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Conodonts in Biostratigraphy. A 300-million-years
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Abstract. Conodonts are tooth-like elements of a primitive chordate and are generally abundant in many
marine sedimentary rocks deposited from the late Cambrian to the latest Triassic. For all this time interval,
more than 300 million years, conodonts represent the best tool for biostratigraphic studies. Conodonts are also
widely used in paleoecologic, paleogeographic, and geochemical studies, making them the most useful fossil
to investigate the Earth’s history during the “Conodontozoic”. A summary of the present knowledge on
conodonts is presented, mainly focused on their stratigraphic applications. Biozonation schemes in use are
discussed and the importance of these fossils in chronostratigraphic correlation is stressed.
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1. Introduction

Conodonts are one of the major tools for biostrati-
graphic studies in marine rocks from the late Cambrian
to the end-Triassic, through a time interval of almost
300 million years. They are the small phosphatic
“tooth-like” parts, called elements (0.5-1.0 mm aver-
age size), of an eel-like animal that are commonly
preserved in carbonate rocks, but may also occur in
marine shale, sandstone and chert. Identifiable ele-
ments can persist into low-grade metamorphic rocks as
high as chlorite-grade green-schist facies (Rejebian et
al. 1987).

For a long time after the first description of con-
odonts by Pander (1856), these elements were the only
known parts of the organism, whose biologic affinity
was hotly debated. The absence of the rest of the body

resulted in many interesting hypotheses, and elements
were interpreted to be associated with a variety of fossil
groups, including plants (see summary in Knell 2013).
Finally, preserved soft body impressions were found in
the Carboniferous Granton Shrimp Beds in Scotland,
where an eel-like animal carried a feeding apparatus
comprising a complete set of elements (Briggs et al.
1983; Fig. 1). These Granton specimens, later sup-
ported by exceptional new material from the Upper
Ordovician Soom Shale of South Africa (Aldridge &
Theron 1993, Aldridge et al. 1995), provide some of
the strongest evidence of chordate and vertebrate
affinity of conodonts, including the presence of a
notochord, chevron-shaped myomeres, paired eye
structures and ray-supported caudal fins (Aldridge
et al. 1995, Purnell 1995). The apparatus of generally
15 to 19 elements in the mouth of the animal could
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have been used for grasping and crushing/shredding
prey or for filtering plankton.

Compositionally, elements are similar to vertebrate
structures and histological studies reveal signs of
occlusion and wear (Donoghue & Purnell 1999, Pur-
nell & Jones 2012), suggesting that they were homo-
logous to vertebrate teeth (Purnell 1995). Other work-
ers, integrating microstructure analysis on earliest
elements by synchrotron radiation X-ray tomographic
microscopy, propose that this is the result of conver-
gent evolution (Murdock et al. 2013). Whatever the
interpretation, conodont elements and soft body
strongly indicate some type of vertebrate affinity.

Over the 300 Ma interval during which they existed,
conodonts represent an incredibly useful fossil group
not only in biostratigraphy, but also in paleobiogeo-
graphy and paleoecology (e.g., Mei & Henderson
2001). The organic-phosphatic composition of the
elements has made them excellent indicators of ther-
mal maturity of the enclosing sediment (CAI: Color
Alteration Index; Epstein et al. 1977). Application of
CAI has made conodonts valuable tools in basin
analysis for hydrocarbon assessments and locally
and regionally for mineral resource exploration and
assessment. Finally, the skeletal material is resistant to

Fig. 1. The conodont animal (modified original photograph
provided courtesy of Derek Briggs; this was the basis of
black and white image in Briggs et al. 1983).

diagenetic processes and has been used, with some
limitations (see below), for geochemical characteriza-
tion of ancient seas and oceans using mainly trace
elements and oxygen, carbon, neodymium and stron-
tium isotopes (e.g., Trotter et al. 2008, Joachimski et al.
2012).

Conodont zonal schemes first appeared during the
middle of the last century, mainly based on Ordovician
to lower Carboniferous sequences in Europe and North
America (e.g., Voges 1959, 1960; Ziegler 1962, 1969;
Walliser 1964, Lane et al. 1970, Bergstrom 1971).
These schemes were widely applied and continue to be
improved. Zones now exist for all of the stratigraphic
range of the group (the “Conodontozoic” as recently
defined by Ferretti et al. 2020). In addition to the
“standard” conodont subdivisions of potential global
applicability, alternative regional zonations of local
application have been produced in different geographic
areas as discussed below. Finally, conodonts represent
the most used tool for the correlation of chronostrati-
graphic boundaries. The main criteria used to mark the
Global Stratotype Section and Point for 27 stages from
the Lower Ordovician into the Upper Triassic are the
First Appearance Datums (FADs) of conodont taxa
(see section 7).

2. Taxonomy

Conodonts are known almost exclusively by the phos-
phatic “tooth-like” elements that represent the only
mineralized parts of the animal. Since they are ex-
tracted mostly by acid leaching of carbonate rocks or
easily disaggregated shales and sandstones, the great
majority of the elements are collected as isolated
components of the multi-element apparatus. For
more than a century after conodonts were first de-
scribed by Pander in 1856, the taxonomy was exclu-
sively based on the morphology of single-elements
(form-taxonomy). Coniform, ramiform and pectini-
form elements are the three more common identified
morphotypes (Fig. 2). Large pectiniforms are often
named platform elements.

Now we know that several elements, usually of
different morphologic types, were housed in the mouth
of the conodont, forming a complex feeding apparatus.
The transition from single-element form-taxonomy to
multi-element taxonomy, which approximates a nat-
ural biological classification, took a long time. A few
associations of elements on bedding surfaces were
described early and interpreted as a natural assemblage
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Fig. 2. General conodont element morphotypes (coniform, ramiform and pectiniform elements) and simplified morphologic

terminology.

of a conodont animal (e.g., Schmidt 1934, Rhodes
1952), but the rarity of such recoveries did not affect
taxonomic practice. At the beginning of the second half
of the twentieth century, Huckriede (1958) and Walli-
ser (1964) noted that the composition of recurrent
groups of elements in large collections of isolated
conodont elements could represent or closely approx-
imate that of the natural assemblages. Bergstrom &
Sweet (1966) and Webers (1966) based the species
they recognized on assemblages generated empirically
from their collections, starting the shift from form-
element taxonomy to multi-element taxonomy. At the
first international meeting of conodont workers held in
Marburg, Germany, in 1971 it was decided that multi-
element taxonomy was to be preferred over form-
taxonomy (Lindstrom & Ziegler 1972, Sweet & Do-
noghue 2001).

Complete conodont apparatuses are known from
exceptional recovery on bedding planes (e.g., Aldridge
& Theron 1993, Purnell & Donoghue 1997, Liu et al.
2017) or from fused elements (“clusters”) recovered in
some processed samples. Others are known from
“lucky samples” that are monospecific or where a
few already well-known species are present, and can
provide information on the apparatus composition for
the one or two other species in the sample (e.g.,
Serpagli 1983, Corriga & Corradini 2019b). The
majority of known multielement species has been
reconstructed on this basis.

Rare intact natural assemblages show that the ap-
paratus is bilaterally symmetrical and generally com-

posed of 15 to 19 discrete elements, structurally
divisible into elements occupying three positions in
the apparatus, S, M and P elements (Fig. 3; Sweet
1988, Purnell et al. 2000). In the P position two pairs of
pectiniform elements normally occur (P; and P,; and
P; in a few taxa) that are commonly the most robust;
they are approximately mirror images of one another
with the denticulated surfaces opposed. These robust
elements often represent the majority of discrete con-
odont elements recovered, being more easily preserved
than the more fragile ramiform elements that occupied
other positions in the apparatus. Consequently, many
species are known only by P; elements (platforms) and
the other elements of the apparatus are considered to be
similar, if not the same, to coeval species with a
comparable P; element for which the apparatus is
known. Some taxa have an apparatus formed only
by coniform or coniform plus ramiform elements.
These apparatuses are simpler and may lack an obvious
structural division into distinct suites of elements that
compare to the P, M and S divisions (Sansom et al.
1994).

Genera and species are based on the morphologic
features of individual elements, most often the P; and
M elements. A few suprageneric classifications of
multielement taxa have been proposed, of which Sweet
(1988) and Dzik (1991) are the more commonly used.
Suprageneric groups are based on the structure of the
reconstructed apparatus. Cladistic analyses of selected
multielement conodont genera (Donoghue et al. 2008)
produced an alternative classification that has not been
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Fig. 3. Apparatus location in the conodont animal (modified after Henderson 2021 based on original artwork provided with
permission by Mark Purnell) and general architecture of the 15-element apparatus of ozarkodinids (modified after Liu et al.

2017).

widely used, probably because all genera were not
included.

3. Paleoecology and
paleogeography

The analysis of the soft-tissue anatomy of conodonts
documented a hydrodynamic silhouette provided with
fins, supporting a nektic habit and an ecologic dis-
tribution of most species largely independent of con-
ditions on the bottom (Sweet 1988). The conodont
animal lived in the water column, possibly at various
water depths (Seddon & Sweet 1971). The discovery of
eye muscles used for eye movements suggests a
general adaptation of conodonts to the photic zone
(Gabbott et al. 1995, Rigo & Joachimski 2010). The
presence of mineralized tooth- and jaw-like elements
in the cephalic lobe indicates a predatory habit (Sweet
1988, Purnell 1995) on a wide variety of alimentary
resources (Terrill et al. 2022). The food capture and
processing mechanisms involved a pulley-like grasp-
ing motion, rotational kinematics of elements, and
occlusion of some elements (Goudemand et al. 2011,
Jones et al. 2012).

The coexistence of conodonts with only marine
biota supports a marine habitat for these animals.
Owing to the lack of extant biological analogues,
the abundance, diversity, and spatial distributions of
species have been inferred using sedimentologic fea-
tures, co-occurring taxa, and geochemical trends,
which are the only available proxies to formulate
detailed paleoecologic and paleobiogeographic hy-
potheses. It is likely that conodonts responded to
many hydrographic conditions that are not otherwise
well-preserved in the stratigraphic record and, thus,
their distribution can serve as an important proxy of
paleoenvironmental change (e.g., Spiridonov et al.
2016, Liiddecke et al. 2017). However, determination
of'the specific controls on the distribution of taxa is not
readily accomplished.

A global synthesis on conodont paleoecology and
paleogeography is biased by the fact that studies are
often limited to restricted stratigraphic intervals. The
concept of “communities”, introduced by Barnes et al.
(1973) and Merrill (1973), was later replaced with that
of “biofacies” to highlight preferred or limited con-
odont distribution in certain environments, resulting by
a combination of biologic and taphonomic processes.
For most intervals of geologic time, three generalized
conodont biofacies can be identified. The major bio-
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facies is the normal marine shelf biofacies, which tends
to be the most diverse biofacies, and the one for which
conodont zonations are most readily applicable. The
combination of normal marine hydrographic condi-
tions and an abundant food supply, as is characteristic
of subtropical to tropical shelf settings, permitted the
conodont animals to flourish, but the exact controls on
distribution of individual genera and species across the
shelf environment have been difficult to interpret.
Abundance of elements is a function of biologic
productivity relative to rates of sediment accumula-
tion. The offshore and deeper water conodont biofacies
occurs on shelf margins, slope, and basinal settings.
Here occur species that may be pelagic, and often
cosmopolitan in distribution. Diversity of the offshore
species is lower than on the shelf, but the admixture of
offshore species with downslope transport of shelf taxa
and low sediment accumulation rates can make the
resulting assemblages appear more abundant and di-
verse. The offshore species can serve as useful zonal
indicators that allow regional to global correlation to
be affected. The nearshore biofacies is characterized
by low diversity and is constituted of genera and
species that could tolerate the variable salinities and
other restrictive environmental aspects of the marginal
marine environment. Biostratigraphic correlation of
this biofacies can be difficult and in many instances
conodont zonations different than the standard marine
zonations have been used.

The biogeographic distribution of conodont species
is related to biofacies distributions, surface/deep water
temperatures, and degree of geographic isolation.
Endemic species appear to be more common in near-
shore, probably shallow-water biofacies, while more
cosmopolitan species characterize offshore, deeper-
water biofacies. The most diverse conodont assem-
blages occur in tropical to subtropical settings, and
diversity decreases into the higher latitudes and espe-
cially in areas near glacial activity. Several time frames
can be referred to for illustrative examples.

The Ordovician represents a key-interval in biogeo-
graphic studies, due to the high diversification of
conodonts in a period of profound geographic differ-
entiation. The marine realm was subdivided into two
major biogeographic units: the North American Mid-
continent and the North Atlantic Provinces (Sweet et
al. 1959). Sweet & Bergstrom (1984) referred the
former to warm waters, largely restricted to 25-30°
latitude and temperature above 15 °C, and the latter to
cold waters of latitudes around 40°. They identified a
Late Ordovician series of biofacies through the equa-

tor-to-pole transition to suggest that, exactly as in
recent seas, warm-water faunas exhibited higher spe-
cies diversity than cold-water ones, possibly also
favored by exchanges triggered by equatorial currents.
The succeeding integration of isotopic techniques
within correlation proxies has enabled a more precise
comparison among different conodont populations
recovered in different areas, and a new series of
paleogeographic/biofacies studies has been released.
Rasmussen & Stouge (2018), based on multivariate
statistical analyses, recently identified in the Middle
Ordovician of the Baltoscandian platform three dis-
tinct, recurrent and laterally extensive conodont bio-
facies (Fig.4). During the Dapingian Stage (early
Middle Ordovician), the relatively shallow proximal
and intermediate shelf settings were characterized by
the Baltoniodus—Microzarkodina biofacies both in the
transition area of Baltica to the Tornquist Sea and in
that to the Iapetus Ocean. In the distal shelf, the
Protopanderodus biofacies occupied the southern
cooler waters facing the Tornquist Sea while the
Periodon biofacies developed in the northern warmer
waters towards the lapetus Ocean. In the following
Darriwilian Stage, possibly due to the onset of a
cooling event, the Gothodus—Nordiora (GN in
Fig. 4) assemblage appeared in relatively cool areas
of the platform margins within both the Protopander-
odus biofacies and Periodon biofacies. The two genera
Gothodus and Nordiora, known from high-latitude
Gondwana, probably had a nektobenthic mode of
life in deep and/or cool settings (Rasmussen & Stouge
2018).

Conodont diversity declined greatly after the end-
Ordovician (Hirnantian) extinction event (Fig. 5). Be-
cause taxonomic diversity at the generic level was
reduced by about 50-60 %, the pattern of conodont
distribution is more subdued and Llandovery conodont
biofacies are not well-defined (Zhang & Barnes 2002).
A series of oceanic extinction events associated with
carbon isotope excursions punctuated the conodont
record during the Silurian (see Calner 2008) and likely
suppressed a major diversification of conodonts during
this period. Coniform taxa that have little apparent
biostratigraphic value dominate most faunas. Chen et
al. (2017) recognized four Llandovery conodont pro-
vinces that differ significantly from the Ordovician
ones, of which only about 10 % of the species were
considered to be cosmopolitan. On a gentle ramp
setting on Anticosti Island, Zhang & Barnes (2002)
could distinguish Llandovery shallow ramp and deeper
ramp biofacies. Communities occurring in Llandovery
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Fig. 4. Conodont biofacies in the Middle Ordovician (Dapingian and Darriwilian) of the Baltoscandian platform (modified
after Rasmussen & Stouge 2018). The onset of the Darriwilian documented in the deeper and cooler parts of the platform
margin the appearance of the Gothodus—Nordiora (GN) assemblage, triggered by a general cooling of the waters.

through Wenlock slope and basinal environments in
Arctic Canada include many species with a widespread
geographic distribution (Zhang et al. 2016). In the
Baltic region, a distinctive diverse nearshore biofacies
developed, but is restricted to that region (Jarochowska
et al. 2017).

The radiation of icriodids and then polygnathids
during the Early Devonian led to the development of a
shallow shelf icriodid biofacies, with many endemic
species, and an offshore shelf polygnathid biofacies,
the species of which are common regional to global
zonal indices. Endemism was high early in the Devo-
nian and decreased later as more cosmopolitan species
of polygnathids appeared and rising sea levels flooded
cratonic regions (Klapper & Johnson 1980). The
biofacies spectrum broadened in the Late Devonian
with the appearance of palmatolepids, a rapidly evol-
ving group that occupied the farthest offshore settings
with bispathodids, and included many cosmopolitan

zonal species. Across the shelf region in western North
America, offshore palmatolepid-polygnathid and shal-
lower water polygnathid-icriodid/pelekysgnathid bio-
facies occur (e.g., Sandberg 1976). In the shelf faunas
lacking palmatolepids, separate polygnathid zonations
have been proposed (e.g., Klapper & Lane 1985,
Ovnatanova & Kononova 2001, 2008). The nearshore
clydagnathid biofacies occupied waters of variable
salinity. The model by Sandberg (1976) based on
relative abundance of genera is applied all over the
world, and was augmented by recognition of pelagic
species of Icriodus (Corradini 1998, 2003) in North
Gondwana.

A comparable spectrum of conodont biofacies re-
appeared in the early Carboniferous (Mississippian)
after the extinction of Palmatolepis species. In the
western United States, a diverse fauna of biostrati-
graphically important genera (e.g., Gnathodus, Sca-
liognathus, Bactrognathus and Pseudopolygnathus)
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Fig. 5. Conodont diversity expressed by appearances of new species (solid line) and extinctions (dashed line). Decline of
conodont diversity occurs when the appearance line is below the extinction one (modified after Knell 2012).

occupied the outermost shelf to slope setting, but in the
starved basin these genera are less common and
species interpreted to be pelagic, such as Bispathodus
and Polygnathus communis, are more characteristic
(Sandberg & Gutschick 1979). On the shallower parts
of the shelf, Eotaphrus, Hindeodus, and Pandorinelli-
na, all with simple blade-like pectiniform elements,
dominate faunas. The Mesognathus biofacies, which
occurs in the most restricted near-shore environment,
has its own zonation, and a cosmopolitan distribution
(von Bitter et al. 1986).

Several new genera of gnathodids appeared at the
beginning of the late Carboniferous (Pennsylvanian)
and their lineages dominated conodont faunas from the
Bashkirian into the early Permian (Barrick et al. 2022,
2023). Heckel & Baesemann (1975) and Swade (1985)
interpreted the distribution of some Pennsylvanian
taxa in North American Midcontinent epeiric seaway
cyclothems as being controlled by the position of the
thermocline, and related to water temperature. The
nearshore biofacies of Adetognathus and Ellisonia
grades into the Hindeodus biofacies in shallow marine
carbonates. Offshore, idiognathodids (e.g., Idiog-
nathodus, Streptognathodus and Neognathodus) dom-
inate. The interpretation of the factors controlling the
distribution of the most offshore genera, Gondolella
and Idioprioniodus in the black shale lithofacies has
been controversial (Sweet 1988). Herrmann et al.
(2015, 2019) suggested that Midcontinent Pennsylva-
nian conodont biofacies distributions seem to have
been controlled by physicochemical properties of the
water mass (e.g., temperature, salinity, nutrients, tur-
bidity, and/or dissolved oxygen levels) that may cor-
respond less directly to water depth. The proximity to

terrestrial freshwater influx and the strength of anoxia/
euxinia in the subpycnoclinal water mass may have
had significant roles in the spatial distributions of
conodont taxa. Two to three major biogeographic
regions, each with many endemic species, existed,
especially during the Moscovian and Kasimovian, and
hinder global biostratigraphic correlations (Barrick et
al. 2022).

Paleoecologic controls for the Permian and Triassic
are mostly comparable to the Swade (1985) model with
the position of the thermocline affecting distribution.
Conodonts are absent from very cold water in proxi-
mity to major glaciers during the Late Paleozoic Ice
Age (Nicoll 1976). During the Permian, Ellisonia
occupied a near-shore position; it was accompanied
by Adetognathus only in the earliest Permian and
Hindeodus for much of the Permian. Streptognathodus
occupied warm-water above much of the shelf during
the earliest Permian Asselian Stage and was ecologi-
cally replaced by Sweetognathus during the early
Permian Sakmarian Stage and later by descendants
Neostreptognathodus and Iranognathus. The offshore
setting, restricted to waters below a thermocline, was
characterized by Mesogondolella during the early
Permian. The Permian world was characterized by
increasing levels of provincialism for much of the late
early, middle and late Permian. Mei & Henderson
(2001) described three provinces including an Equa-
torial Warm-water Province (EWWP), North Cool-
water Province (NCWP), and peri-Gondwana Cool-
water province (GCWP). Jinogondolella and Clarkina
dominated an offshore biofacies below a thermocline
in the EWWP during the middle and late Permian
respectively. In contrast, Mesogondolella ranged
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through the entire Permian (Henderson 2018) in the
NCWP in both shallow and deeper shelf because of
thermocline shoaling. One explanation for this ther-
mocline shoaling is that circulation and surface cur-
rents were cut-off from equatorial settings, for example
by the closure of Uralian gateway (Beauchamp et al.
2022). Ellisonia and Hindeodus continued to occupy
the very near shore setting in middle and late Permian
of the NCWP, but Sweetognathus and descendants
were absent. The offshore setting in the GCWP in-
cluded some Mesogondolella and Vjalovognathus
(Mei & Henderson 2001).

The paleoecologic distribution of Hindeodus was
expanded during the Permian-Triassic boundary inter-
val to offshore and nearshore environments (Lai et al.
2001). Conodonts were not significantly affected by
the end-Permian mass extinction (Orchard 2007), but
there was an important turnover in the early Induan
(latest Griesbachian substage) including the extinction
of Hindeodus. The migration of the EWWP genus
Clarkina into the NCWP near the Permian-Triassic
boundary was related to the effect of major rise in
global ocean temperatures (Algeo et al. 2012, Joa-
chimski et al. 2012). This was followed by major
radiations (Orchard 2007) in the Olenekian (mid-
Smithian and early Spathian substages). The degree
of provincialism increased throughout the Middle
Triassic, when Chen et al. (2016) distinguished two
conodont domains including Tethyan and Panthalas-
san. Rigo & Joachimski (2010) indicated that Late
Triassic conodonts, including Carnepigondolella, Epi-
gondolella, Parvigondolella, Metapolygnathus, Orch-
ardella, and Misikella, were nektic surface dwellers in
warm water within the photic zone.

4. Taphonomy

The taxonomic combination of elements recovered
from a sample processed for conodonts differs greatly
from that seen in natural and complete apparatuses
exposed in bedding plane assemblages. Upon decay
and disintegration of soft parts, elements of different
shapes and relative sizes are released as sand-sized
sedimentary particles. The complex shapes of the
conodont elements give them a range of hydrodynamic
properties that determine their susceptibility to en-
trainment, transport, and sorting (Broadhead et al.
1990, McGoff 1991). Larger and more compact pec-
tiniform elements are often over-represented relative to
less compact ramiform elements (Purnell & Donoghue

2005). Helms & Over (2006) suggested that ramiform
elements were preferentially destroyed when cono-
donts were digested as prey. Broadhead & Driese
(1994) concluded that destruction by abrasion when
suspended in water was unlikely. Von Bitter & Purnell
(2005) found that over-representation of pectiniform
elements can occur because of preferential fragmenta-
tion of ramiform elements during compaction and
diagenesis. However, all elements, including plat-
forms, may be fractured in shaly lithotypes during
compaction, even at shallow depths (Johnston &
Henderson 2005). In addition, the techniques used
to extract conodonts from the host rock can be selec-
tively destructive of elements. The type, concentration,
and buffering of the acid used on carbonates also affect
element recovery and preservation. Washing the re-
sidues through screens may increase breakage of
elements, especially ramiforms, and very small frag-
ments may be lost through the screens along with tiny
elements. Other laboratory methods of separation can
create additional biases (see Jeppsson 2005). Despite
the potential losses associated with these techniques,
many samples when carefully processed will yield
exceptionally well-preserved elements in close to their
natural proportions.

The number of conodonts per kilogram of rock
varies greatly, from zero to thousands of elements.
Conodont elements are composed of apatite and are
denser (2.9 to 3.0 g/cm®) than other sedimentary
particles, such as quartz and calcite (2.7 g/cm?), and
they behave as heavy mineral particles. Sedimentary
processes that sort sediment grains will also sort and
concentrate conodont elements, especially larger pec-
tiniforms, into layers of sand-sized particles. In Penn-
sylvanian strata in the southwest United States, selec-
tive sampling of layers of sand-sized carbonate mate-
rial leads to much better recoveries of conodont
elements than for carbonate muds. Conodonts do
not occur evenly dispersed in basinal shale and chert
deposits, but concentrate in thin sandy lag beds and
lenses formed by gravity flows or bottom currents.

The durability of conodont elements allows them to
be reworked into younger strata. Discolored elements
may help recognize reworking, but reworked elements
may be preserved identically to younger elements. In
proximal sandy environments, the reworked grains
may be somewhat rounded to fully rounded (Broad-
head & Driese 1994). When the age differences are
great, the reworked conodonts can be used to identify
the age of the source beds (e.g., Spalletta & Perri
1993). If the ages are close, then the overlying strata
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may be incorrectly dated or conodont ranges mixed, as
is the case in oolitic beds of the Devonian-Carbonifer-
ous GSSP at the La Serre section in France (Kaiser
2009). The Upper Devonian Holts Summit Sandstone
of Missouri is an extreme case where thousands of
well-preserved, but discolored conodonts form grey
and black cross-bed laminae (Thompson 1993). Grav-
ity flows represent a special problem because con-
odonts may be transported from the shelf region into
the basin. The mixing of contemporaneous shallow
water taxa into deeper water may be an advantage for
biostratigraphy. No obvious mixing of faunas of dif-
ferent ages may be evident, which appears to be the
case in the thick Pennsylvanian carbonate slope sec-
tions in South China (Qi et al. 2020). The presence of
reworking may be less obvious and more difficult to
interpret, such as the Global Stratotype Section and
Point (GSSP) for the base of the Ordovician in the
Green Point Formation, Newfoundland (Cooper et al.
2001). A worse case is the Lower Pennsylvanian
Dimple Limestone in West Texas, where over 85 %
of samples contained reworked conodonts that com-
prise 7% of the conodont elements (Proctor 1991).
Ordovician through Mississippian elements were re-
covered.

Karsting of carbonates underlying unconformities
provides conduits for sediments containing elements to
infiltrate as a stratigraphic leak. The leak may be
confined to the upper part of the underlying unit,
where if unrecognized, the top of the underlying
unit may be incorrectly dated. Pervasive karsting of
Silurian carbonate strata in West Texas has allowed
numerous Late Devonian elements to be leaked over
100 metres downward (Barrick & Meyer 2019), like-
wise, again in West Texas, younger conodonts are
found in infillings of karst in the Lower Ordovician
(Bellian et al. 2012).

Sedimentary and biological processes during de-
position can hinder the reliable resolution of species
ranges. Herbers et al. (2017) showed that repeated 1 kg
samples revealed large fluctuations of conodont abun-
dance and faunal associations in Devonian pelagic
micrite where recovery was 100’s of specimens per kg.
Even 10 kg samples were not sufficient to obtain all
rare species. The impact of sequence stratigraphic
architecture on ranges is well documented (Holland
1995, 2000, 2023; Barrick & Ménnik 2005). At a finer
scale, detailed stratigraphic resolution is difficult to
attain because of syndepositional reworking (Cutler &
Flessa 1990) and advection by burrowing organisms
(Martin 1993) that “time-average” the fauna. Studies

suggest that significant advection may occur over a
sediment thickness of 30—40 cm — the significance for
correlation depending on depositional rate. This may
create overlapping ranges of species that occur near
each other in time, information that has been used to
infer evolutionary events and support zonal bound-
aries. Despite this intense scrutiny of the various
processes that affect the distribution of conodonts,
they remain among the best fossils for correlation of
most marine facies.

Conodont elements are composed of bioapatite, a
term referring to an apatite of strictly biochemical
origin. Because this bioapatite may archive sea water
chemistry information, conodonts are frequently used
in paleoenvironmental investigations on past ocean
geodynamics and climates (e.g., Holmden et al. 1996,
Trotter et al. 1999, Wenzel et al. 2000). However,
different iso- and heterovalent substitutions may occur
in the bioapatite framework during in-vivo biologi-
cally-mediated crystal growth or during post-mortem
burial and diagenesis (LeGeros 1981). It is therefore
critical to detect and filter any later effect on the
primary bioapatite signal (see, among others, Trotter
& Eggins 2006, Medici et al. 2020, Shohel et al. 2020).
By the application of a consolidated protocol of
experimental techniques (e.g., Nardelli et al. 2016,
Ferretti et al. 2017, 2021a; Malferrari et al. 2019), the
uptake of rare earth elements (REE) and other high
field strength elements (HFSE) has been recently
tested as a proxy of diagenesis overprinting (Ferretti
etal. 2021b, 2023; Medici et al. 2021, Malferrari et al.
2024), but further evidence is needed to enhance the
potential and reliability of conodont elements as
superb geochemical tools.

5. Biostratigraphy

The distribution of conodonts in space and time has
proven that they are unique biostratigraphic tools for
the correlation of marine rocks from their appearance
in the late Cambrian until the Triassic-Jurassic transi-
tion. The range of significant genera is summarized in
Figure 6. Overall, conodonts exhibit cyclical patterns
of evolutionary development throughout their history
(Sweet 1988). Conodont diversity appears to have
expanded during interglacial intervals and to have
remained stationary or even reduced during glacial
episodes. These diversity patterns can be followed at
both regional and global scales and deeply influenced
related biostratigraphic zonation schemes (Ferretti et
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Fig. 6. Distribution of main genera used in biozonation
schemes. Note that for long ranging genera only the interval
with biostratigraphic value is reported.

—
-t

al. 2020). A number of studies recognize bioevents or
biohorizons that represent stratigraphic boundaries or
short intervals across which significant change in
biostratigraphic character occur. They have been em-
ployed in Ordovician to Devonian studies to distin-
guish major changes in biodiversity, immigration,
emigration, evolutionary radiation, and extinction
(Zhang & Barnes 2004, Slavik & Hladil 2020). Bioe-
vents or biohorizons that mark the most significant
biostratigraphic zonal boundaries are widely applic-
able and correlatable, and often mark GSSPs. Con-
odont ranges may also be tuned to major flooding
intervals associated with third-order stratigraphic se-
quences and some zones or subzones may be asso-
ciated with higher frequency eccentricity cycles (e.g.,
Pennsylvanian cyclothems).

The small size of conodont elements makes them
ideal index fossils to study in surface sections, subsur-
face core, and even in cuttings. Conodonts may be
recovered from a series of closely spaced samples,
providing a detailed perspective on their evolutionary
changes that may be unmatched by other Paleozoic
and Triassic fossil groups. Arguably conodonts repre-
sent the best biostratigraphic markers, when consider-
ing that their entire 300 million years history is sub-
divided into at least 240 interregional biozones
(1.25 Ma/zone on average) and many additional re-
gional zones and subzones provide even higher resolu-
tion (e.g., at least 16 zones in the 4.8 Ma Lower
Triassic, representing ~300 Kyrs/zone; Henderson et
al. 2018).

Most conodont biostratigraphic studies describe
interval biozones representing a body of strata based
on the distribution of species from closely spaced
samples. The majority of these interval zones are
partial taxon range lineage zones in which the first
occurrence (FO) of the nominate taxon defines the
zone base with the zone top being defined by the FO of
a younger related species (e.g., Yuan et al. 2014 for the
upper Permian). In the Silurian a few zones are range
zones, the boundaries of which are discriminated by
the FO and last occurrence (LO) of the nominate taxon.
Two of these, the Polygnathoides siluricus and the
“Ozarkodina” crispa zones are widely used in all
Silurian zonation schemes (e.g., Walliser 1964, Cor-

radini et al. 2015, Corradini & Corriga 2018). Con-
odont biostratigraphic data have been incorporated
into other biostratigraphic and chronostratigraphic
schemes such as graphic correlation (e.g., Sweet
1984, Klapper et al. 1995, Klapper & Kirchgasser
2016), CONOP (e.g., Sadler et al. 2009, Schmitz &
Davydov 2012), and the Unitary Associations Method
(e.g., Wuetal. 2020, Leu et al. 2022, Lyu et al. 2023).

6. Biozonation schemes

Conodont zonations extending from the late Cambrian
to the end of the Triassic have been proposed over the
last 75 years. Because conodont faunas evolved so
quickly through time, workers tend to specialize on one
or a few geological periods. A patchwork of regional
zonations developed that were based on local faunas
whose compositions were determined by a combina-
tion of paleoecologic associations and regional ende-
mism. Composite “global” zonations that best work for
offshore environments have appeared in publications
such as Geologic Time Scale (GTS) 2020. Better
sources for understanding the complexities of the
biostratigraphic applications of conodonts are given
below.

6.1. Late Cambrian

Conodonts started to diversify during the Miaolingian
Series and became sufficiently common and differ-
entiated to be useful in biostratigraphy in the Furon-
gian Series. Prior to the Furongian, “conodonts”
comprised their presumed ancestral “paraconodonts”.
The “true” euconodonts appeared in the Furongian.
Regional zonations were proposed in various parts of
the world, such as North America (Miller et al. 2006),
Australia (Shergold & Nicoll 1992, Kruse et al. 2009)
and China (Dong & Zhang 2017). These schemes were
mostly based on endemic taxa; however, several
widely-spread taxa (e.g., species of Proconodontus,
Eoconodontus and Cordylodus) allowed intercontinen-
tal correlations in the upper part of Stage 10 (Miller et
al. 2018, Peng et al. 2020).

6.2. Ordovician

Conodonts and graptolites represent the most useful
index fossils in the Ordovician, with the former
dominating carbonate successions. The relevance of
conodonts in Ordovician biostratigraphy is testified by
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the fact that conodonts are the tools used to mark two of
the seven global stages, and seven of the 20 stage slices
of the system (Bergstrom et al. 2009).

Lindstrom (1954) was the first to introduce formal
conodont zones, with a biozonation scheme applied to
the Lower Ordovician of Sweden and the proposal of
four formal conodont zones. These zones were corre-
lated with those recognized by Tjernvik (1952) in the
same stratigraphic interval using trilobites. In the
symposium volume “Symposium on Conodont Bio-
stratigraphy” published in 1971, four papers dealt with
Ordovician conodont biostratigraphy, focusing on
northern Europe and North America. Lindstrdm
(1971) introduced in Baltoscandia ten named conodont
zones, using multi-element taxonomy with the genera
Cordylodus, Paltodus, Paroistodus, Prioniodus, Bal-
toniodus, Microzarkodina and Amorphognathus, that
were correlated with graptolite zones. Ethington &
Clark (1970) subdivided the Lower Ordovician suc-
cession of the North American Midcontinent and Great
Basin in Utah and Nevada, and adjacent part of Canada
into lettered numbered Faunas A through E, basing on
the vertical ranges of 39 form species. Sweet et al.
(1970) subdivided the North American Ordovician
into 12 preliminary numbered faunas. Bergstrom
(1971) introduced a subdivision of the Ordovician
succession in Baltoscandia into five zones and 10
subzones, mainly by the use of platform conodonts
in the rapidly evolving lineages of Eoplacognathus,
Pygodus, Polyplacognathus, Prioniodus and Amor-
phognathus. Each unit had a corresponding reference
section in the Siljan region of central Sweden. Later
studies followed in Baltoscandia, Poland, the British
Isles, Southern Europe and North Africa, Siberia, New
Zealand and Australia, Argentina, Canada, USA, Chi-
na and South-East Asia. Since then, the Ordovician
Baltoscandic zone classification has undergone only
minor changes and has been correlated, with integra-
tions due to the pronounced provincial differentiation
of the Ordovician conodont faunas, all over the world.
Bergstrom & Ferretti (2017) and Goldman et al. (2023)
reviewed the development of Ordovician conodont
biostratigraphy (Fig.7) and provided comparisons

Fig. 7. Ordovician conodont zonation for Baltica and North
America (adapted after Goldman et al. 2023). Abbreviations:
Daping. = Dapingian; Hi. = Hirnantian; B. = Baltoniodus,
P. = Pygodus.
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between conodont zone classifications of the Ordovi-
cian in Baltoscandia, North America, Siberia, South
China, North China, and the Argentine Precordillera.
Data from this the former review were not included in
GTS 2020 (Goldman et al. 2020).

6.3. Silurian

The original Silurian zonation of Walliser (1964),
mainly based on the Cellon section, Carnic Alps,
was updated by Corradini et al. (2015), who reviewed
the history of Silurian conodont zonations. Although
the Cellon section is reasonably complete from the
Ludlow through the Pfidoli, Llandovery strata are
absent and Wenlock strata are discontinuous. Chen
et al. (2017) illustrated a series of Llandovery zona-
tions from different regions and noted how difficult it
was to effect precise global correlations for this time
interval. The GTS 2020 chart (Melchin et al. 2020)
repeats the zonation of GTS 2012 (Melchin et al. 2012)
that includes the Pterospathodus tenuis zone. The
revised zonation of Méinnik et al. (2015) comprises
four zones that use Distomodus and Aspelundia?
species for the Rhuddanian through the early Tely-
chian, but omits the P. tenuis zone, which appears to
work better in offshore settings (e.g., Zhang et al.
2016). Resolution of the rapid radiation of species in
Pterospathodus during the late Telychian permitted a
series of detailed zones to be recognized first in the
Baltic and then to be correlated on a global scale
(Ménnik 1998, Corradini et al. 2015, Chen et al. 2017).
Jeppsson (1997) and Jeppsson et al. (2006, 2012)
presented detailed zonations from the latest Llandov-
ery to the latest Ludlow based on the succession on
Gotland. Not all of these zones have widespread
applicability because some reflect local environmental
conditions on Gotland, some zonal markers are ex-
tremely rare, and others are endemic to the Baltic
region (Corradini et al. 2015). Even some common
taxa, like Kockelella walliseri, have diachronous first
occurrences globally (Cramer et al. 2010). The smaller
number of more reliable zones based on Corradini &

Fig. 8. Silurian conodont zonation, modified after Cramer
et al. (2011), Corradini & Corriga (2012) and Melchin et al.
(2020). Chronostratigraphic intervals not to scale. Abbre-
viations: IZ = interval Zone; SZ = superzone; ZG = Zonal
Group.
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Serpagli (1999) and Cramer et al. (2011), as shown in
the GTS 2020, represents a better compromise for the
Wenlock and most of the Ludlow (Corradini et al.
2016, Schonlaub et al. 2017). Most of the zones for the
Gorstian and lower Lufordian are based on genera with
large platforms, such as Kockelella, Ancyrodella and
Polygnathoides, that did not survive the mid-Ludfor-
dian Lau Event.

Upper Ludfordian and Ptidoli zones are based on
ozarkodinids and Oulodus. More recent work in the
Carnic Alps (Corradini & Corriga 2012, Corradini et
al. 2020), Sardinia (Corriga et al. 2009, Corradini &
Corriga 2012), and Bohemia (Slavik et al. 2010, 2014;
Slavik & Carls 2012, Vacek et al. 2018) have provided
new data that modify the late Ludlow to Pfidoli zones
of Walliser (1964), adding more detail. However, the
global applicability of these schemes is still not
demonstrated and these changes were not included
in GTS 2020. The Silurian biozonation scheme here
proposed (Fig. 8) is an updated version of that scheme.

6.4. Devonian

Becker et al. (2020) provided a discussion of recent
modifications of Devonian conodont biostratigraphy,
stage by stage. The composite zonation shown on their
accompanying diagrams (fig. 22.11) is largely that for
deeper water successions where interregional to global
correlation is possible. However, in a few cases the
published scheme does not reflect any previous pub-
lished zonation and the introduction of zones or
combination of different schemes requires a better
discussion.

The conodont zonation for the Lochkovian uses the
Icriodontidae Caudicriodus and Pedavis, and genera
with carminate P, elements (e.g., Lanea, Ancyrodel-
loides and Masaraella), but global correlations are
problematic. Even if some schemes are claimed to be
of global value (e.g., Valenzuela-Rios & Murphy 1997,
Corradini & Corriga 2012, Valenzuela-Rios et al.
2015), they actually have a regional applicability
due to limited geographic distribution of some taxa
(Slavik et al. 2012, Murphy & Valenzuela-Rios 2017,
Corriga & Corradini 2019a). A global zonation for the
Pragian does not exist, and several schemes were
proposed (e.g., Lane & Ormiston 1979, Slavik
2004, Murphy 2005). However, the index taxa used
have a limited geographic and/or ecologic distribution
and many authors combine them variously in local
works.

The conodont zones for the Emsian through Give-
tian are based on polygnathids and are more useful
globally. Shallow water zonations using endemic
species of icriodids are used regionally.

Frasnian conodont zones are based on well-studied,
rapidly evolving species of Ancryodella and Palma-
tolepis. The MN (Montagne Noire) zonation of Klap-
per (1989), renamed as Frasnian Zonation (FZ, Klap-
per & Kirchgasser 2016) is now more widely used than
the traditional Frasnian part of the “Late Devonian
Standard Zonation” by Ziegler & Sandberg (1990)
because it is more detailed and can be applied globally.
Shallow water areas are dominated by polygnathids,
but local polygnathid zones in Russia (e.g., Ovnata-
nova & Kononova 2001, 2008) and Alberta (Klapper &
Lane 1985) are difficult to correlate with the deeper
water zonation. The well documented Famennian
global deeper water conodont zonation is mostly based
on Palmatolepis species following Ziegler (1962,
1969) and updated by Ziegler & Sandberg (1984,
1990). Spalletta et al. (2017) recommended a simpli-
fied and slightly revised zonal scheme emphasizing
FADs for the Famennian that was mostly adopted for
the GTS 2020. Detailed range charts for species were
included. The latest Famennian part was updated by
Corradini et al. (2021) and Spalletta et al. (2021).
Regional zonations for endemic shallow-water faunas
using polygnathids have been proposed (Becker et al.
2020), and an alternative Frasnian-Famennian zona-
tion for very shallow water strata based on icriodids
exists (Sandberg & Dreesen 1984). The Devonian
biozonation scheme here proposed (Fig. 9) is widely
applicable.

6.5. Carboniferous

No single global zonation for the Mississippian Sub-
system exists (Fig. 10). Barrick et al. (2022) showed
that four major regional zonations are in use: the
European deep-water zonation, the standard Russian
zonation, the South China zonation and the North
American Midcontinent zonation. The taxa used in
these zonations are essentially the same, but in each
region the succession of species and reported ranges
differ slightly, which has led to different zonations.
Versions of the European deep-water zonation and the
Midcontinent zonations are shown in GTS 2020 (Aretz
et al. 2020), and the assertion that a detailed global
zonation exists is misleading. Global correlations can
be made at the substage boundary level, but exact
biostratigraphic correlation is possible at only a few
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Fig. 9. Devonian conodont zonation compiled with some variations after (in stratigraphic order) Corradini & Corriga
(2012), Valenzuela-Rios et al. (2015), Slavik (2004), Becker et al. (2020), Klapper & Kirchgasser (2016) and Spalletta et al.
(2017). Chronostratigraphic intervals not to scale. Abbreviation: Po. = Polygnathus.

levels. The lowermost Mississippian is zoned by
widely distributed Siphonodella species, except in
shallow-water facies, where other polygnathids and
siphonodellids are used. However, owing to work

connected with the redefinition of the base of Carbo-
niferous System and taxonomic problems of some
siphonodellids, the classical lower-middle Tournaisian
scheme by Sandberg et al. (1978) has been revised into
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S. bransoni S. bransoni S. bransoni
Pr. kockeli S. sulcata S. sulcata Pr. kockeli

Fig. 10. Correlation of regional conodont zonations for the Mississippian Subsystem (lower Carboniferous). Chart
simplified from Barrick et al. (2022, fig. 13) where descriptions of the regional zonations and interregional correlations
can be found. Genus abbreviations: Ap. = Apatognathus; B. = Bactrognathus; C. = Cauvusgnathus; Dec. = Declinognathodus;
Do. = Doliognathus; Doll. = Dollymae; Gn. = Gnathodus; H. = Hindeodus; L. = Lochriea; Pr. = Protognathodus;
Ps. = Pseudopolygnathus; Rh. = Rhachistognathus; S. = Siphonodella; Sc. = Scaliognathus.

zones to the end of the Mississippian, but the species-
level taxonomy of Grathodus is still unsettled. A short
late Tournaisian maximum in diversity, characterized
by several short-lived genera, such as Scaliognathus,
allows for easy correlation of this interval. Low

slightly different zonations (e.g., Kaiser et al. 2009,
Becker et al. 2016, Corradini et al. 2017, Hogancamp
et al. 2019, Zhuravlev et al. 2021). The extinction of
siphonodellids was followed by a middle Tournaisian
radiation of Gnathodus species, which define some



Conodonts in Biostratigraphy

=
w
AL Standard Donets South Arwgrritgan
Bl >le | Russian Basin China . .
Pl @|w | : - : Midcontinent
ARG zonation zonation zonation zonation
%)
| S b . S. binodosus
S. wabaunsensis - wabaunsensis S.farmeri
= , S. flexuosus
& S. bellus S. tenuialveus S. bellus
S UNZONED <
< S. virgilicus S. virgilicus S. virgilicus
O S. vitali S. vitali S. vitali
ﬁ H. simulator H. luganicus ! Hnifgﬁ%?gf H. simulator
o ; ;
. S. firmus/ [._naraoensis S. zethus
% S. fir -'T_-'“S | kalitvensis H._eudoraensis H. eudoraensis
< . toretzianus T_toretzianus I. magnificus S. gracilis
= S. cancellosus I i eanceliostis
g I. sagittalis/ | confragus
‘5 I. sagittalis I. neverovensis I. turbatus T Léﬂ;ﬂ?ﬁiﬁis
g 3 i = [._sulciferus
w. maklinae S subsiEis Sw. maklinae Sw. nodocarinatus
E Sw. subexcelsa Sw. subexcelsa Sw. neoshoensis
E N. roundy Sw. gurkouaensfs |. delicatus
< N. inaequalis I. podolskensis I. acutus
> . podolskensis/ Sw. dissectus I. rectus/
# w 'g N,Sﬂegggfﬂr;}us [. iowaensis
i £ alz i I. izwaricus _ I. amplificus/
Sl alg ~ORLSUS Mg. clarki/ I obliquus
8 transftr:vus N. atokaensis N. colombiensis
De. donetzianus/ De. donetzianus D. ellesmerensis
Id. postsulcatus N. atokaensis
De. marginodosus ’
De. marginodosus fd. fg??fggcszfggs, S." expansus M2 N. nataliae
S." expansus I. kiapperi
g g I sinuosus I sinuosus S." expansus M1 I sibiiogins
.I -= & +
o|% N. askynensis T, I. primulus N. bassleri
. sulcatus . Symmetlricus N. symmetricus
= |m Id. sulcat N tri Y
ld. sinuatus sulcatus id. sinuatus Id. sinuatus
De. noduliferus De. noduliferus De. noduliferus De. noduliferus

Fig. 11. Correlation of regional conodont zonations for the Pennsylvanian Subsystem (upper Carboniferous). Chart
simplified from Barrick et al. (2022, fig. 14) where descriptions of the regional zonations and interregional correlations can be
found. The base of the Kasimovian is shown at the traditional level whereas the proposed alternative level lies at the base of
the Idiognathodus eccentricus zone in North America. Genus abbreviations: D. = Diplognathodus; De. = Declinognathodus;
1.= Idiognathodus; Id. = Idiognathoides; H. = Heckelina; Mg. = Mesogondolella; N. = Neognathodus; S. = Streptognathodus;

Sw. = Swadelina.

diversity faunas of Gnathodus species and carminate
species continue through the Visean into the Serpu-
khovian. In the late Visean and Serpukhovian, a burst
of diversification in Lochriea provides biostratigraphic
resolution in offshore facies. Local shallow-water

zonations based on Taphrognathus, Cavusgnathus
and Mestognathus are difficult to correlate to offshore
zonations (e.g., von Bitter et al. 1986).

During the Pennsylvanian differences in regional
zonations increased because of expanding endemism.
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Four major regional zonations are in use (Fig. 11): the
Russian standard zonation, the Donets Basin zonation,
the South China zonation, and the North American
Midcontinent zonation (Barrick et al. 2022). The “Euro-
pean” zonation shown in GTS 2020 seems to be a rough
composite of the Russian and Donets Basin zonations,
but no explanation was provided. Near the base of the
Pennsylvanian, the extinction of typical Mississippian
taxa was followed by amajor radiation of new gnathodid
genera. These new genera characterize Bashkirian and
early Moscovian zonations: Rhachistognathus, Decli-
nognathodus, Neognathodus, Idiognathoides, and
Idiognathodus. By the middle of the Moscovian, fewer
useful genera remained, Idiognathodus, Neognathodus,
and Swadelina, and the increasing number of endemic
species makes global correlation difficult. During the
early Kasimovian, the end-Desmoinesian extinction
event reduced diversity sharply and subsequent early
Kasimovian radiations in idiognathodids occurred lar-
gely independently in North America, Eurasia, and
South China (Barrick et al. 2023). As Idiognathodus
species declined in diversity during the Kasimovian,
groups of grooved and troughed idiognathodids diver-
sified and dominated faunas. These forms have tradi-
tionally been included in Streptognathodus, a North
American Kasimovian clade, but comprise a series of
clades unrelated to Streptognathodus (Barrick et al.
2023). During the Gzhelian, Heckelina and “Streptog-
nathodus” species become cosmopolitan in distribution
and similar, but long ranging zones are used (Barrick et
al. 2022). Near the end of the Gzhelian, rapid diversi-
fication of a group of “Streptognathodus” species ex-
tended into the early Cisuralian.

The distribution of species first and last appearances
during the Middle and Late Pennsylvanian reflects the
cyclicity imposed by the eustatic events that produced
the corresponding stratigraphic sequences. This is best
seen in the North America Midcontinent region where
zones are confined to one or a few sequences (cy-
clothems; Heckel 2013). Correlation often involves
using conodonts to recognize age-equivalent cycles, or
sequence biostratigraphy, such in the western United
States (Ritter et al. 2002, 2022). On a global scale,
cyclostratigraphy has been used to correlate endemic
Middle and Upper Pennsylvanian conodont faunas
(Heckel et al. 2007). Schmitz & Davydov (2012)
used a combination of conodont range events in a
CONOPY composite, cyclostratigraphy and high-pre-
cision U-Pb zircon ages to develop a ca. 0.4-Myr
resolution model for the Middle Pennsylvanian to early
Permian (Cisuralian).

6.6. Permian

Henderson (2018) summarized Permian conodont
biostratigraphy and described 40 international zones
and 35 additional regional zones for the nine stages and
47 million years of the Permian. An updated version is
here presented (Fig. 12). Henderson & Shen (2020)
showed the distribution of 44 zones throughout the
Permian. Almost all of the zones are defined as partial
range lineage zones. Earlier biozonal schemes were
discussed by Clark & Behnken (1970) and Kozur
(1978). The Cisuralian Series (lower Permian) consists
of the Asselian, Sakmarian, Artinskian, and Kungurian
stages. The Asselian is zoned on the basis of rapid
evolution of species of “Streptognathodus”, which is a
holdover taxon from the Carboniferous and may
represent more than one lineage. The base of the
Permian is recognized by the evolution of “Streptog-
nathodus” isolatus with the GSSP set at the Aidaralash
section in Kazakhstan (Davydov et al. 1998, Hender-
son & Shen 2020). “Streptognathodus” becomes ex-
tinct at or near the Asselian-Sakmarian boundary and is
ecologically replaced by the genus Sweetognathus
(Chernykh 2005, 2006). These changes represent an
event marking the end of the main phase of the late
Paleozoic Ice Age. Sweetognathus and an evolutionary
descendant Neostreptognathodus provide the basis for
international zonal schemes for most of the remaining
lower Permian. At least two lineages exhibiting par-
allel evolution are currently attributed to Sweetog-
nathus (Petryshen et al. 2020) and this has complicated
biostratigraphic correlation. Biostratigraphic zonal re-
solution will be enhanced when these lineages are fully
developed and described (see Chernykh et al. 2023 for
progress). Chernykh (2005, 2006) demonstrated a
zonation based on Mesogondolella for middle Asselian
and Sakmarian from slope successions in the Urals, but
few studies elsewhere yielded these taxa until recently.
The taxon is presumably controlled by position below
a thermocline and is usually found in more offshore
settings. Now the base-Sakmarian is recognized by the
FAD of Mesogondolella monstra at the Usolka section
and comparisons were made with Nevada and Arctic
Canada (Chernykh et al. 2020, Beauchamp et al. 2022).
The base-Artinskian is recognized by the FAD of
Sweetognathus asymmetricus at the Dal’ny Tulkas
section in the Urals (Chernykh et al. 2023). Based
on the recognition of two parallel lineages of Sweet-
ognathus, cyclothems in Kansas (Boardman et al.
2009) that were for a long time correlated as lower
Artinskian are now correlated with the upper Asselian
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(see Henderson 2018 for ca. 0.4 Myr astronomical
tuning). The base Sakmarian and base Artinskian are
both defined within transgressive facies at or near the
maximum flooding surface, which is generally the case
when boundaries are defined by pelagic conodonts.
The upper Artinskian is correlated with the near
cosmopolitan taxon Neostreptognathodus pequopen-
sis. This level nearly coincides with the Wolfcampian-
Leonardian boundary in the USA, which is based on
the first occurrence of the fusulinid Schwagerina
crassitectoria. The offset between the American zona-
tion and International can be explained by differences
in environmental preferences of conodonts versus
fusulinids. The base-Kungurian is recognized by the
FAD of Neostreptognathodus pnevi at Mechetlino in
the Urals and Rockland in Nevada (Henderson et al.
2012). Additional Kungurian zones are correlated by
the evolution of Neostreptognathodus species. Cisur-
alian zones are typically cosmopolitan and are broadly
correlated in many regions. In contrast, distinct pro-
vincialism develops (Mei & Henderson 2001) within
the middle Permian or Guadalupian Series and upper
Permian or Lopingian Series. The recognition of
geographic clines assists correlation (Henderson &
Mei 2007) at these levels.

The middle Permian is zoned mostly using species
of a serrated gondolellid called Jinogondolella. Sweet-
ognathus continues to be available for zonation in
shallow, warm-water platform environments within
the Equatorial Warm-water Province (Mei & Hender-
son 2001, Mei et al. 2002). The zonation of Jinogon-
dolella species is well correlated between South China
and the Delaware Basin in West Texas. The FADs of
Jinogondolella nankingensis, J. aserrata, and J. post-
serrata are used to recognize the base-Roadian, base-
Wordian, and base-Capitanian respectively. The
GSSPs are all located in the Guadalupe Mts of West
Texas (Lambert et al. 2000, Wardlaw 2000). The

Fig. 12. Permian conodont zonation (modified from Hen-
derson 2018). The three Streptognathodus zones in the
Asselian include in ascending order S. glenisteri, S. cri-
stellaris, and S. sigmoidalis. The two Clarkina zones in
the Wuchiapingian include in ascending order C. guangyua-
nensis and C. transcaucasica. The two Clarkina zones in the
upper Changhsingian include C. yini and C. meishanensi —
C. zhejiangensis. The Hindeodus Zone is H. praeparvus —
H. changxingensis. Abbreviations: J. = Jinogondolella;
M = Mesogondolella; N = Neostreptognathodus; S = Strep-
tognathodus; Sw = Sweetognathus; Sakmar. = Sakmarian;
Wuchiaping. = Wuchiapingian; Chang. = Changhsingian.
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zonation is not applicable to cool-water provinces,
except a brief interval allowing correlation of the base-
Guadalupian as shown by a geographic cline (Hen-
derson & Mei 2007). Above this level the cool-water
provinces are typified by longer ranging species of
Mesogondolella and endemic Vjalovognathus in the
peri-Gondwana cool-water province. The latest Gua-
dalupian is associated with the most significant low-
stand of sea-level during the Phanerozoic. In fact, the
Delaware Basin became evaporative and isolated. This
lowstand would have isolated populations and adap-
tive pressure led to the evolution of a new gondolellid
called Clarkina.

The upper Permian or Lopingian Series is zoned on
the basis of species of Clarkina, but in shallow, warm-
water environments species of I[ranognathus, which
evolved from Sweetognathus, have been used. The
zonation has been described in detail in many papers
(Shen & Mei 2010, Yuan etal. 2014,2017). All of these
taxa are typical of the Equatorial Warm-water Province
and especially in the region from West Texas to South
China. In cool-water provinces long-ranging species of
Mesogondolella continued to evolve (Beauchamp et al.
2009). Integration of these two zonal schemes is poorly
constrained (Henderson 2018). Near the very end of
the Permian a runaway greenhouse led to Earth’s
greatest mass extinction event, but conodonts were
only slightly affected. Clarkina migrated and appears
in the Canadian Arctic about 300 Kyrs before the close
of the Permian (Algeo et al. 2012). Species of Clarkina
are used for zonation of part of the Lower Triassic and
the zonal taxa were again more cosmopolitan.

6.7. Triassic

Conodonts continued to evolve through the Triassic,
but ultimately became extinct at the end of Triassic
closing their 300 Myr evolutionary record. Orchard
(2010) provided a summary of the role of conodonts in
stage boundary definitions for the entire Triassic. Ogg
& Chen (2020) showed the distribution of 46 Tethyan
zones for the 50.5 million years of the Triassic; they
also showed more generalized regional zones for the
Arctic/Panthalassan and South China regions. A gen-
eralized zonation based on these schemes is provided
in Figure 13. The base of the Triassic is recognized by
Hindeodus parvus and Clarkina (formerly Neogondo-
lella) taylorae, which represent holdover taxa from the
Permian; both became extinct within the short Induan
Stage (Orchard 2010). Intense study of the Permian-
Triassic boundary interval has resulted in the recogni-

tion of many species of Hindeodus and its derivative
Isarcicella as well as Clarkina and its derivative
Neoclarkina that offer high-resolution biostratigraphic
control over a wide region of the globe (Henderson et
al. 2018). The upper Induan and Olenekian stages are
dominated by pedomorphic gondolellids demonstrat-
ing an evolutionary radiation in which they have lost
the platform or only bear remnants, including Neos-
pathodus, Novispathodus, Discretella, Sweetospatho-
dus, and others with a platform, including Borinella,
Neogondolella, and Columbitella. The base-Olenekian
is recognized by the FAD of Novispathodus waageni,
but Neospathodus posterolongatus and an ornate Eur-
ygnathodus costatus provide support.

The Middle Triassic includes the Anisian and Ladi-
nian stages. The Olenekian-Anisian boundary interval
and lower Anisian is represented by a major transgres-
sive succession in which Triassospathodus dominated
faunas, especially 7. homeri, give way to Chiosella;
C. timorensis may be used to mark the base-Anisian, but
it is still debated how well this correlates with the
traditional ammonoid boundary. Species of Magnigon-
dolella and Neogondolella are used to correlate the
upper Olenekian and Anisian (Golding & Orchard 2016,
2018). Conodonts are important index fossils for the
remainder of the Triassic, but ammonoid and bivalve
evolution are playing the main role as defining taxa. The
base of the Ladinian is recognized by the FAD of the
ammonoid Eoprotrachyceras curionii, but species of
Neogondolella, Paragondolella, and Budurovignathus
constrain many zone level correlations. The FAD of
Budurovignathus praehungaricus was considered as a
candidate for the base-Ladinian.

The Upper Triassic includes the stages Carnian,
Norian, and Rhaetian. The base-Carnian is recognized
by the FAD of the ammonoid Daxatina canadensis, but
species of Carnepigondolella, Metapolygnathus,
Paragondolella, Parapetella, and Quadraella con-
strain many correlations; the FAD of Quadraella
polygnathiformis was a candidate to recognize the
boundary. The base-Norian is recognized by the
FAD of the bivalve Halobia austriaca, but species
of Ancyrogondolella, Carniepigondolella, Epigondo-
lella, Metapolygnathus, Mockina, Norigondolella, and
Orchardella constrain many zone level correlations;
the FAD of Metapolygnathus parvus was a candidate to
recognize the boundary. The base of the Rhaetian is not
defined yet and species of Parvigondolella and Mis-
ikella constrain many zone level correlations. The FAD
of Misikella posthernsteini is under consideration to
mark the base-Rhaetian boundary. The tragic end-
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Fig. 13. Triassic conodont zonation. The Lower Triassic
zonation is modified from Henderson et al. (2018). The
Middle and Upper Triassic is modified from several sources
including primarily from Ogg & Chen (in GTS 2020), and
also from Orchard (2010), Mazza et al. (2012), Golding &
Orchard (2018), 2020), and Orchard & Golding (2023).
There is no single standard zonation for Middle and Upper
Triassic and the generic assignments are in a state of flux.
The two Induan Isarcicella — Neoclarkina zones include in
ascending order . staeschei — N. krystyni and I. isarcica —
N. discreta. The four Sweeto. — Neospa. — Nv. zones include
in ascending order Sweetospathodus kummeli, Neospatho-
dus dieneri, Neospathodus cristagalli, and Novispathodus
pakistanensis zones. The three Olenekian Scythogondolella
spp. zones include in ascending order Scy. lachrymiformis,
Scy. mosheri, and Scy. milleri. The Olenekian Tr. — Col. —
Neo. spp. zones include in ascending, but overlapping order,
Triassospathodus symmetricus, Columbitella spp., Neogon-
dolella spp., Tr. homeri, and Neogondolella bucheri. Abbre-
viations: Indu. = Induan; Olenek. = Olenekian. Neo =
Neogondolella; Mag = Magnigondolella; Nori = Norigon-
dolella; Epi = Epigondolella.

Triassic mass extinction involves the final demise of
conodonts, but recently conodonts have been recov-
ered from the earliest Jurassic of Japan (Du et al. 2020,
2023) suggesting that the extinction may be “diachro-
nous”.

7. Correlation and integration

Conodont biostratigraphy is the basis for age constraint
of any kind of study in the Paleozoic and in the
Triassic. Chronostratigraphic boundaries are often
defined on the basis of the First Appearance Datum
of conodont taxa, or are aligned with the base of
conodont zones, and the position of geochemical peaks
is often referred to conodont biostratigraphy.

7.1. Chronostratigraphy

Conodonts are the most used fossil group in the formal
definition of chronostratigraphic boundaries. Twenty-
seven stage boundaries are marked by the FAD of
conodont taxa (Fig. 14, Plates 1-3), and many others
are tied with the base of a conodont zone. To better
underline the significance of conodonts in chronostra-
tigraphy, the two other more used fossil groups are
cephalopods and graptolites that mark 17 and 13
boundaries, respectively (data from GST 2020). How-
ever, it should be noted that these numbers may change,
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Fig. 14. Chronostratigraphic boundaries defined by FAD of conodont taxa.
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Plate 1. Selected Ordovician, Silurian and Devonian conodonts important in stratigraphy. All scale bars = 200 um.

1. Palmatolepis subperlobata Branson & Mehl, 1934, index for the base of the Famennian, upper view of P; element
(refigured after Klapper et al. 2004). 2. Ancyrodella pristina Khalymbadzha & Chernysheva, 1970, index for the base of the
Frasnian, lower (2a) and upper (2b) views of P, element (refigured after Klapper 2021). 3. Polygnathus hemiansatus
Bultynck, 1987, index for the base of the Givetian, lower (3a) and upper (3b) views of P, element (refigured after Gouwy et al.
2013). 4. Polygnathus partitus Klapper, Ziegler & Mashkova, 1978, index for the base of the base of the Eifelian, upper view
of P, element (refigured after Berkyova 2007). 5. Polygnathus kitabicus Yolkin, Weddige, 1zokh & Erina, 1994, index for the
base of the Emsian, lower (5a) and upper (5b) views of Py element (refigured after Yolkin et al. 1994). 6. Eognathodus sulcatus
Philip, 1965, index for the base of the Pragian, upper view of P; element (refigured after Slavik & Hladil 2004). 7.
Latericriodus hesperius (Klapper & Murphy, 1975), conodont marker for the base of the Devonian, upper view of P; element
(refigured after Corradini et al. 2016). 8. Zieglerodina zellmeri Carls, Slavik & Valenzuela-Rios, 2007, conodont marker for
the base of the Ptidoli, lateral view of P, element (refigured after Carls et al. 2007). 9. Polygnathoides siluricus Branson &
Mehl, 1933, the most stable conodont index taxon of the Silurian, upper-lateral view of P; element (refigured after Corradini
et al. 1998). 10. Ancoradella ploeckensis Walliser, 1964, conodont marker for the base of the Ludfordian, lower (10a) and
upper (10b) views of P, element (refigured after Corriga et al. 2021). 11. Kockelella crassa (Walliser, 1964), conodont marker
for the base of the Gorstian, upper (10a) and lower (10b) views of P; element (refigured after Serpagli & Corradini, 1999).
12. Distomodus kentuckyensis (Branson & Branson, 1947), conodont marker for the base of the Silurian, upper view of P,
element (refigured after Danielsen & Over 2016). 13. Amorphognathus ordovicicus Branson & Mehl, 1933, index taxon for
the base of the Katian Ka3 stage slice, posterior view of M element (refigured after Ferretti et al. 2014). 14. Pygodus anserinus
Lamont & Lindstrom, 1957, index of the Zone approximating the base of the Sandbian, upper view of P, element (refigured
after Bergstrom & Ferretti 2018). 15. Baltoniodus triangularis Lindstrém, 1954, index for the base of the Dapingian, lateral
view of M element, photo courtesy of S. Stouge. 16. Eoplacognathus lindstroemi (Hamar, 1964), upper view of the Pa
element (refigured after Ferretti & Bergstrom 2022). Several species of the genus Eoplacognathus mark the subzones of the
Darriwilian. 17. lapetognathus fluctivagus Nicoll et al., 1999, index for the base of the Ordovician System and of the
Tremadocian Stage, lateral (17a) and upper (17b) views of Pa element (refigured after Nicoll et al. 1999).
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as some boundaries are not already formally defined by
placing a GSSP, and others are under revision.

7.1.1. Ordovician

The Ordovician System is subdivided into 3 series and 7
stages. Conodonts and graptolites represent the most
useful index fossils in the Ordovician, and all the stage
boundaries are defined by these groups. The base of the
Tremadocian (= base of Ordovician System, = base of
the Lower Ordovician Series), and the base of the
Dapingian (= base of the Middle Ordovician Series)
are marked by FAD of the conodonts lapetognathus
fluctivagus and Baltoniodus triangularis, respectively
(Fig. 14). Also, seven of the 20 stage slices of the system
(Bergstrom et al. 2009) are defined by conodonts.

7.1.2. Silurian

The Silurian System is subdivided into 4 series and 8
stages. All but two of the chronostratigraphic subdivi-
sions of the Silurian System were defined on the basis
of graptolite faunas. Some are now under revision,
because of the imprecise definition and/or problems in
the GSSPs, ratified more than 40 years ago. Graptolites
are abundant in pelitic facies represented by black
shales and rare or absent in calcareous facies, whilst
conodonts are abundant in the limestone and very rare
in the shales. It results that a precise time equivalence
of events based on these groups is difficult due to the
limited co-occurrence of these fossils in the same
rocks, even though some attempts have been made
(e.g., Melchin et al. 2004, 2012, 2020; Corradini et al.
2009, Cramer et al. 2011).

The base of the Rhuddanian (= base of the Llan-
dovery Series, =base of the Silurian System) is aligned
with the base of the D. kentuckyensis zone, and the
base of the Ludfordian is tentatively tied with the base
ofthe A. ploeckensis zone (Cramer et al. 2011). All the
other stage boundaries fall within conodont zones,
although at places the FAD of some species can
precisely approximate these levels. As example, the
base of the Pfidoli Series can be discriminated by the
FAD of Zieglerodina zellmeri (Slavik & Carls 2012,
Vacek et al. 2018). Five of the 24 stage slices of the
Silurian (Cramer et al. 2011) are defined by the base of
conodont zones.

7.1.3. Devonian

The Devonian System is subdivided into 3 series and 7
stages. Its chronostratigraphy is based mainly on
conodonts. Beside the base of the system, defined
by the graptolite Uncinatograptus uniformis (Prybil),
all the other six stage boundaries are defined by FAD of
conodont taxa (Fig. 14).

The conodont species FAD that best approximate
the base of the Devonian is Caudicriodus hesperius
(Carlsetal. 2007, Corradini & Corriga2012, Corriga et
al. 2016), and recently Ferretti et al. (2022) discussed
the Silurian/Devonian boundary from a conodont
perspective, highlighting a series of first and last
occurrences of species that help to recognize the
boundary in many parts of the world.

The base of the Pragian is marked by the FAD of
Eognahodus sulcatus ssp., the base of the Emsian by
Polygnathus kitabicus, the base of the Eifelian by
Po. partitus, the base of the Givetian by Po. hemi-
ansatus, the base of the Frasnian by Ancyrodella

Plate 2. Selected Carboniferous conodonts important in stratigraphy. All scale bars = 200 pm.

1-2. Heckelina simulator (Ellison, 1941), index for base of Gzhelian Stage; upper views of Py elements (refigured after
Hogancamp et al. 2016). 3—4. Idiognathodus heckeli (Rosscoe & Barrick, 2013), proposed index for base of Kasimovian
Stage; upper views of P; elements (refigured after Rosscoe & Barrick 2013). 5-6. Swadelina subexcelsus (Alekseev &
Goreva, 2001), index for traditional base of Kasimovian Stage; upper views of P, elements (refigured after Goreva et al.
2009). 7-8. Diplognathodus ellesmerensis Bender, 1980, proposed index for the base of the Moscovian Stage; lateral views of
P, elements (refigured after Hu et al. 2020). 9. Declinognathodus donetzianus Nemrovskaya, 1990, proposed index for the
base of the Moscovian Stage; upper views of P elements (refigured after Nemyrovska & Hu 2018). 10-11. Declinognathodus
noduliferous (Ellison & Graves, 1941), index for the base of the Pennsylvanian Subsystem and of the Bashkirian Stage; upper
views of P; elements (refigured after Lane et al. 2019). 12—-13. Lochriea ziegleri Nemirovskaya, Perret-Mirouse & Meischner,
1994, index for the base of the Serpukovian Stage; upper views of P; elements (12: refigured after Qi et al. 2014; 13: refigured
after Qi et al. 2018). 14-15. Protognathodus kockeli (Bischoff, 1957), index of the zone that correlates better the newly
proposed base of the Carboniferous System; upper views of P; elements (refigured after Corradini et al. 2011). 16-17.
Siphonodella sulcata (Huddle, 1934), current index for the base of the Carboniferous System; upper (a) and lower (b) views of
P, elements (refigured after Bahrami et al. 2011).
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rotundiloba and the base of the Famennian by Palma-
tolepis subperlobata. However, the base of the Emsian
is under revision, but it has been already decided that
the new marker will be a conodont.

In the last years the Subcommission on Devonian
Stratigraphy subdivided the stages into substages, not
already formally ratified by the International Commis-
sion on Stratigraphy (for a summary refer to Becker et
al. 2020). These subdivisions mostly reflect the clas-

sical European regional stages used in Bohemia,
Germany, and Belgium. Conodonts are taken to dis-
criminate the base of most substages.

7.1.4. Carboniferous

The Carboniferous System is subdivided into 2 sub-
systems, 6 series and 7 stages. Only three stages
(Tournaisian, Visean, and Bashkirian) are formally
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defined with a ratified GSSP. Two are marked by the
FAD of conodonts (Fig. 14), while the Visean is
marked by the FAD of the foraminifer Eoparastaffella
simplex. For the other four stages a candidate criterion
to discriminate the base has been proposed, and it is
always a conodont (Aretz et al. 2020). Barrick et al.
(2022) discussed the applicability of conodonts to
recognize Carboniferous chronostratigraphic bound-
aries.

The base of the Carboniferous System (base of
Mississippian Subsystem; base of Tournaisian Stage)
is marked by the FAD of the conodont Siphonodella
sulcata. However, due to problems with the GSSP
(Kaiser 2009) and the index taxon (Kaiser & Corradini
2011), the ICS established a Working Group with the
goal of defining a new criterion for the boundary
definition and a new GSSP. Work is still in progress,
but the new criterion will be based on a timeline that
can be discriminated by different criteria, which should
increase the potential of placing the boundary in
different facies realms and provinces, and increase
the practicability of global correlations. One of these
primary criteria is the base of the Protognathodus
kockeli conodont zone (Aretz & Corradini 2019,
2021). The GSSP for the base of the Serpukhovian
Stage will likely use the conodont Lochriea ziegleri as

the index taxon, but this has not yet been resolved
(Nikolaeva et al. 2020).

The GSSP for the mid-Carboniferous boundary
(base of the Pennsylvanian Subsystem; base of Bash-
kirian Stage) was defined to lie at the FO of Decli-
nognathodus noduliferus sensu lato within the lower
Bird Spring Formation at Arrow Canyon, Nevada
(Lane et al. 1999). However, specimens originally
identified as D. noduliferus at Arrow Canyon are
better assigned to D. inaequalis, according to recent
taxonomic revisions (Hu et al. 2019, Lane et al. 2019).
Regardless of the correct name, this Declinognatho-
dus species has provided reliable identification of the
base of the Pennsylvanian globally. The approximate
level for the base of the Moscovian Stage is generally
agreed upon and the FO of either the conodont species
Declinognathodus donetzianus or Diplognathodus
ellemerensis will be used to place the GSSP (see
Hu et al. 2020). Two different levels have been
proposed for the base of the Kasimovian (see Barrick
et al. 2022) and, depending on which is chosen, either
Swadelina subexcelsus or an Idiognathodus species
will be used at the GSSP. Heckelina simulator has
been selected to indicate the base of the Gzhelian
Stage (Heckel et al. 2008), but no stratotype section
has been selected.

\i

Plate 3. Selected Permian and Triassic conodonts important in stratigraphy. All scale bars = 200 pm.

1. Misikella ultima (Kozur & Mock, 1991), a late Rhaetian species; lateral view of P; element (refigured after Mazza et al.
2012). 2. Misikella posthernsteini (Kozur & Mock, 1974), potential index for base of the Rhaetian Stage; lateral (a) and lower
(b) views of P element (refigured after Mazza et al. 2012). 3. Novispathodus waageni eowaageni (Zhao & Orchard in Zhao et
al. 2005), potential index for the base of the Olenekian Stage; lateral view of P element (refigured after Lyu et al. 2018). 4-5.
Novispathodus waageni waageni (Sweet, 1970), (4. holotype), potential index for the base of the Olenekian Stage; upper
views of Py elements (refigured after Lyu et al. 2018). 6. Chiosella timorensis (Nogami, 1968), potential index for the base of
the Anisian Stage; lateral (a), lower (b) and upper (c¢) views P; elements (refigured after Golding et al. 2015). 7-8. Hindeodus
parvus (Kozur & Pjatakova, 1976), index for the base of the Induan Stage and Triassic System; lateral (7, 8a) and upper (8b)
views of P; element (refigured after Chen et al. 2009). 9-10. Clarkina postbitteri Mei & Wardlaw in Mei et al. 1994, index for
the base of the Wuchiapingian Stage; upper (9b) and upper-lateral (9a, 10) views of P, element (refigured after Shen et al.
2024). 11-12. Clarkina wangi (Zhang, 1987), index for the base of the Changhsingian Stage; upper (11a, 12a) and upper-
lateral (11b, 12b) views of Py element (refigured after Mei et al. 2004). 13—-14. Neostreptognathodus pnevi Kozur &
Movschovitsch in Movschovitsch et al. 1979, proposed index for the base of the Kungurian Stage; upper views of P, elements
(refigured after Chernykh et al. 2020a). 15. Jinogondolella nankingensis (Ching (Jin), Y., 1960), index for the base of Roadian
Stage; upper view of P; element (refigured after Henderson & Shen 2020). 16-17. Jinogondolella aserrata (Clark &
Behnken, 1979), index for the base of the Wordian Stage; upper views of P; elements (16: refigured after Henderson & Shen
2020; 17: refigured after Wardlaw 2000). 18-19. Jinogondolella postserrata (Behnken, 1975), index for the base of the
Capitanian Stage; upper views of P; elements (18: refigured after Wardlaw 2000; 19: refigured after Henderson & Shen
2020). 20-21. “Streptognathodus” isolatus Chernykh et al., 1997, index for base of Asselian Stage and Permian System;
upper views of P; elements (refigured after Henderson & Shen 2020). 22-24. Mesogondolella monstra Chernykh, 2005,
index for base of Sakmarian Stage; upper views of P, elements (refigured after Chernykh et al. 2020). 25. Sweetognathus
binododus Chernykh, 2005, (holotype), supplementary index for base of Sakmarian Stage; upper view of P; element
(refigured after Chernykh et al. 2020). 26-27. Sweetognathus asymmetricus Sun & Lai in Sun et al. 2017, index for the base of
the Artinskian Stage; upper views of P; elements (refigured after Chernykh et al. 2023).
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7.1.5. Permian

The Permian System is subdivided into 3 series and 9
stages. All of the stage boundary GSSPs are marked by
the FAD of conodont species (Fig. 14; Henderson &
Shen 2020). These include the base-Asselian (Carbo-
niferous-Permian boundary) by “Streptognathodus”
isolatus (Davydov et al. 1998), the base-Sakmarian
by Mesogondolella monstra (Chernykh et al. 2020b),
the base-Artinskian by Sweetognathus asymmetricus
(Chernykh et al. 2023), the base-Kungurian is pro-
posed using Neostreptognathodus pnevi as the marker,
the base-Roadian by Jinogondolella nankingensis, the
base-Wordian by J. aserrata, the base-Capitanian by
J. postserrata (Shen et al. 2022), the base-Wuchiapin-
gian by Clarkina postbitteri (Jin et al. 2006a), and the
base-Changhsingian by C. wangi (Jin et al. 2006b).
The GSSP for the Kungurian is not yet defined, but
there is a general consensus on the stratotype and the
criterion, and it is expected to be ratified soon.

7.1.6. Triassic

The Triassic System is subdivided into 3 series and 7
stages. Among those, only three GSSPs are ratified,
and only the base of the Induan Stage (= base of the
Triassic System) is recognized by a conodont
(Fig. 14) — this position is marked by the FAD of
Hindeodus parvus at the Meishan section in South
China (Yin et al. 2001). The FAD of Novispathodus
waageni is a strong candidate to mark the base-
Olenekian Stage. The FAD of Chiosella timorensis
is a candidate to mark the base-Anisian. Finally, the
FAD of Misikella posthernsteini is a candidate for the
base-Rhaetian. Other stages are a work in progress, as
summarized by Ogg & Chen (2020) and the Interna-
tional Commission on Stratigraphy website.

7.2,

Event is the name used to indicate a perturbation of the
Earth System which often is brought to an extinction.
Several biotic and abiotic events have been discrimi-
nated in history of the Earth. The severity, regional
expression and controlling factors of many of those
events are still disputed. They are related to various
factors, which can include rapid sea-level changes,
volcanism, meteorite impacts, intense continental
weathering, the evolution of land plants and soils,
chemical changes of the ocean water (e.g., pH, salinity,
oxygen content), climate changes, and paleogeogra-

“Events” and Chemostratigraphy

phy. Many of these events are associated with organic-
rich deposits, often black shales (Negri et al. 2009a, b;
Hedhli et al. 2023). It is often questionable how these
events interrupted the “normal” ups and downs of
biodiversity through time (taxonomic severity) and
how the structure of ecosystems changed before and
after the crises (ecological severity). However, these
events have become important time markers and are
always related to biostratigraphy.

Since biozonation schemes based on conodonts are
the reference and most used schemes for the Ordovi-
cian, Devonian, Carboniferous, Permian, and Triassic
works, the precise timing of events is referred to
conodont zones.

The same apply to chemostratigraphy: the timing of
isotopic excursions in these periods is calibrated to
conodont zonation schemes.

8. Conclusions

Conodonts represent the best tool for biostratigraphic
studies for over 300 million of years of Earth history
from the late Cambrian to the Triassic. Rapid evolution
and global distribution make these fossils perfect index
fossils, and global zonation schemes are widely used to
correlate rocks, from all over the world. Conodonts are
also the most used tool to correlate the GSSPs, as 27 of
them are defined by the FAD of a conodont species.
Beside stratigraphy, conodonts are also widely used in
Paleoecologic, paleogeographic, and geochemical stu-
dies, making them the most useful fossil to study the
history of the Earth.
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