantle and swirl” structures) (Figs. 3 and 4). 
Overall, the distribution of trace fossils is highly variable among the 
study cores, varying in abundance, diversity, and infill type, thus 
reflecting lithological and paleoenvironmental constraints. A synopsis of 
the identified biogenic structures is presented below, highlighting their 
key diagnostic features for identification.

Light-gray and greenish shale beds are commonly characterized by a 
mottled texture (Figs. 3C-H and 4A-E, G-I, K). It is produced by benthic 
organisms “swimming” through a soft/soupy sediment near the sed
iment–water interface under well-oxygenated conditions. The soft con
sistency of the substrate prevented the preservation of primary 
sedimentary structures, which were obliterated by biogenic activity (i. 
e., resulting in a completely homogenized fabric), and produced non- 
diagnostic biodeformational structures (sensu Wetzel and Uchman, 
1998; see also Uchman and Wetzel, 2011; Wetzel, 2025).

Chondrites von ̌Sternberg (1833) is a common trace fossil observed in 
several intervals of the study cores. It occurs as small, unlined, dendritic 
burrow systems, typically 0.1–0.3 cm in diameter, appearing as flat
tened dots in vertical section (Figs. 3K–M and 4E, H). The burrows are 
filled with light-gray shale and may occur alone or in association with 
Zoophycos, only in dark sediments. Due to its complex morphology, 
Chondrites has been associated with several ethological interpretations 

Table 1 
Summary of the study cores, indicating location, curation site, study units, and driller.

Study 
core

Latitude (◦N) Longitude 
(◦W)

Driller County State Curation site Study formations SM 
Figure

Palmer 40◦55'59.53" 90◦15'19.18" New Jersey Zinc 
Company

Knox Illinois Illinois State Geological 
Survey

Sweetland Creek Shale, Grassy 
Creek Shale

1

Jackson 37◦24'56.39" 87◦16'31.39" CNX Gas Company, LLC. McLean Kentucky
Kentucky Geological 
Survey New Albany Shale 2

Dupont 36◦4'30.00" 87◦29'42.00"
Dupont Chemical 
Corporation

Humphreys Tennessee
Tennessee Geological 
Survey

Chattanooga Shale 3

OHRS-5 39◦15'36.00" 83◦4'48.00" North American 
Exploration, INC.

Ross Ohio Ohio Geological Survey Olentangy Shale, Ohio Shale 4

Current 37◦1'35.52" 97◦5'39.22" M & S Drilling, INC. Cowley Kansas Kansas Geological 
Survey

Woodford Shale 5
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Fig. 3. A, B) Planar parallel lamination in black shale facies. C) From bottom to top, alternation of a black shale bed with massive texture, mottled light gray shale, 
and laminated black shale bed. Note the reddish color of the lamination, linked to siderite mineralization. D, E) Mottled texture in a light gray shale bed. F) Dark-gray 
shale layer with light-colored mud-filled Planolites (Ichnoassemblage 1a) interbedded within a mottled light-gray shale deposit. G) Laminated black shale bed with 
light-colored mud-filled Planolites (Ichnoassemblage 1a) bioturbating from the overlying mottled light-gray shale layer. H) Light-colored mud-filled Planolites in a 
black shale bed, penetrating from a mottled light shale bed (Ichnoassemblage 1a). I, J) fine-grained sandstone layers with cross-bedded lamination, showing sand- 
filled Planolites (Ichnoassemblage 1b), interbedded with black shale beds (with planar lamination in J). K-M) Tiny Chondrites in a black shale bed (Ichnoassemblage 
2): vertical (L) and plain (K, M) views. Top is always upwards, except in K and M (plain view); each scale bar is 1 cm (0.4 inch). Abbreviations: Ch, Chondrites; Mo, 
mottled texture; Pl, Planolites. Panels C, E-G, and K-M were enhanced using Photoshop C6.
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and potential producers, including fodinichnia (annelids engaged in 
deposit feeding), agrichnia (bivalves cultivating microbial “farms”), and 
chemichnia (chemosymbiotic thyasirid or lucinid bivalves hosting 
sulfur-reducing symbionts) (Simpson, 1956; Osgood Jr, 1970; Seilacher, 
1990; Uchman et al., 2012; Baucon et al., 2020; Wetzel and Bojanowski, 
2025).

Cylindrichnus Toots (in Howard, 1966) exhibits a flabellate to oblate 
morphology with concentric lining, typically 0.4–0.8 cm in width. They 
commonly occur with light infill within dark beds, although dark- 
colored mud-filled Cylindrichnus are also reported within mottled 
greenish shales (Fig. 4B). They may occur alone, associated with mottled 
beds, but are more frequently found with Planolites, Teichichnus, and 
non-classified spreiten-bearing burrows (Fig. 4I–L). Cylindrichnus is 
commonly interpreted as a domichnion produced by suspension-feeding 
polychaete worms (Belaústegui and de Gibert, 2013).

Planolites Nicholson (1873) is among the most common ichnogenera 
in the study cores. These occur as unlined, cylindrical, straight to slightly 
curved burrows, ranging from 0.3 to 0.5 cm in diameter. They are also 
reported as flattened, unlined circles in vertical section. They exhibit 
dark- and light-colored mud and sand infills (Figs. 3F-J and 4A, C, H-J). 
Planolites are commonly found alone or associated with bio
deformational structures, and they may also co-occur with other trace 
fossils such as Zoophycos or Teichichnus. They are present in all lithol
ogies of the study cores. Planolites is interpreted as a fodinichnion (de
posit-feeding structure). Owing to its simple morphology, it is 
potentially produced by a wide range of organisms, mostly vermiform 
animals (e.g., annelids, priapulids), although bivalves and arthropods 
are also plausible tracemakers (Pemberton and Frey, 1982; Knaust, 
2017).

Teichichnus Seilacher (1955) occurs as vertical to oblique, un
branched, unlined spreiten burrows, commonly with stacked convex- 

down laminae, although convex-up stacks are also observed in some 
intervals (Fig. 4K). Diameters commonly range between 0.3 and 0.6 cm. 
The burrows may be filled with dark- or light-gray mud and are 
commonly associated with mottled beds. Teichichnus frequently co- 
occurs with Planolites, Cylindrichnus, and non-classified spreiten- 
bearing burrows (Fig. 4A, I-K). Similar to Planolites, Teichichnus is 
commonly interpreted as a deposit-feeding trace (fodinichnion), pro
duced while the tracemaker adjusted the vertical position of its burrow 
in response to sedimentation (i.e., equilibrichnion). It was likely pro
duced by vermiform organisms such as annelids, though arthropods are 
also possible tracemakers (Seilacher, 1955).

Thalassinoides Ehrenberg (1944) is rare in the study cores, occurring 
as unlined circular burrows with light-colored mud infill, penetrating 
dark beds. They are commonly associated with mottled beds and may 
occur alone or in association with Planolites. Thalassinoides is interpreted 
as a domichnion produced primarily by arthropods such as callianassids 
(thalassinidean shrimp) since the Permian. However, Paleozoic Tha
lassinoides were likely produced by other arthropods, including tri
lobites, or even by enteropneust worms, depending on the morphology 
of the burrow systems (Fürsich, 1973; Ekdale, 1992; Myrow, 1995; 
Ekdale and Bromley, 2003).

Zoophycos Massalongo (1855) is also common in the study sections, 
observed as subhorizontal spreiten laminae, generally ranging from 0.3 
to 0.8 cm in diameter. They are mostly filled with light mud and 
penetrate dark beds, although a case of dark-colored mud-filled Zoo
phycos is reported from a gray shale bed (Fig. 4G). In the study cores, 
Zoophycos represents shallow-tier structures, penetrating only ~5 cm 
into the sediment and comprising one or two lamina stacks, in agree
ment with previous reports (e.g., figure 3 in Zhang et al., 2015). They 
commonly originate from mottled light beds and are found alone or in 
association with Chondrites and Planolites (Fig. 4D-H). Due to its complex 

Fig. 4. A-C) Dark-colored mud-filled Planolites and Teichichnus (A), Cylindrichnus (B) and Planolites (C) overprinting a mottled light-gray shale beds (Ichnoassemblage 
3). D-H) Ichnoassemblage 4: light-colored mud-filled Zoophycos penetrating 1-2 cm into a black shale from a mottled light gray shale (D, F); note an erosive surface 
(dashed blue line) indicating the absence of the light bed from where Zoophycos originated (F), Zoophycos and Chondrites bioturbating a black shale bed from a 
mottled light bed (E), also with Planolites (H), dark-colored mud-filled Zoophycos within a mottled light shale bed (G). I-L) Dark gray shale bed bioturbated by light- 
colored mud-filled Planolites, Cylindrichnus, Teichichnus, spreiten-bearing trace fossils of varied morphologies and “mantle and swirl” structures (cf. figure 4 in Lobza 
and Schieber, 1999) (Ichnoassemblage 5), along with occasional dark-colored mud-filled ?Skolithos (I), ?Asterosoma-like structure with Teichichnus n a mottled light 
gray shale (K), Cylindrichnus with light-colored mud infill in a dark gray shale bed (L). Top is always upwards; each scale bar is 1 cm (0.4 inch). Abbreviations: ?As, 
Asterosoma; Ch, Chondrites; Cy, Cylindrichnus; Mo, mottled texture; M&S, mantle and swirl structures; Pl, Planolites; Sp: spreiten-bearing structures; Te, Teichichnus; Zo, 
Zoophycos. Panels D-G and I were enhanced using Photoshop C6.

Fig. 5. Correlation of the study cores, using the Frasnian-Famennian boundary as datum (blue line). Stratigraphic columns, ichnoassemblages distribution, gamma- 
ray logs, and anoxic pulses (biocrises). Abbreviations: CBZ, conodont biozones; MD, Middle Devonian; Gi, Givetian; Mi, Mississippian; To, Tournaisian.
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and variable morphology, Zoophycos has been attributed to several po
tential producers, although vermiform organisms (e.g., polychaetes, 
echiurans, sipunculans) are generally considered the most likely can
didates. Its ethological interpretation also remains in debate: while the 
spreiten are commonly viewed as the product of deposit-feeding activity 
(fodinichnion), Zoophycos has alternatively been interpreted as a 
domichnion or agrichnion (Bromley et al., 1999; Olivero, 2007; Olivero 
and Gaillard, 2007; Knaust, 2009; Rodríguez-Tovar et al., 2009; Zhang 
et al., 2015). Both Zoophycos and Chondrites are widely—though not 
exclusively—associated with organic-rich sediments such as those 
characterizing the study units, as well as with the availability of organic 
matter within the substrate (Löwemark et al., 2005, 2007; Löwemark, 
2011).

Finally, a restricted interval of dark-gray shale beds exhibits the 
highest ichnodiversity and contains several biogenic structures of un
certain taxonomic classification (see Ichnoassemblage 5, Section 4.2). 
The latter include: a) tiny vertical, unlined burrows with dark-colored 
mud infill (0.1 cm in diameter, 0.5 cm in length) (Fig. 4I), tentatively 
attributed to Skolithos Haldeman (1840), which is interpreted as a 
domichnion produced by a wide variety of suspension-feeding organ
isms, including vermiform taxa (e.g., priapulids, polychaetes), 
amphipod crustaceans, and sea anemones (actinians) (Knaust, 2017); 
and b) spreiten-bearing burrows of various morphologies, whose features 
do not allow precise taxonomic classification (e.g., ?Daedalichnus, ? 
Paradyctiodora, ?Asterosoma, etc.), sometimes resembling “mantle and 
swirl” structures (Fig. 4I and J; sensu Lobza and Schieber, 1999, cf. their 
figure 4).

4.2. Ichnoassemblages

Our ichnological analysis revealed the presence of five ichnoas
semblages, which exhibit variable distribution among the study cores, 
both in abundance and diversity, reflecting lithological and paleo
environmental controls. Ichnoassemblages have been described based 
exclusively on discrete trace fossils, which are commonly associated 
with light-gray to greenish shale beds characterized by a mottled 
texture.

Most identified ichnoassemblages are composed of shallow- to 
middle-tier trace fossils (except for Chondrites). They generally reflect 
similar behavioral patterns, with fodinichnial behavior being the most 
common. Overall, trace-fossil abundance and diversity are low in ich
noassemblages 1, 2, and 4, indicating mostly stressful conditions for 
benthic tracemakers, whereas ichnoassemblages 3 and 5 record higher 
abundance and diversity, reflecting more favorable conditions for 
benthic communities. Their distribution among the study units is highly 
variable, alternating with unbioturbated black facies (see Section 4.3), 
reflecting volatile redox and paleoenvironmental conditions in benthic 
settings of the North American Seaway (see Discussion).

Ichnoassemblage 1 consists only of Planolites and is subdivided into 
1a (mud infill) (Fig. 3F–H) and 1b (sand infill), the latter always linked 
to thin, fine-grained sandstone layers (Fig. 3I–J). More rarely, and only 
in the OHRS-5 core, Ichnoassemblage 1a may include sparse Teichichnus 
and Chondrites. Thus, this ichnoassemblage is composed mostly of sim
ple, shallow-tier fodinichnial structures.

Ichnoassemblage 2 is composed solely of Chondrites, which can occur 
as scattered light-colored mud-filled burrows in the black shale facies 
(Fig. 3K-M), or, more rarely, just below a mottled shale bed. This cor
responds to the only ichnoassemblage of deep-tier structures, linked to 
the availability of organic matter within the sediment (thus likely 
fodinichnia).

Ichnoassemblage 3 is dominated by dark-colored mud-filled trace 
fossils in greenish/light gray shale beds (i.e., dark-on-light trace fossil
s—DOL—sensu Locklair and Savrda, 1998), including Planolites, Tei
chichnus, and Cylindrichnus (Fig. 4A-C). Sometimes, these DOL trace 
fossils occur together with light-colored mud-filled burrows bio
turbating the underlying dark beds (i.e., light-on-dark trace 

fossils—LOD), including common Planolites, sparse Chondrites and rare 
Thalassinoides. This ichnoassemblage is composed of shallow- to middle- 
tier structures associated with fodinichnial and domichnial behaviors. 
Its abundance and relative diversity, along with the presence of DOL 
structures, indicate optimal conditions for benthic fauna.

Ichnoassemblage 4 is characterized by Zoophycos, commonly 
accompanied by Chondrites and sparse Planolites (Fig. 4D-H). This ich
noassemblage is varied, comprising simple shallow (Planolites), complex 
shallow (Zoophycos), and complex deep-tier (Chondrites) trace fossils. 
Occasionally, Chondrites crosscuts both Zoophycos and Planolites (e.g., 
Fig. 4E), indicating the sequential development of the traces: Planolites 
first, followed by Zoophycos and then Chondrites, suggesting exploitation 
of organic matter within preexisting burrows. Overall, this ichnoas
semblage consists mainly of fodinichnial traces linked to resource 
exploitation.

Ichnoassemblage 5 is restricted to the Blocher Member of the New 
Albany Shale (Jackson core). It includes shallow- to middle-tier struc
tures: Cylindrichnus, Teichichnus, Planolites, ?Skolithos, and non-classified 
subvertical spreiten-bearing structures (Fig. 4I-L), representing the most 
complex ichnological association identified in the study sections. Its 
high abundance and relative diversity indicate that it developed under 
highly favorable conditions for benthic communities.

4.3. Distribution of trace fossils

The study cores are dominated by thick black shale deposits 
(~13–85 m), intercalated with thin (cm-scale) light-gray or greenish 
shale and sandstone layers. Black shales may display planar-parallel 
lamination or a massive texture (Figs. 3 and 4). All sections contain 
basal carbonates (limestones or dolostones) of Silurian to Middle 
Devonian age, overlain by Frasnian–Famennian shale deposits. Detailed 
stratigraphic columns, including the distribution of each ichnotaxon, are 
provided in the Supplementary Material (SM Figs. 1–5). Ichnodiversity 
is notably higher in the Illinois and Appalachian basins, which were 
partially restricted watermasses, than in the open-marine Anadarko 
Basin (Figs. 2A and 5). In the following subsections, we describe the 
sedimentological characteristics of the study intervals and detail the 
distribution of the ichnoassemblages among the cores.

4.3.1. The Illinois Basin
Three cores from the Illinois Basin were examined. The Palmer core 

(Pc), located in the northern depocenter, and the Jackson core (Jc), near 
the central depocenter (e.g., figure 1 from Remírez et al., 2023), record 
the New Albany Shale, whereas the Dupont core (Dc), situated in the 
southern part of the basin (e.g., figure 1 from Song et al., 2021), consists 
of the Chattanooga Shale (Fig. 2A for locations; Fig. 2C for correlation of 
local subdivisions).

Upper Devonian deposits in the Palmer core overlie the Middle 
Devonian Lime Creek Dolostone (SM Fig. 1). The Frasnian is represented 
by the Sweetland Creek Shale, a 7 m-thick light-gray shale with a single 
intercalated black shale bed. Discrete trace fossils are largely absent in 
this interval, except for a single occurrence of ?Thalassinoides with light- 
colored mud infill. The FFB is recorded as a disconformity, separating 
the Sweetland Creek Shale from the overlying Grassy Creek Shale (299 ft 
in SM Fig. 1). The uppermost Frasnian is marked by mottled gray shale, 
while the lowermost Famennian is represented by laminated black shale.

The Grassy Creek Shale comprises 27 m of black shale with thin (cm- 
scale) interbedded light-gray layers. Its basal interval records low ich
nodiversity, with only Planolites and rare Chondrites (Ichnoassemblage 
1a). Upsection, Zoophycos becomes common (Ichnoassemblage 4), 
occurring with abundant Planolites and Chondrites, and rare ?Palae
ophycus and ?Teichichnus. Notably, Chondrites frequently reworks Pla
nolites, indicating that it was the last trace-making activity, most likely 
exploiting the organic matter within preexisting structures (see Section 
4.2). The uppermost 4 m of the Grassy Creek Shale is characterized by 
the exclusive occurrence of Chondrites (Ichnoassemblage 2). Above this 
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interval, the upper Famennian Saverton Shale consists of 40 m of light- 
gray shale with interbedded black layers; this interval is highly frac
tured, preventing detailed ichnological analysis. The section is capped 
by an ironstone of undefined Pennsylvanian age, indicating a major 
discordance.

The central Illinois Basin is represented by the Jackson core (SM 
Fig. 2). Upper Devonian deposits overlie the Eifelian Jeffersonville 
Limestone, characterized by an abundant and diverse body-fossil 
assemblage, including corals, crinoids, and chonitid brachiopods 
(Stumm, 1964; Droste and Shaver, 1975). The Frasnian Blocher Member 
can be divided into two parts. The lowermost interval, corresponding to 
the uppermost Givetian, consists of alternating dark- to light-gray and 
black shales with abundant brachiopods, ichnofossils, and phosphate 
nodules, containing Ichnoassemblage 5. This interval is overlain by 
thick, unbioturbated black shale deposits with planar-parallel lamina
tion or a massive texture, which dominates the remainder of the Blocher 
Member, recording the Givetian-Frasnian transition. These black shales 
contain sparse interbeds of light-gray shale and thin sandstone layers 
hosting Planolites (Ichnoassemblages 1a and 1b, respectively). This 
pattern also characterizes the lower part of the Selmier Member, which 
corresponds to the uppermost Frasnian (FZ 10 to 12).

The Selmier Member (~15 m thick) overlies the Blocher Member 
along a discordant contact. As mentioned, the lower interval contains 
black shale deposits with thin interbeds of sandstone, characterized by 
Ichnoassemblage 1, whereas the upper interval comprises light-gray to 
greenish shales alternating with cm-scale black shale beds and occa
sional thin sandy layers and sideritic red beds showing planar lamina
tion. This part of the Selmier Member is characterized by 
Ichnoassemblage 3 (dark-colored mud-filled Planolites with scarce Tei
chichnus and Cylindrichnus), alternating with commonly bioturbated 
dark beds. Planolites frequently overprint the lamination of the black 
shales. Abundant light-colored mud-filled Chondrites are also present, 
along with rare Thalassinoides. The FFB is present at the top of the 
Selmier Member (3707 ft in SM Fig. 2), based on conodont biostratig
raphy (Chen et al., 2023).

The Famennian succession of the Jackson core is represented by the 
Morgan Trail (6 m), Camp Run (12 m), and Clegg Creek (15 m) mem
bers, consisting predominantly of thick black shales with common pyrite 
nodules or layers, sporadically interrupted by thin light-gray shale beds. 
In the Morgan Trail Member, light shale interbeds display a mottled 
texture and contain light-colored mud-filled Planolites (Ichnoassem
blage 1a). Upsection, in the Camp Run and Clegg Creek Members, light- 
gray shale interbeds are associated with Ichnoassemblage 4, dominated 
by Zoophycos, accompanied by common Chondrites and sparse Planolites, 
which penetrate 3–7 cm into the underlying black beds. Chondrites 
typically extend 2–5 cm deeper than Zoophycos, with a single example of 
Chondrites crosscutting Zoophycos (Fig. 4E). The DCB is represented by 
an unconformity, as biostratigraphy indicates the lack of the uppermost 
Famennian (above the styriacus Zone). The uppermost 10 m of the core 
contain the New Providence Shale (Tournaisian, lowermost Mississip
pian), consisting of greenish to light-gray shales with abundant pyrite 
nodules and plant remains, characterized by pyritized Planolites.

The southern Illinois Basin, represented by the Dupont core (SM 
Fig. 3), records a condensed Upper Devonian interval compared to other 
areas of the basin (approximately 14 m vs. ~100 m). Located on the 
Cumberland Sill between the Ozark Uplift and the Cincinnati Arch, near 
the connection of the NAS with the Rheic Ocean (Fig. 2A), this core 
records unique sedimentological and ichnological features, with bio
turbation mainly linked to thin sandstone layers—contrary to other 
cores, where trace fossils are associated mainly with light-gray to 
greenish shales. Upper Devonian deposits overlie the Givetian Selmier 
Limestone, with the contact characterized by a discordance recorded as 
a breccia.

The Frasnian Dowelltown Member consists of alternating fine- 
grained cross-bedded sandstone and black shale beds exhibiting 
planar-parallel lamination and abundant pyrite nodules. Bioturbation is 

mostly linked to thin sandstone layers that host Planolites with sand 
infill; these burrows frequently extend downward from sandstone layers 
several centimeters into the underlying black shale (Ichnoassemblage 
1b). The FFB is present as a condensed interval just below a thick 
sandstone bed at 291 ft (SM Fig. 3; Over et al., 2019), at the contact 
between the Dowelltown and Gassaway Members.

The Famennian Gassaway Member is also condensed and charac
terized by several discordances. Its lowermost interval consists of 
alternating dm- to cm-scale laminated black and gray shale beds con
taining abundant Zoophycos and Chondrites (Ichnoassemblage 4). 
Upsection, the unit is dominated by laminated black shales with sparse 
sandstone interbeds, which contain only rare sand-filled Planolites 
(Ichnoassemblage 1b). The uppermost Famennian is missing (above the 
aculeatus Zone), marked by a discordance with the overlying Tournai
sian Maury Formation (Over et al., 2019).

4.3.2. The Appalachian Basin
The Appalachian Basin is represented in its central sector by the 

OHRS-5 core (SM Fig. 4). Upper Devonian deposits overlie the Silurian 
Peeble and Greenfield dolostones. The Lower (Givetian) and Upper 
(Frasnian) Olentangy Shales, separated by a disconformity, share a 
similar lithology of alternating cm- to dm-scale light-gray and black 
shale beds. In the Lower Olentangy, black beds dominate, whereas in the 
Upper Olentangy light beds are more abundant in the lower part, with 
black beds predominating again in the upper part. The uppermost part of 
the unit, known as the “False Olentangy” (C. Brett, pers. comm., 2022), 
is separated by a further disconformity and dominated by light shale 
beds. Ichnodiversity in the Olentangy Shale is low, with Ichnoassem
blage 1a dominating and uncommon occurrences of Teichichnus and 
Chondrites in some beds. Rare examples of DOL Planolites are also 
recorded in the Upper and “False” Olentangy (cf. Ichnoassemblage 3).

The FFB is recorded as a disconformity separating the Olentangy and 
Huron Shales (587 ft in SM Fig. 4) (Over, 2002; Liu et al., 2025). 
Famennian deposits are represented by the Ohio Shale, which is sub
divided into the Huron Shale, Three Lick Bed, and Cleveland Shale 
members (Fig. 2C). The basal interval of the Lower Huron Shale consists 
of alternating laminated dark-gray shales and mottled light-gray beds, 
containing Ichnoassemblage 1a very rarely accompanied by dark- 
colored mud-filled Zoophycos (Fig. 4G). Upsection, thicker dark beds 
dominate, while interbedded light shales contain Ichnoassemblage 4, 
characterized by abundant Zoophycos, Planolites, and rare Chondrites. 
The Middle and Upper Huron Shales consist predominantly of thick, 
unbioturbated, massive-texture black shale deposits, interrupted only by 
sparse, cm-scale light-gray shale interbeds with mottled texture (lacking 
discrete trace fossils), especially toward the top. The Three Lick Bed 
consists of alternating dm-thick black and light-gray shale beds, with 
discrete trace fossils being rare, as only isolated Planolites (Ichnoas
semblage 1a) are recorded in the upper part. The Cleveland Shale is 
represented by a thick, unbioturbated black shale interval characterized 
by planar parallel lamination, with a single mottled light-gray shale bed. 
The Ohio Shale is bounded above by a discordance, which separates it 
from the Bedford and Berea Formations representing the DCB interval 
(Fig. 2C). These units consist of gray shale and sandstone beds, with the 
lower part exhibiting mottled textures and the upper part sand-filled 
Planolites (Ichnoassemblage 1b).

4.3.3. The Anadarko Basin
The Anadarko Basin is represented by the Current Core (SM Fig. 5), 

which records an open-marine setting well connected to the Rheic 
Ocean. The base of the core consists of the Lower Devonian (Emsian) 
Hunton Limestone, overlain by the Frasnian–Famennian Woodford 
Shale. The Woodford Shale is subdivided into Lower, Middle, and Upper 
members. Frasnian deposits correspond to the Lower Woodford Shale. 
Its basal interval is characterized by dark-gray shales with interbeds of 
sandstone and greenish shale layers. Trace fossils in this interval are 
scarce, with only dark-colored mud-filled Planolites and ?Chondrites 
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recorded in the mottled greenish shales (Ichnoassemblage 3). Upsection, 
the Lower Woodford contains an alternation of cm-scale beds, consisting 
of faintly laminated dark-gray shales and mottled greenish shales in 
which discrete trace fossils are absent. The FFB is present as a discon
formity at 555 ft (SM Fig. 5) (cf. Watney et al., 2013).

Famennian deposits are represented by the Middle and Upper 
members of the Woodford Formation. The basal interval of the Middle 
Member (lowermost Famennian) consists of black shales alternating 
with cm-thick greenish shale layers, transitioning upsection into a thick 
dark-gray shale deposit with sandstone and greenish shale interbeds in 
the lower part. Most of the Famennian is barren of trace fossils, and only 
the lower part of the interval records mottled greenish shales, sometimes 
yielding light-colored mud-filled Planolites (Ichnoassemblage 1a). The 
Upper Member includes a lower interval of dm-thick dark-gray shales 
with sparse thin sandstone beds, and an upper interval of thick lami
nated black shales with occasional sandstone beds and lenses. Trace 
fossils are restricted to the uppermost part, where light-colored mud- 
filled Chondrites occur rarely. These structures largely overprint, but do 
not deform, the planar-parallel lamination (Ichnoassemblage 2). The 
Woodford Shale is overlain by the Tournaisian (Mississippian) Welden 
Limestone.

4.4. Correlation and identification of major biological crises

Several works have addressed the correlation and dating of the units 
recorded in the study cores (Fig. 2C), based on conodont zonation (Over, 
1990, 1992, 2002, 2007, 2021; Over and Rhodes, 2000; Levman and 
Bitter, 2002; Klapper et al., 2004; Klapper and Kirchgasser, 2016; Over 
et al., 2019; Chen et al., 2023; Over and Mason, 2024) and/or integra
tion of lithostratigraphy, gamma-ray logs, sequence stratigraphy, and 
geochemistry (Schieber, 1994; Ettensohn, 1998; Schieber, 1998a, 
1998b; Lazar, 2007; Watney et al., 2013; Zou and Slatt, 2015; Lazar and 
Schieber, 2022; Remírez et al., 2023; Liu et al., 2025). Based on these 
studies, two of the cores have robust age constraints derived from co
nodont biozonation (Dupont core: Over et al., 2019; Jackson core: Chen 
et al., 2023). The remaining three cores have been dated by extrapola
tion from equivalent units in other cores or outcrops (OHRS-5 core: Over 
and Rhodes, 2000; Over, 2021; Over and Mason, 2024; Liu et al., 2025; 
Current core: Watney et al., 2013; Zou and Slatt, 2015; Palmer core: Day 
and Witzke, 2017) (see Figs. 2C and 5; SM Figs. 1–5). Additionally, 
gamma-ray logs are available for all cores (provided by the curators of 
the respective USGS repositories), which, when combined with the 
sedimentological and ichnological analyses, allow detailed correlation 
and age assessment of the study units. Here, we address the correlation 
of the cores and the relationship of the recorded units with the major 
biological crises of the Frasnian and Famennian stages (Fig. 1).

Black shales lacking bioturbation and typically exhibiting planar- 
parallel lamination are interpreted as deposits formed under anoxic 
conditions in benthic settings of the North American Seaway. These 
anoxic intervals were frequently interrupted by relatively short oxic or 
dysoxic pulses, expressed as light-gray and greenish shale beds. How
ever, some anoxic pulses were more persistent, generating thicker 
stratigraphic successions and exerting a stronger impact on benthic 
tracemaker communities. Such intervals are commonly marked by thick 
black shale deposits with elevated TOC contents, positive excursions in 
gamma-ray logs, and anomalous enrichments of redox-sensitive trace 
elements (e.g., Mo and U), and they are often linked to abrupt sea-level 
changes, primarily transgressions. Regionally, these intervals can be 
correlated by integrating these features with conodont zonation, 
allowing their connection to globally recognized biological crises such 
as the Middlesex, Kellwasser, and Dasberg events as well as to regional 
events like the Rhinestreet crisis (Figs. 1 and 5).

Based on conodont biostratigraphy, lower to middle Frasnian de
posits in the study cores are generally condensed, with most conodont 
zones of this stage absent (Fig. 5), and the successions characterized by 
multiple disconformities (Fig. 5; SM Figs. 1–5) (Over et al., 2019; Liu 

et al., 2025). The Illinois Basin preserves the most complete Givetian- 
Frasnian record, particularly in the Jackson core (SM Fig. 2). The 
lower interval of the Blocher Member encompasses the uppermost 
Givetian (disparilis to norrisi zones; Chen et al., 2023). The contact with 
the Frasnian is probably represented by a disconformity at the top of a 
grainstone limestone bed overlain by a black shale unit, likely reflecting 
the Givetian–Frasnian Boundary transgression (Fig. 5, SM Fig. 2). A 
comparable pattern occurs in the nearby Dupont core, where the 
Frasnian-Givetian boundary is recorded as a breccia (Over et al., 2019). 
In the Palmer core, Frasnian deposits rest directly upon an undifferen
tiated Middle Devonian limestone. In the Appalachian Basin, the Give
tian Lower Olentangy Shale is separated from the Frasnian Upper 
Olentangy by a disconformity (Liu et al., 2025). In contrast, the Current 
core (Anadarko Basin) records only a restricted Frasnian succession 
(Lower Woodford), spanning the bogartensis to ubiquitus zones (FZ 
13a–b) (Fig. 5), as reported by Watney et al. (2013) and Zou and Slatt 
(2015).

The remainder of the Blocher Member in the Jackson core records 
the lower Frasnian, spanning the pristina to plana zones (FZ 1–10), 
whereas the overlying Selmier Member corresponds to the feisti to 
ubiquitus zones (FZ 11–13) (Fig. 5; SM Fig. 2; Chen et al., 2023). This 
succession is equivalent to the Dowelltown Member in the Dupont core, 
which encompasses the interval from the punctata to ubiquitus zones (FZ 
5–13) (Fig. 5, SM Fig. 3; Over et al., 2019). In both members, thick black 
shale intervals, locally interbedded with thin sandstone beds, can be 
correlated by distinct positive gamma-ray peaks within the punctata and 
nonaginta zones (FZ 5 and 7, respectively). These intervals correspond to 
the global Middlesex Event and the regional Rhinestreet biocrisis (Figs. 1 
and 5) (Becker et al., 2016; Brett et al., 2020; equivalent with the Anoxic 
Pulse I in Remírez et al., 2023). In the Palmer core, lower Frasnian de
posits are absent, with the onset of Sweetland Creek Shale deposition 
occurring during FZ 11 (Day and Witzke, 2017) (Fig. 5). In the Appa
lachian Basin, these intervals may correspond to the boundary between 
the Lower and Upper Olentangy Shale, which is marked by a discon
formity and/or highly condensed deposits (Fig. 5; SM Fig. 5) (Liu et al., 
2025). In the Anadarko Basin, the lowermost Frasnian is also missing, as 
deposition of the Lower Woodford began at FZ 13 (Watney et al., 2013; 
Zou and Slatt, 2015). Consequently, the lower–middle Frasnian events 
(Middlesex and Rhinestreet) are only recorded in the central and 
southern Illinois Basin (Fig. 5). Notably, just below the Give
tian–Frasnian boundary in the Jackson core, a positive gamma-ray peak 
coincides with a 2 m-thick laminated black shale bed and a slight in
crease in MoEF (Remírez et al., 2023). This interval may represent a local 
expression of the Frasnes Event and could be correlated with the thin 
black shale beds recorded in the Lower Olentangy Shale of the OHRS-5 
core (Appalachian Basin) (Fig. 5).

Upper Frasnian deposits are better represented in the study cores, 
although they are also marked by several disconformities (Over et al., 
2019; Liu et al., 2025). In the Jackson core, the Selmier Member can be 
subdivided into a lower interval (FZ 11–12) and an upper interval (FZ 
13). The lower interval consists of a thick, laminated black shale unit, 
coinciding with a gamma-ray peak and increased MoEF and UEF values 
(Anoxic Pulse II of Remírez et al., 2023). This interval correlates with an 
unbioturbated black shale in the Palmer core, also characterized by a 
pronounced gamma-ray peak. Based on conodont zonation, this anoxic 
pulse most likely corresponds to the Semichatovae Event (FZ 11; Fig. 1). 
However, because the Lower Kellwasser Event begins in the upper FZ 12, 
a potential relationship with this crisis cannot be excluded. No equiva
lent has been identified in the other study cores, where the interval is 
highly condensed in the Dupont core (SM Fig. 3; Over et al., 2019), and 
where the Upper Olentangy and Lower Woodford Shales record only FZ 
13 and/or younger intervals (Fig. 2C; Over and Rhodes, 2000; Watney 
et al., 2013; Zou and Slatt, 2015; Liu et al., 2025). Notably, Remírez 
et al. (2023) correlated this interval across the main depocenter of the 
Illinois Basin (see their figs. 1, 8, and 9), and, based on data from the 
Palmer core, it also affected the northwest depocenter, albeit to a lesser 
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extent (Fig. 5).
The Frasnian–Famennian boundary interval represents a special case 

within the study sections, as discussed below. This interval is highly 
condensed (virtually absent) in the southern Illinois Basin (Dupont core; 
Over et al., 2019), whereas in the other cores it is represented mainly by 
light-gray to greenish shales with mottled textures, alternating with 
thin, commonly bioturbated black shale beds. These intervals corre
spond to a general trend of low gamma-ray values punctuated by several 
minor positive peaks (SM Figs. 1-5). In the Jackson core, it corresponds 
to the upper interval of the Selmier Member (FZ 13); in the Palmer core, 
to the upper Sweetland Creek Shale; in the Appalachian Basin (OHRS-5 
core), to the Upper and “False” Olentangy Shales; and in the Anadarko 
Basin (Current core), to the upper interval of the Lower Woodford 
(Fig. 5; SM Figs. 1–5) (cf. Over and Rhodes, 2000; Watney et al., 2013; 
Zou and Slatt, 2015; Day and Witzke, 2017; Chen et al., 2023; Liu et al., 
2025). Thus, in contrast to its global expression as relatively thick, 
unbioturbated black shale intervals, the Upper Kellwasser Event in the 
North American Seaway is recorded in a markedly different manner (see 
discussion below).

The Famennian stage is well recorded in the study cores. The 
lowermost Famennian is represented by the Morgan Trail Member in the 
Jackson core (triangularis to crepida zones; Chen et al., 2023) and the 
lowermost Dowelltown Member in the Dupont core (crepida zone; note 
that the subperlobata to minuta zones—i.e., older triangularis—are ab
sent; Over et al., 2019). This interval consists of unbioturbated black 
shales, corresponding to a positive gamma-ray peak and elevated MoEF 
and UEF values (Remírez et al., 2023; their Anoxic Pulse III). In the 
Palmer core, it correlates with thick black shales in the lower Grassy 
Creek Shale exhibiting a positive gamma-ray excursion (Fig. 5), and in 
the Appalachian Basin it corresponds to the lower interval of the Lower 
Huron Shale, recorded as an alternation of dark-gray and thin light-gray 
shale beds coinciding with gamma-ray peaks. In the Current core 
(Anadarko Basin), it is represented by black shales alternating with thin 
greenish shale beds, also associated with a positive gamma-ray excur
sion. Based on conodont zonation in the Jackson and Dupont cores, this 
interval corresponds to the aftermath of the Upper Kellwasser event 
(“Upper Kellwasser Event cycle” sensu Algeo et al., 2026), when anoxic 
conditions persisted to a moderate extent, and preludes the strongly 
anoxic Nehden event (Fig. 1; cf. Becker et al., 2016).

The lower Camp Run Member of the Jackson core records the prima 
to ?marginifera conodont zones (Chen et al., 2023), equivalent to the 
middle Dowelltown Member of the Dupont core (prima to gracilis zones; 
Over et al., 2019) (Fig. 5; SM Figs. 2 and 3). It consists of dm-scale black 
shale beds alternating with thin light-gray shale layers, characterized by 
the presence of Zoophycos. The gamma-ray signal shows an initial pos
itive peak followed by lower values, mirroring the geochemical record, 
which exhibits alternating high and low MoEF and UEF values (Remírez 
et al., 2023). This interval is correlated across the study area based on 
similar lithological, ichnological, and gamma-ray data, corresponding to 
the middle part of the Grassy Creek Shale in the Palmer core and the 
upper Lower Huron Shale in the Appalachian Basin. In the Anadarko 
Basin, it is represented by gray shales alternating with sandstone and 
greenish shale layers, associated with variable gamma-ray values. Based 
on conodont zonation, this interval records a condensed section of the 
middle Famennian, corresponding to the globally recognized Nehden 
and Condroz events.

The upper Camp Run Member records the ?marginifera to utahensis 
conodont zones, equivalent to the middle Dowelltown Member spanning 
the marginifera and utahensis to trachytera zones (Over et al., 2019; Chen 
et al., 2023). This interval is characterized by unbioturbated black 
shales, with elevated gamma-ray, MoEF, and UEF values. It is correlated 
with the uppermost Grassy Creek Shale in the Palmer core and the lower 
part of the Middle Huron Shale in the Appalachian Basin, both of which 
consist of thick, unbioturbated black shale deposits exhibiting positive 
gamma-ray peaks. In the Anadarko Basin, it corresponds to the termi
nation of bioturbated intervals, represented by the lower portion of a 

thick dark-gray shale in the Middle Woodford Shale, which also shows a 
positive gamma-ray peak. Based on conodont zonation, this interval 
corresponds to the Enkeberg Event, or a local expression of its aftermath, 
spanning at least the entire utahensis Zone (i.e., the older middle mar
ginifera) (Fig. 1; cf. Brett et al., 2020).

The Upper Famennian is well constrained in all of the Illinois Basin 
study cores. In the Jackson core, the Clegg Creek Member corresponds to 
the granulosus conodont Zone, characterized in its upper interval by 
unbioturbated black shales and positive excursions in gamma-ray, MoEF, 
and UEF values (Remírez et al., 2023; their Anoxic Pulse IV). It is 
correlated with the granulosus Zone within the Dowelltown Member of 
the Dupont core, which is likewise characterized by unbioturbated black 
shales and high gamma-ray values (Over et al., 2019), and with the black 
shale beds of the Saverton Shale (Palmer core), which display higher 
gamma-ray values than the rest of the unit. This interval correlates with 
unbioturbated black shales of the Upper Huron Shale in the Appalachian 
Basin (Fig. 5). In the Anadarko Basin, it is marked by a positive gamma- 
ray peak within the unbioturbated gray shales of the upper interval of 
the Middle Woodford Shale. Based on conodont zonation, this interval is 
equivalent to the globally recorded Annulata Event (Fig. 1).

Finally, the uppermost Famennian is absent in some sections, prob
ably eroded during the Devonian–Carboniferous Boundary regression 
(cf. Remírez et al., 2023). In the Jackson core, this interval is not 
recorded, representing a major disconformity with the overlying Tour
naisian New Providence Shale. In the Dupont core, the uppermost 
Dowelltown Member records the aculeatus Zone, represented by 
unbioturbated black shales, and is overlain by a disconformity with the 
Maury Formation, where the Devonian–Carboniferous Boundary is 
placed (Over et al., 2019; Song et al., 2021). In the Appalachian Basin, 
the Three Lick Bed spans the expansa to lower aculeatus zones, whereas 
the Cleveland Shale corresponds to the upper aculeatus to ?costatus in
terval (Over, 2021; Liu et al., 2025); the Devonian–Carboniferous 
Boundary is recorded within the Bedford and Berea Formations (Over, 
2021). In the Anadarko Basin, the Upper Woodford Shale is character
ized by a positive gamma-ray peak correlated with the transgression 
across the aculeatus–costatus zonal boundary (Zou and Slatt, 2015), and 
the Devonian–Carboniferous Boundary is likely located at its discordant 
contact with the Welden Limestone. The interval of unbioturbated black 
shales from the aculeatus–costatus zones is correlated with the Dasberg 
Event (cf. Hartenfels, 2011), representing a fourth-order biological crisis 
(Becker et al., 2016).

5. Discussion

The ichnological and sedimentological analysis of the study cores 
provides key insights into the response of benthic fauna to Late Devo
nian environmental changes across a spectrum of paleogeographic set
tings within the North American Seaway. The observed patterns in trace 
fossil distribution, abundance, and ichnodiversity suggest a close rela
tionship with redox fluctuations and sedimentary dynamics, which are 
commonly associated with globally recorded biological crises (Section 
5.1). This pattern is also evident when comparing the study sections 
with other settings within the North American Seaway (in Canada and 
the northeastern U.S.A.) and with carbonate platforms from eastern 
Laurasia (in Poland) and Panthalassan islands (in China) (Section 5.2). 
Given the limited ichnological information available for the Late 
Devonian biocrises relative to other paleontological records, we compile 
and synthesize the evidence presented in the previous sections to 
establish a broad framework that may serve as a basis for future studies 
(Section 5.3).

5.1. Benthic response to Late Devonian anoxic pulses in the North 
American Seaway

5.1.1. Upper Givetian
Givetian sediments are only recorded in the Jackson core (central 
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Illinois Basin) and the OHRS-5 core (central Appalachian Basin) (Fig. 5). 
In the Illinois Basin, this interval displays the highest ichnodiversity 
(Ichnoassemblage 5) (SM Fig. 2), a pattern also inferred in other areas of 
the basin based on Remírez et al. (2023); (their figs. 2 [Kavanaugh core], 
3 [Chinn core], and 4 [Storey core]). This indicates well-ventilated 
conditions in benthic settings prior to the initial flooding of the basin 
(Remírez et al., 2023), associated with the Kaskaskia Transgression 
(Fig. 1). Trace fossils abruptly disappear upwards, giving way to 
unbioturbated black shales towards the Givetian–Frasnian boundary, 
suggesting that benthic tracemaker communities were forced to migrate 
shoreward within the North American Seaway—likely recording the 
effects of the Frasnes Event. However, the lack of sedimentary record in 
these shallower areas (cf. Remírez et al., 2023) prevents a clear assess
ment of whether this initial flooding event caused a true extinction of the 
benthic fauna or merely a displacement within the basins.

In the Appalachian Basin, anoxic pulses (i.e., black shales) and oxic 
intervals (i.e., bioturbated light shales) alternate throughout the upper 
Givetian (Lower Olentangy Shale) (Fig. 5, SM Fig. 4). In this setting, 
ichnodiversity is lower (Ichnoassemblage 1a with scarce Teichichnus), 
and anoxic–oxic shifts were more frequent and shorter. This is reflected 
both in the lower ichnodiversity and in the simpler biogenic structures 
recorded (Planolites and scarce Teichichnus) compared to the more 
complex spreiten-bearing structures of the Illinois Basin, which require 
longer and more stable colonization intervals to develop.

The contrasting redox conditions and benthic behavior between the 
inner Illinois Basin and the central Appalachian Basin are linked to the 
hydrographic patterns of both basins. As shown by Algeo et al. (2007, 
their fig. 9), the Blocher Member was deposited under more restricted 
conditions than the Lower Olentangy Shale; that is, bottom waters in the 
Appalachian Basin were more frequently renewed than in the Illinois 
Basin, as the former maintained a better connection with the Rheic 
Ocean. A stronger connection to the open ocean favored water-mass 
exchange and inhibited strong stratification, leading to more frequent 
oxic–anoxic fluctuations in the Appalachian Basin compared to the inner 
Illinois Basin (see the “reservoir effect” defined by Algeo and Lyons, 
2006). Consequently, late Givetian conditions were more stable in the 
Illinois Basin, resulting in longer-lasting anoxic intervals during the 
initial flooding of the NAS (possibly corresponding to the Frasnes Event). 
Simpler and less diverse ichnoassemblages in the Appalachian Basin 
reflect more volatile redox conditions and the prevalence of opportu
nistic tracemaker communities, whereas climax communities were 
established in the Illinois Basin before flooding, producing thicker bio
turbated intervals characterized by more complex structures, which 
disappeared due to widespread anoxic conditions.

5.1.2. Lower and middle Frasnian
Lower and middle Frasnian deposits are better recorded within the 

Illinois Basin, where several globally recognized biological crises are 
well constrained. Following the initial flooding of the basin during the 
upper Givetian, anoxic conditions persisted, recorded in the central and 
southern areas (Jackson and Dupont cores) as thick, unbioturbated black 
shale intervals. These deposits are linked to short-term transgressions or 
highstand periods during the major Kaskaskia Transgression (Lazar and 
Schieber, 2022) and are characterized by elevated MoEF and UEF values 
indicating pervasive anoxia (Remírez et al., 2023). Based on conodont 
zonation, these intervals are associated with the Middlesex and Rhine
street events.

Benthic biological activity during this interval was limited to short 
colonization windows. In inner areas of the Illinois Basin (Jackson core), 
benthic communities partially recovered after the Middlesex Event, as 
evidenced by thin light-gray shale beds with mottled textures and Ich
noassemblage 1a (light-colored mud-filled Planolites, rarely accompa
nied by Chondrites), occurring just below a limestone bed. In contrast, in 
the shallower southern part of the basin (Dupont core), only Ichnoas
semblage 1b (Planolites with sand infill) is recorded, linked to thin 
sandstone layers interbedded within black shales. A similar pattern is 

observed during the Rhinestreet Event, with anoxic intervals punctuated 
by sandstone layers associated with Ichnoassemblage 1b.

These observations indicate that the Kaskaskia Transgression led to 
pervasive anoxic conditions in the Illinois Basin, which were briefly 
interrupted in inner (distal) areas, likely linked to short-term sea-level 
falls (as indicated by the presence of limestone beds), a feature absent in 
shallower areas. The dominance of Ichnoassemblage 1b suggests that 
benthic activity was largely restricted to short-lived hyperpycnal flows, 
recorded as thin sandstone layers with cross-bedded lamination (cf. 
Wilson and Schieber, 2015, 2017). Thus, although geochemical and 
sedimentological data indicate highly restricted and anoxic conditions 
in the Illinois Basin (Algeo et al., 2007; Remírez et al., 2023) (Fig. 5, SM 
Figs. 2–3), brief colonization windows allowed the establishment of 
opportunistic tracemaker communities immediately following the 
Middlesex Event. In contrast, the Rhinestreet Event is characterized by 
more persistent anoxia, only interrupted by terrigenous input (i.e., 
hyperpycnal flows). Ichnoassemblages 1a and 1b, therefore, document 
the activity of opportunistic benthic communities during major anoxic 
intervals in the Illinois Basin.

5.1.3. Upper Frasnian
Anoxic conditions prevailed during the upper Frasnian in most of the 

North American Seaway. In the central Illinois Basin (Jackson core), 
black shales are sparsely interbedded with light-gray shale and sand
stone layers, characterized by Ichnoassemblages 1a and 1b, respectively, 
indicating pervasive anoxic conditions intermittently interrupted by 
short oxic pulses (linked to hyperpycnal flows in the case of the sand
stone layers). In the northwestern depocenter of the basin (Palmer core), 
although sedimentation is dominated by light-gray shales, bioturbation 
remains scarce. Upsection, the Selmier Member (Jackson core) is 
recorded as unbioturbated black shales, interrupted only by sandstone 
layers containing Ichnoassemblage 1b. This interval of pervasive anoxia 
is associated with the Semichatovae Event, and its effects on benthic 
fauna are comparable to those of the Middlesex and Rhinestreet Events: 
only thin colonization windows occur, mostly linked to hyperpycnal 
flows.

In the Appalachian Basin, although the lack of a robust biostrati
graphic framework prevents a direct correlation of the Upper Olentangy 
Shale to the Semichatovae Event, a similar pattern to the upper Givetian 
is observed. Unbioturbated black shales alternate with mottled light- 
gray shale beds containing Ichnoassemblage 1a, indicating more 
frequent oxic-anoxic shifts in this sector of the North American Seaway.

The record from the Anadarko Basin also indicates pervasive anoxic 
conditions during the upper Frasnian, recorded by unbioturbated black 
shales and sparse trace fossils associated with greenish shale beds. 
Notably, sandstone layers occur, though lacking bioturbation, likely 
reflecting higher terrigenous input rather than processes that enhanced 
oxygenation of the water column.

Thus, the upper Frasnian records a pattern similar to that of the 
Givetian–Frasnian transition, with hydrographic restriction more pro
nounced in the inner areas of the North American Seaway (Algeo et al., 
2007), leaving only short windows for benthic activity, mostly linked to 
hyperpycnal flows (Ichnoassemblage 1b). In contrast, more frequent 
water-mass exchange with the Rheic Ocean in the Appalachian Basin 
allowed for more frequent and longer-lasting oxic pulses, as evidenced 
by the presence of scarce Teichichnus in the Upper Olentangy Shale. The 
Anadarko Basin, on the other hand, exhibited paleoenvironmental 
conditions comparable to the inner Illinois Basin.

5.1.4. The Frasnian-Famennian Boundary
Contrary to the global record of the Frasnian-Famennian Boundary, 

characterized by the Kellwasser Event, anoxic conditions were not 
dominant in the North American Seaway at this time. In the Illinois 
Basin, light-gray shales with abundant bioturbation are common in FZ 
13 in both the central (Jackson core, Ichnoassemblage 3) and north
western (Palmer core, mottled textures) depocenters. Note that this 
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interval is highly condensed in the southern part of the basin (Dupont 
core) (Fig. 5). In the Appalachian Basin, light-gray shale beds also 
dominate, characterized by mottled textures and sparse Planolites (Ich
noassemblage 1a). In contrast, in the Anadarko Basin, black shale beds 
are more frequent, although they also alternate with mottled greenish 
shale layers. Therefore, trace fossils indicate well-ventilated conditions 
during the Upper Kellwasser Event within the North American Seaway. 
This is also supported by lower MoEF and UEF values (Remírez et al., 
2023), despite hydrographic conditions being relatively restricted, 
similar to those during the middle Frasnian (Algeo et al., 2007, 2026).

Notably, ichnodiversity is higher in inner areas of the Illinois Basin 
compared with the Appalachian and Anadarko Basins, which were 
better connected to the Rheic Ocean. Furthermore, Ichnoassemblage 3, 
characteristic of the FZ 13 sediments in the Jackson core, includes DOL 
trace fossils, indicating that even the scarce dark sediments were 
deposited under oxic conditions. This pattern suggests that anoxic 
conditions linked to the Upper Kellwasser Event were buffered in the 
inner regions of the epeiric North American Seaway—that is, anoxia was 
more pervasive in open settings (the Rheic Ocean?) than in more 
restricted basins.

Overall, the main regression at the Frasnian–Famennian Boundary 
appears to have allowed more prolonged oxic conditions in restricted/ 
inner settings, whereas in more open settings (i.e., the Appalachian and, 
especially, the Anadarko Basin), oxic pulses were shorter, permitting 
benthic communities to develop only simpler structures (Ichnoassem
blage 1a) or to bioturbate primarily the sediment–water inter
face—albeit profusely. This highlights the stronger impact of the 
Kellwasser Event on benthic communities in open-marine settings.

5.1.5. Lower Famennian
Contrary to what occurred during the Upper Kellwasser Event, 

anoxic conditions became widespread again immediately after the 
Frasnian–Famennian Boundary, within the lowermost interval of the 
Famennian (triangularis to crepida zones), as indicated by sedimento
logical, geochemical, and ichnological evidence. Furthermore, this in
terval can be correlated across all of the study cores (Fig. 5).

It is recorded as alternating black and light/greenish shales, char
acterized by Ichnoassemblage 1a and/or mottled textures. This pattern 
indicates abrupt oxic–anoxic fluctuations, resulting in unstable benthic 
habitability, where tracemakers were only able to colonize the sed
iment–water interface and produce simple structures. Based on cono
dont zonation, this interval corresponds to the aftermath of the 
Kellwasser Event, immediately preceding the Nehden biocrisis (Anoxic 
Pulse III in Remírez et al., 2023). In all basins, hydrographic restriction 
was moderate (Algeo et al., 2007), consistent with the ichnological ev
idence, suggesting that water exchange with the Rheic Ocean was 
similar in all the basins, thereby producing these repeated anoxic–oxic 
shifts and resulting in generally unfavorable conditions for benthic 
communities.

The abrupt shift from well-ventilated benthic conditions below the 
FFB to strong anoxia immediately above it is associated with the end of 
the FFB Glaciation and the subsequent sharp transgression (triangular
is–platys zones), representing the “Upper Kellwasser Event Cycle” (Algeo 
et al., 2026). Thus, during the Frasnian–Famennian transition in the 
North American Seaway, favorable conditions for benthic communities 
were linked to periods of greater continental ice volume, drier climates, 
lower sea-level, and lower-salinity watermasses (although fully fresh
water conditions likely did not affect the study sections, i.e., the inner 
and deeper areas of the NAS; Algeo et al., 2026). The melting of conti
nental icesheets triggered a rapid transgression, a more humid climate, 
and enhanced organic matter accumulation, which led to the extinction 
or migration of benthic tracemaker communities toward more shore
ward regions within the NAS.

5.1.6. Middle and upper Famennian
This interval represents the highest variability within the Illinois, 

Appalachian, and Anadarko Basins. In the Illinois Basin, the occurrence 
of Zoophycos (Ichnoassemblage 4) became common, associated with 
light-gray shales interbedded within unbioturbated black or dark-gray 
shales. A similar pattern is recorded across the Appalachian Basin, 
whereas trace fossils remain scarce in the Anadarko Basin. Based on 
conodont zonation, three major biological crises are recognized within 
this interval—the Enkeberg (marginifera–utahensis zones), Annulata 
(granulosus zone), and Dasberg (expansa–aculeatus zones) even
ts—defining a highly unstable interval for benthic communities.

In the Illinois Basin, ichnological distribution varies widely 
depending on the area. Although Ichnoassemblage 4 is common in the 
central part of the basin during oxic intervals (i.e., light-gray shale beds) 
of the middle and upper Famennian, this pattern is restricted to the in
terval below the marginifera–utahensis zones in both the southern and 
northern areas (Figs. 2A and 5). A similar situation occurs in the Ap
palachian Basin, where Ichnoassemblage 4 is confined to the Lower 
Huron Shale, corresponding to a comparable age (i.e., below margin
ifera). Above this interval, a thick black shale deposit can be correlated 
across all of the study cores (Fig. 5), representing a major anoxic pulse 
that caused the extinction or migration of the benthic fauna responsible 
for Ichnoassemblage 4 in all areas except the central Illinois Basin (i.e., 
the Jackson core).

Based on conodont biozonation, this interval corresponds to the 
Enkeberg Crisis or its aftermath during the utahensis Zone—although 
detailed biostratigraphy is needed to determine whether the observed 
shift toward anoxic facies relates directly to the Enkeberg Event, its 
aftermath, or a separate, regionally recorded biocrisis (in which case, we 
propose the name “Utah Event”) (Figs. 1 and 5). In any case, higher MoEF 
and UEF values (Remírez et al., 2023) together with moderate to high 
hydrographic restriction (Algeo et al., 2007) support the ichnological 
evidence, indicating unfavorable conditions for benthic tracemaker 
communities during this interval.

The dominance of complex structures such as Zoophycos and Chon
drites indicates that oxic pulses were longer than during the Frasnian and 
lower Famennian. Simple structures like Planolites require only weeks to 
colonize the substrate following anoxic conditions (Barrett and Schieber, 
1999). In contrast, Zoophycos and Chondrites reflect prolonged benthic 
stability, as these traces record long-term colonization phases, likely 
spanning the entire lifespan of the tracemaker. Moreover, both Zoo
phycos and Chondrites have been widely associated with the availability 
of organic matter within the sediment (Löwemark et al., 2005, 2007; 
Löwemark, 2011).

Therefore, this interval is characterized by a marked behavioral 
change in the benthic tracemaker communities during the anoxic–oxic 
shifts, evolving from opportunistic behavior during the Frasnian and 
lowermost Famennian—represented by the simpler structures of Ich
noassemblage 1—to more specialized–opportunistic communities rep
resented by Ichnoassemblage 4. Notably, the Anadarko Basin during this 
interval is characterized by Ichnoassemblage 1a, indicating that oxic 
pulses were shorter and, consequently, benthic habitability was poorer 
in open settings than in the epeiric basins—similar to conditions during 
the Frasnian–Famennian transition.

In any case, Ichnoassemblage 4 disappears after the Enkeberg/Utah 
biocrisis in all study areas except for the central Illinois Basin. In the 
southern Illinois, central Appalachian, and Anadarko basins, unbiotur
bated black to dark-gray shale deposits dominate the remainder of the 
Famennian, corresponding to the Dasberg and Annulata events. This 
interval represents a barren phase for macrobenthic tracemaker com
munities across most parts of the North American Seaway, where 
benthic activity was virtually absent during the middle and upper 
Famennian—only sparse Chondrites are recorded in the Anadarko Basin 
in the uppermost Famennian, following the Dasberg Event. In this case, 
although hydrographic restriction varied from moderate to high (Algeo 
et al., 2007), the tracemaker response to anoxic pulses remained similar. 
This suggests that paleoenvironmental conditions were not the main 
driver of the extinction or migration of benthic communities. Instead, 
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the prolonged anoxic conditions throughout the Frasnian and Famen
nian likely led to progressively impoverished benthic faunas that 
became increasingly vulnerable to subsequent oxygen depletion (cf. 
Boyer et al., 2021).

However, Ichnoassemblage 4 is consistently present in light shale 
interbeds throughout the entire recorded Famennian succession in the 
Jackson core (i.e., both before and after the Enkeberg/Utah and Annu
lata biocrises) (Fig. 5). This contrasts with other regions of the North 
American Seaway and indicates that the central Illinois Basin functioned 
as a refuge for benthic communities, mirroring the pattern observed in 
the uppermost Frasnian during the Kellwasser Event, when Ichnoas
semblage 3 likewise reflects well-developed benthic tracemaker com
munities in this area. Therefore, these observations support a “refuge 
scenario” in which inner, restricted parts of the North American Seaway 
buffered benthic communities during widespread anoxic intervals, 
permitting colonization windows.

Notably, based on conodont zonation, the Hangenberg Event is not 
present in the study sections. Only the Appalachian Basin (Bed
ford–Berea Formations) preserves the costatus–ultimus–?kockeli zones, 
which are characterized by Ichnoassemblage 1a and mottled textures. 
This suggests that the Devonian–Carboniferous regression did not lead 
to widespread anoxia in that area.

5.2. Comparative analysis

5.2.1. The northern NAS: Appalachian Basin and Moose River Basin
Although ichnological studies of the Frasnian-Famennian Boundary 

remain relatively scarce, several investigations have been conducted in 
the North American Seaway, especially in the northern region of the 
Appalachian Basin (the states of New York and Pennsylvania) and the 
Moose River Basin (Ontario, Canada).

In the northern Appalachian Basin (Fig. 2C), Boyer et al. (2014)
described the effects of the Upper Kellwasser Event on benthic fauna (see 
also Boyer, 2007; Boyer and Droser, 2009, 2011; Boyer et al., 2021). In 
contrast to the central region of the basin (i.e., OHRS-5 core), where the 
Upper Kellwasser Event is recorded by alternating black and light shale 
beds, black shale deposits in the northern sections are limited to two thin 
(cm-scale) intervals: the precursor black shale bed (PBSB) and the Upper 
Kellwasser interval. These black shale beds are interbedded within a 
light gray shale (mudstone) succession. According to the authors, the 
study sections exhibit an ichnoassemblage dominated by Skolithos, with 
sparse occurrences of Chondrites, Planolites, and Thalassinoides in the 
lower unit, beneath the PBSB. Upwards, the PBSB is laminated and 
mostly unbioturbated, whereas the overlying light shale interval is 
completely bioturbated by Chondrites with light mud infill, which pen
etrates into the uppermost part of the PBSB. Above this, the black shale 
marking the Upper Kellwasser Event remains largely laminated, with 
only sporadic small burrows (?Planolites). In the upper portion of this 
black shale bed, large Thalassinoides burrows extend approximately 5 cm 
downward from the overlying light mudstone.

Additional sections in the northern Appalachian Basin were exam
ined by Haddad et al. (2018), who documented ichnoassemblages 
similar to those reported by Boyer et al. (2014). These assemblages are 
dominated by Planolites, accompanied by Skolithos, Chondrites, and 
Thalassinoides below the laminated PBSB. Between the PBSB and the 
black shale recording the Upper Kellwasser Event, a mottled gray shale 
with large burrows is present. Within the Kellwasser event bed, Haddad 
et al. (2018) identified planar-parallel lamination alternating with ? 
Planolites, as well as large Thalassinoides burrows penetrating up to 5 cm 
into the uppermost part of the black shale, which is overlain by a 
greenish shale bed. Planolites within the Kellwasser event bed are asso
ciated with cm-scale greenish shale beds containing abundant silt 
laminae and ripples, interpreted as evidence of increased bottom- 
current energy. In a nearby area of the northern Appalachian Basin 
(Fig. 2C), Hannibal and Feldmann (1983) documented several 
arthropod trackways (aff. Rusophycus) and “Zoophycoid” traces in the 

Chagrin Formation (lateral equivalent of the Three Lick Bed), just below 
the Cleveland Shale.

According to the above, a similar pattern is observed in the study 
sections of the northern (more shoreward) part of the Appalachian 
Basin, which contrasts with that of the more distal (inner) regions, 
represented here by the OHRS-5 core. During the Kellwasser Event, 
anoxic conditions were common in the inner regions of the basin, 
recorded as frequent black shale beds alternating with lighter shale in
tervals. In contrast, in the northern area, anoxic conditions were 
restricted, represented by two discrete black shale beds. Furthermore, 
both ichnodiversity and trace-fossil abundance are higher in the shore
ward regions (Planolites, Chondrites, Skolithos, and Thalassinoides vs 
Ichnoassemblage 1a). Thus, in these proximal settings, anoxic episodes 
were shorter, while oxic conditions prevailed for longer periods, 
allowing more stable benthic colonization by tracemaker communities. 
The influence of the nearby Catskill Delta likely played a major role in 
mitigating the development of pervasive anoxia in these shallow envi
ronments by reducing watermass stratification.

Northward, in the Moose River Basin (Fig. 2C), Bezys (1987) studied 
the Long Rapids Formation, where black shales are mostly unbiotur
bated, whereas light-gray to greenish mudstones and carbonate beds 
contain relatively diverse ichnoassemblages similar to those from the 
study cores (i.e., Planolites, Chondrites, Zoophycos, and rare Teichichnus). 
Klapper et al. (2004) later proposed a detailed biostratigraphic frame
work for the OGS Onakawana B borehole, previously examined by Bezys 
(1987) (Fig. 2C). An ichnoassemblage composed of Planolites, Teichich
nus, and Chondrites, associated with greenish mudstone and limestone 
beds showing mottled textures, is recorded in the upper interval of the 
Williams Island Formation, corresponding to the FZ 2 to FZ 4. Overall, 
this interval of the early Frasnian is characterized by favorable and 
relatively stable conditions for benthic tracemaker communities.

Upsection, black shale deposits dominate the FZ 4 to FZ 10 interval 
(corresponding to the effects of the Middlesex and Rhinestreet bio
crises), where trace fossils are limited to scarce Planolites and Chondrites 
restricted to greenish shale beds (cf. Ichnoassemblage 1a), recording a 
pattern similar to that observed in the inner areas of the Illinois Basin. 
The remainder of the Frasnian (FZ 11 to FZ 13) is dominated by greenish 
to light-gray shale deposits with abundant unclassified burrows, Chon
drites, and Planolites, with interbedded black shale beds within FZ 12 
(possibly corresponding to the Semichatovae or Lower Kellwasser cri
ses), characterized by light-colored mud–filled Chondrites in the upper 
part. Just above the Frasnian–Famennian boundary, black shale beds 
prevail up to the termini Zone, again interbedded with greenish to light- 
gray shale beds bearing Chondrites. Therefore, the ichnological pattern 
closely resembles that documented in the study cores from the present 
work, where the interval corresponding to FZ 13 is dominated by rela
tively oxic conditions, whereas the lowermost Famennian records 
renewed anoxic conditions. Ichnodiversity appears to be lower in the 
Moose River Basin than in the Illinois Basin, instead showing stronger 
similarities to the pattern recorded in the Appalachian Basin.

Notably, the occurrence of Zoophycos in the Long Rapids Formation 
is dated to the upper termini to pectinata zones, exactly the same age as 
Ichnoassemblage 4 in the Illinois and Appalachian Basins. In this case, 
Zoophycos occurs in association with Chondrites and rare ?Teichichnus (i. 
e., a similar record to Ichnoassemblage 4). This ichnoassemblage dis
appears before the rhomboidea Zone, and trace fossils become scarce 
upwards to the velifer Zone, where the record ends. Thus, the pattern of 
ichnological distribution is again comparable to that of the Appalachian 
and southern Illinois basins (OHRS-5 and Dupont cores, respectively), 
indicating that the Moose River Basin experienced similar paleoenvir
onmental conditions to those prevailing in the southern areas of the 
North American Seaway during the Famennian.

5.2.2. Open-marine settings: the Anadarko Basin and carbonate platforms
In the Anadarko Basin of southern Oklahoma, Zou and Slatt (2015)

studied the ichnology of the Woodford Shale (Fig. 2C). They identified 
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abundant Chondrites in the Middle and Upper Members of the formation, 
accompanied by Paleodictyon and sparse Planolites. In the Lower Mem
ber, bioturbation is scarce, similar to what was here recorded in the 
Current core. Bioturbation remains limited in the interval corresponding 
to the FFB and lower Famennian, whereas the Upper Member exhibits 
the highest degree of bioturbation.

The ichnological distribution described by Zou and Slatt (2015)
aligns with the patterns observed in this study. Notably, the presence of 
Paleodictyon (identified using 3D micro-CT) is consistent with the find
ings of Wilson et al. (2021) in the Williston and Illinois Basins. Palae
odictyon is a graphoglyptid interpreted as an agrichnial trace produced 
by a worm-like organism, mostly in deep-water settings but also in 
shallower environments such as prodelta or mid-to-deep shelf areas 
(Ekdale et al., 1984; Seilacher, 2007; Fürsich et al., 2007; Metz, 2012). 
The occurrence of Paleodictyon within Upper Devonian black shale units 
in North America demonstrates that anoxia was not permanent during 
their deposition, and that intermittent oxygenation events—although 
not reflected by lithological changes—allowed the establishment of 
complex biogenic structures.

Finally, two studies have examined the ichnology of the Frasnian and 
Famennian stages outside North America. Wang et al. (2006) investi
gated the Yaosu, Zhewang, Kolaohe, and Tangbagou formations in the 
Dushan area (Guizhou Province, China), which represent a shallow 
marine basin dominated by platform carbonates. The uppermost Fras
nian is described as an “ecologically barren area” linked to the Upper 
Kellwasser Event. Following the FFB, trace fossils appear before the 
recovery of body fossils, with deposit feeders (Planolites and Palae
ophycus) first recorded in the lower Famennian. Upwards in the section, 
Planolites and Palaeophycus are accompanied by Skolithos, Chondrites, 
and small Thalassinoides, coinciding with the first appearance of body 
fossils such as ostracods, gastropods, and brachiopods. The upper 
Famennian is characterized by a highly diverse ichnoassemblage, 
including Planolites, Palaeophycus, Skolithos, Chondrites, Thalassinoides, 
Rhizocorallium, Teichichnus, and Cochlichnus, indicating the full recovery 
of benthic communities. Similarly, Stachacz et al. (2017) analyzed two 
sections (Kowala and Płucki) in the Holy Cross Mountains (Góry 
Świętokrzyskie, Poland). The Frasnian deposits consist of shallow- 
marine stromatoporoid-coral reef carbonates, which were flooded dur
ing the earliest Famennian, transitioning to pelagic limestones, marl
stones, and shales.

Lower Frasnian carbonates are dominated by stromatoporoids and 
corals, indicating well-ventilated benthic conditions. Below the FFB, the 
shallower Kowala section exhibits fluctuations between oxic and anoxic 
conditions, recorded as alternating abundant laminated, unbioturbated 
intervals and Trichichnus (a commonly unbranched, wire-like structure 
with a mostly vertical orientation, typically associated with poorly 
oxygenated benthic settings; McBride and Picard, 1991; Uchman, 1995; 
Kędzierski et al., 2015). In contrast, the deeper Płucki section shows 
more diverse and abundant trace fossils, including Trichichnus and un
determined burrows, interbedded with fewer and thinner unbioturbated 
layers. Across the Frasnian–Famennian Boundary, both sections gener
ally lack trace fossils, reflecting anoxic conditions during the Kellwasser 
Event. During the Famennian, tracemaker communities recovered 
earlier in the Kowala section, indicating a faster return to oxygenated 
conditions compared to the Płucki section. Moreover, ichnodiversity is 
higher in Kowala, with Multina and ?Planolites, whereas at Płucki, the 
presence of Trichichnus and undetermined burrows suggests more 
persistently anoxic conditions.

The ichnological analysis of Stachacz et al. (2017) indicates that the 
deterioration of benthic settings occurred earlier in shallower areas 
(Kowala section) than in deeper settings (Płucki section). This is evi
denced by the dominant occurrence of Trichichnus, commonly linked to 
poorly oxygenated benthic settings. Notably, the recovery of oxic con
ditions was also faster in shallow areas, whereas anoxic conditions 
persisted longer in deeper settings during the early Famennian. Overall, 
this pattern is similar to that observed in the Appalachian Basin, where 

shoreward areas (e.g., Boyer et al., 2014) experienced shorter and less 
intense anoxic pulses associated with the Kellwasser Event, while deeper 
settings were characterized by more frequent fluctuations among 
anoxic, dysoxic, and oxic conditions.

5.3. Synthesis: Global patterns in Frasnian and Famennian ichnology

Based on the ichnological analyses discussed above, this section in
tegrates all available data on macrobenthic tracemaker communities 
and their response to the complex redox fluctuations that characterize 
the Late Devonian, aiming to develop a comprehensive framework for 
future ichnological studies of globally distributed Frasnian and Famen
nian deposits.

Overall, three main types of tracemaker communities can be recog
nized based on their behavioral strategies, which, according to the study 
of the North American Seaway, can be correlated globally: (a) climax 
communities, (b) opportunistic communities, and (c) opportunistic–
specialized communities.

Notably, tracemaker communities (b) and (c) are composed almost 
exclusively of shallow-tier structures, predominantly fodinichnia, with 
occurrences of specific behaviors such as agrichnia or chemichnia. This 
suggests that widespread anoxia restricted benthic activity to exploiting 
detritus within the substrate—either through direct consumption or by 
leveraging microbial metabolisms—regardless of the tracemakers’ level 
of specialization (e.g., Zoophycos versus Planolites producers). In 
contrast, climax communities (a) are characterized by higher diversity 
and abundance (i.e., higher bioturbation index), including both fodi
nichnia and domichnia produced by suspension feeders or arthropods, 
whereas highly specialized behaviors are less common. These patterns 
indicate that benthic communities are closely linked to discrete redox 
conditions: (a) climax communities developed in well-ventilated, oxic 
settings over prolonged periods, allowing the development of diverse 
and abundant trace fossils; (b) opportunistic communities, characterized 
by simple structures (mostly Planolites), reflect detritus feeding at or 
close to the sediment-water interface during brief oxic pulses inter
rupting generally anoxic conditions; and (c) opportunistic–specialized 
communities, characterized by complex trace fossils, indicate more 
specialized behaviors such as systematic detritus feeding (indicated by 
spreiten), agrichnia (e.g., Palaeodictyon, and possibly Zoophycos and 
Chondrites), or even chemichnia. These communities formed during 
relatively longer oxic intervals than those generating type-(b) opportu
nistic communities, as indicated by the higher complexity of trace fossils 
and behaviors.

During the upper Givetian and uppermost Frasnian, climax trace
maker communities produced complex and abundant trace fossils (Ich
noassemblages 3 and 5) within the inner regions of the North American 
Seaway, associated with well-ventilated benthic environments both 
prior to the onset of the Kaskaskia Transgression and again toward its 
end, during the Kellwasser interval (FZ 13). Similar communities are 
observed in the shoreward sections of the Appalachian Basin, where 
well-established benthic communities developed complex ichnoas
semblages just before and after the Kellwasser Event, including Skolithos, 
Planolites, Thalassinoides, and Chondrites. Therefore, the development of 
these communities was not necessarily controlled by sea-level fluctua
tions, but rather by the establishment of sustained oxic conditions in 
benthic settings—conditions that primarily occurred in restricted areas 
acting as refuges (e.g., the inner Illinois Basin) or regions influenced by 
continental input (e.g., the Catskill Delta), where the effects of anoxia 
were buffered.

Notably, the middle and upper Famennian of China also record the 
onset of climax communities after a barren interval linked to the Kell
wasser Event, characterized by a diverse ichnoassemblage (Planolites, 
Palaeophycus, Skolithos, Chondrites, Thalassinoides, Rhizocorallium, Tei
chichnus, and Cochlichnus), indicating that open, shoreward settings 
were less affected by widespread anoxia during the middle and upper 
Famennian, evidencing faster recolonizations. This is also consistent 
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with observations from the Polish carbonate platforms, where anoxic 
conditions were more persistent in deeper areas (i.e., the Płucki section) 
during the Kellwasser Event.

In contrast, during most of the Frasnian and especially the Famen
nian, anoxic pulses associated with globally recorded biocrises such as 
the Middlesex and Dasberg events led to a marked impoverishment of 
benthic communities. During these intervals, only brief oxic pulses 
occurred, allowing short colonization windows when opportunistic 
tracemakers inhabited the sediment–water interface, producing simple 
structures (Ichnoassemblage 1) that sometimes intensely bioturbated 
the substrate, generating mottled textures. These communities are 
comparable to those from the Anadarko Basin (characterized mainly by 
Planolites and Palaeophycus), most of the Polish carbonate platforms 
(characterized by Trichichnus), and the lowermost Famennian of China 
(dominated by absence of trace fossils, and later Planolites and Palae
ophycus). Thus, although the response of the benthic fauna may vary 
regionally, the highly stressful conditions associated with these biocrises 
produced similar behavioral patterns regardless of paleogeographic or 
depositional setting, as comparable simple ichnoassemblages (fodi
nichnia produced by opportunistic tracemakers) are recorded in 
restricted basins, open-marine environments, and shallow carbonate 
platforms.

Finally, the presence of Ichnoassemblage 4 in the Famennian of the 
North American Seaway shows that regional features strongly modu
lated the benthic response to these anoxic pulses, overprinting the global 
triggers. This ichnoassemblage is interpreted as the product of oppor
tunistic yet highly specialized tracemakers that occupied the benthos for 
longer intervals than typical opportunistic communities, but whose 
development was still linked to abrupt shifts between anoxic and oxic 
conditions and to the availability of organic matter within the sediment. 
The persistent presence of Zoophycos in the inner areas of the Illinois 
Basin, compared with its disappearance from the southern Illinois, 
central Appalachian, and Moose River Basins after the Enkeberg/Utah 
Event, indicates that anoxic conditions were buffered in restricted set
tings. This pattern suggests the existence of a corridor of anoxic- 
watermass exchange during the Famennian between the Moose Riv
er–central Appalachian–southern Illinois Basins and the Rheic Ocean, 
which did not affect cratonward regions of the Appalachian Basin and 
the inner, restricted parts of the Illinois Basin.

Overall, the Kellwasser Event and other Late Devonian biocrises 
profoundly impacted benthic communities, yet their effects were 
strongly modulated by regional factors (cf. other minor biocrises such as 
the Toarcian Oceanic Anoxic Event, e.g., Fernández-Martínez et al., 
2023). Opportunistic tracemakers dominated open, well-connected 
settings, commonly characterized by frequent oxic–anoxic shifts. In 
contrast, inner and shoreward areas of the North American Seaway (i.e., 
epeiric settings) and restricted carbonate platforms often acted as ref
uges, buffering widespread anoxia. Although the Kellwasser Event 
affected both deep and shallow settings, its intensity on macrobenthic 
communities was attenuated in these refugial regions. The variable 
development of anoxic conditions and the tracemaker response during 
the Famennian highlights how local and regional hydrography and 
environmental constraints frequently overrode global triggers during 
these biocrises, shaping benthic fauna resilience and behaviors. Further 
integration of ichnological, sedimentological, and geochemical data is 
encouraged to more precisely assess the causes of Late Devonian bio
logical crises and their effects on benthic tracemaker communities.

6. Conclusions

An integrated ichnological and sedimentological analysis was con
ducted on Upper Devonian shale units from North America. The corre
lation of gamma-ray logs, conodont biostratigraphy, and geochemical 
proxies allowed the identification of several strong anoxic pulses, cor
responding to globally recorded biotic crises that affected marine eco
systems during the Late Devonian.

Within the North American Seaway, anoxic pulses profoundly 
affected benthic tracemaker communities, promoting opportunistic 
behavior (Ichnoassemblage 1) throughout most of the Frasnian and 
Famennian in all depositional settings. This pattern is even more pro
nounced in the open-marine Anadarko Basin, where only mottled in
tervals and sparse occurrences of Planolites or Chondrites are recorded.

Notably, the impact of the Kellwasser Event was less pronounced in 
the inner regions of the North American Seaway, where highly diverse 
ichnotaxa (Ichnoassemblage 3) characterize the inner Illinois Basin. In 
contrast, areas with better connection to the Rheic Ocean are marked by 
reduced ichnodiversity (Ichnoassemblage 1) and more frequent redox 
shifts. In the Anadarko Basin, this pattern is even more pronounced, as 
only mottled textures are recorded during brief oxic pulses. A similar 
pattern to that of the inner Illinois Basin is observed in shoreward re
gions of the Appalachian Basin, where anoxic pulses linked to the 
Kellwasser Event were restricted to short intervals (recorded as thin 
black shale beds), and ichnodiversity was higher than in other parts of 
the North American Seaway.

During the Famennian, trace fossil distribution was highly variable, 
but characterized by the presence of Zoophycos and Chondrites (Ich
noassemblage 4). These taxa appear following a strong anoxic pulse in 
the lowermost Famennian and disappear in most regions during the 
remainder of this stage. Notably, the inner Illinois Basin acted as a refuge 
for benthic communities, as Ichnoassemblage 4 persisted in these areas 
throughout the Famennian despite widespread anoxia.

At a global scale, crises such as the Upper Kellwasser Event pro
foundly impacted benthic tracemaker communities, although regional 
factors strongly modulated their effects. During anoxic episodes, most 
regions were dominated by simple structures produced by opportunistic 
tracemakers. In contrast, inner-restricted and shoreward areas, such as 
the Illinois Basin or shallow carbonate platforms, usually acted as ref
uges for benthic communities, buffering the effects of widespread 
anoxia. Continued integration of ichnological, sedimentological, and 
geochemical datasets will help further refine our understanding of the 
controls and consequences of these Late Devonian biocrises on benthic 
ecosystems.

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.gloplacha.2026.105347.
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Higley, D.K., Gaswirth, S.B., Abbott, M.M., Charpentier, R.R., Cook, T.A., Ellis, G.S., 
Gianoutsos, N.J., Hatch, J.R., Klett, T.R., Nelson, P.H., Pawlewicz, M.J., Pearson, O. 
N., Pollastro, R.M., Schenk, C.J., 2014. Assessment of undiscovered oil and gas 
resources of the Anadarko Basin Province of Oklahoma, Kansas, Texas, and 
Colorado, 2010. In: Higley, D.K. (Ed.), Petroleum Systems and Assessment of 
Undiscovered Oil and Gas in the Anadarko Basin Province, Colorado, Kansas, 
Oklahoma, and Texas—USGS Province 58. U.S. Geological Survey Digital Data, 
Series DDS–69–EE. https://doi.org/10.3133/ds69EE.

House, M.R., 1985. Correlation of mid-Palaeozoic ammonoid evolutionary events with 
global sedimentary perturbations. Nature 313 (5997), 17–22. https://doi.org/ 
10.1038/313017a0.

Howard, J.D., 1966. Characteristic trace fossils in Upper Cretaceous sandstones of the 
Book Cliffs and Wasatch Plateau. Bull. Utah Geol. Min. Surv. 80, 35–53.

Jaminski, J., Algeo, T.J., Maynard, J.B., Hower, J.C., 1998. Climatic origin of dm-scale 
compositional cyclicity in the Cleveland Member of the Ohio Shale (Upper 
Devonian), Central Appalachian Basin, USA. In: Schieber, J., Zimmerle, W., Sethi, P. 
(Eds.), Shales and Mudstones, 1. Schweizerbart’sche, Stuttgart, Germany, 
pp. 217–242.

Johnson, J.G., Klapper, G., Sandberg, C.A., 1985. Devonian eustatic fluctuations in 
Euramerica. Geol. Soc. Am. Bull. 96 (5), 567–587. https://doi.org/10.1130/0016- 
7606(1985)96%3C567:DEFIE%3E2.0.CO;2.

Kędzierski, M., Uchman, A., Sawlowicz, Z., Briguglio, A., 2015. Fossilized bioelectric 
wire–the trace fossil Trichichnus. Biogeosciences 12 (8), 2301–2309. https://doi.org/ 
10.5194/bg-12-2301-2015.

Klapper, G., Kirchgasser, W.T., 2016. Frasnian Late Devonian conodont biostratigraphy 
in New York: graphic correlation and taxonomy. J. Paleontol. 90 (3), 525–554. 
https://doi.org/10.1017/jpa.2015.70.

Klapper, G., Uyeno, T.T., Armstrong, D.K., Telford, P.G., 2004. Conodonts of the Williams 
Island and Long Rapids formations (Upper Devonian, Frasnian-Famennian) of the 
Onakawana B Drillhole, Moose River Basin, northern Ontario, with a revision of 
Lower Famennian species. J. Paleontol. 78 (2), 371–387. https://doi.org/10.1666/ 
0022-3360(2004)0782.0.CO;2.

Knaust, D., 2009. Complex behavioural pattern as an aid to identify the producer of 
Zoophycos from the Middle Permian of Oman. Lethaia 42 (2), 146–154. https://doi. 
org/10.1111/j.1502-3931.2008.0012.

Knaust, D., 2017. Atlas of trace fossils in well core: appearance, taxonomy and 
interpretation. Springer, Cham, p. 219.

Lazar, O.R., 2007. Redefinition of the New Albany Shale of the Illinois Basin: an 
integrated stratigraphic, sedimentologic, and geochemical study. Ph.D. Thesis. 
Indiana University, p. 363.

Lazar, O.R., Schieber, J., 2022. New Albany Shale, Illinois Basin, USA—Devonian 
carbonaceous mudstone accumulation in an epicratonic sea: Stratigraphic insights 
from outcrop and subsurface data. In: Bohacs, K.M., Lazar, R.O. (Eds.), Sequence 
Stratigraphy: Applications to Fine-Grained Rocks. AAPG Memoir, Vol. 126. https:// 
doi.org/10.1306/137123043860.

Levman, B.G., Bitter, P.H.V., 2002. The Frasnian-Famennian (mid-Late Devonian) 
boundary in the type section of the Long Rapids Formation, James Bay Lowlands, 
northern Ontario, Canada. Can. J. Earth Sci. 39 (12), 1795–1818. https://doi.org/ 
10.1139/e02-073.

Liu, J., Algeo, T.J., Hinnov, L.A., 2025. Identifying and quantifying stratigraphic 
disconformities in shale: An example from the Upper Devonian of the Appalachian 
Basin. Geol. Soc. Am. Bull. 137. https://doi.org/10.1130/B38148.1.

Lobza, V., Schieber, J., 1999. Biogenic sedimentary structures produced by worms in 
soupy, soft muds; observations from the Chattanooga Shale (Upper Devonian) and 
experiments. J. Sediment. Res. 69 (5), 1041–1049. https://doi.org/10.2110/ 
jsr.69.1041.

Locklair, R.E., Savrda, C.E., 1998. Ichnofossil tiering analysis of a rhythmically bedded 
chalk-marl sequence in the Upper Cretaceous of Alabama. Lethaia 31 (4), 311–321. 
https://doi.org/10.1111/j.1502-3931.1998.tb00521.x.
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