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Preface

This thesis is submitted in partial fulfillment of the requirements for the degree
of Philosophiae Doctor at the University of Oslo. The research presented
here is conducted under the supervision of Associate Professor Lee Hsiang
Liow (University of Oslo) and Associate Professor Seth Finnegan (University of
California, Berkeley).

The thesis is a collection of four papers and one manuscript, which are
preceded by an introductory chapter that ties them together and provides
background information and motivation for the work.
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Thesis summary

Biodiversity on Earth has seen many increases and decreases throughout its
history. Unrevealing these changes is crucial for understanding mechanisms and
dissecting principles behind diversification and extinction events.

One of the largest increases in biodiversity throughout the Earth’s history
happened around 467 million years ago: the Great Ordovician Biodiversification
Event (GOBE). This thesis provides new insights into the GOBE from global,
regional, and local perspectives.

Paper I quantifies global, Baltic, Laurentian, and onshore-offshore diversifica-
tion dynamics. Results indicate that origination rates peaked at the Dapingian/
Darriwilian boundary. While both origination and extinction rates appear to
be greater in Baltica than in Laurentia, there is no evidence that diversification
dynamics were different when comparing onshore and offshore areas. Paper II
examines if origination rates are greater for hard substrate taxa prior to the
GOBE, as suggested, but not formally tested, by previous studies. Results pro-
vide evidence that this may be the case for attaching echinoderms and bryozoans.
In paper III the focus is set on faunal shifts within two disparate Ordovician
sections. One of them spans the GOBE, while the other one was deposited prior
to the GOBE. Results show that shifts in faunal compositions happened across
the GOBE section, in contrast to no faunal shifts in the pre-GOBE section.
Paper IV zooms out and focuses on biodiversity accumulation over the entire
Early Palaeozoic, and examines diversification dynamics and genus longevities.
Results show that genera underwent greater turnover in the Cambrian compared
to the Ordovician, and that genus longevities increased from c. 5 million years
to c. 10 million years between these two periods. Paper V is a geological, and
sequence stratigraphic description of an Early to Middle Ordovician section in
Ny Friesland, Svalbard, Norway, and provides the basis for Paper III.
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1 | Introduction

1.1 The Ordovician world

The Ordovician is a geological period that was named after an old Welsh
tribe - the Ordovices (Lapworth, 1879). This period lasted 41.6 million
years, from 485.4 to 443.8 million years ago (Cohen et al., 2013). In this
interval, the Earth underwent a great number of environmental changes.

Figure 1: Stratigraphic chart showing
the Ordovician stages (Cohen et al.,
2013), and paleogeographic reconstruc-
tion from 460 million years ago (Cocks
and Torsvik, 2006). Abbreviations: A -
Avalonia, B - Baltica, G - Gondwana, L -
Laurentia, Tr - Tremadocian, Fl - Floian,
Dp - Dapingian, Dw - Darriwilian, Sa
- Sandbian, Ka - Katian, Hi - Hirnan-
tian. Ages on the time scale are given
in million years before present.

Most of the continental masses
were distributed around the southern
hemisphere in low latitudes, close to
the equator and vast oceans spanned
the areas between the palaeoconti-
nents (Fig. 1, Torsvik and Cocks,
2016). Many areas were affected
by orogenies (van Staal and Hatcher,
2010). For example: the taconic
orogeny happened on Laurentia dur-
ing the Middle and Late Ordovician
and formed the Appalachian Moun-
tains (Torsvik and Cocks, 2016). The
palaeocontinent Baltica rotated rela-
tively quickly towards equatorial re-
gions, and collided with Avalonia
during the Late Ordovician (Fig. 1,
Torsvik and Cocks, 2016). Continent-
continent collisions, however were not
very common during the Ordovician
(van Staal and Hatcher, 2010). Tec-
tonic activity came along with high
volcanic activity (Huff et al., 2010).
Bentonites provide evidence for explo-
sive volcanism that created one of the greatest ash deposits from the whole
Phanerozoic (Huff et al., 2010). Other evidence for a highly active world comes
from the strontium isotope record (87Sr/86Sr). Strontium isotopes have been
used as a proxy for hydrothermal exchange during sea-floor spreading (Burke
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1. Introduction

et al., 1982, Veizer, 1989), carbonate diagenesis, and continental weathering
(Veizer, 1989). Many independent studies have recorded a decrease of this ratio
during the Middle Ordovician (e.g. Burke et al., 1982, Shields et al., 2003, Young
et al., 2009, Saltzman et al., 2014, Edwards et al., 2015). This decrease happened
likely because more young, volcanic rocks but comparatively less continental
crust weathered (Shields et al., 2003, Young et al., 2009). These geological
changes, as well as the changes in ocean chemistry were accompanied by changes
in the climate.

During the Early Ordovician, the Earth was in a greenhouse state (Barnes,
2004) and pCO2 levels were between 10 to 15 times higher than today (Berner,
2006). Oxygen isotope data (18O/16O) indicate that the ocean cooled to modern
equatorial temperatures during the Middle Ordovician (Trotter et al., 2008, but
see also discussion in Stigall et al. (2019)). This cooling ended with a glaciation
during the Hirnantian stage (first postulated by Spjeldnæs, 1961, later confirmed
by e.g. Young et al. (2004), Díaz-Martínez and Grahn (2007), Ghienne et al.
(2007)). However, the timing of the onset of the cooling and the duration of
the glaciation are debated (see e.g. Brenchley et al., 1994, Sutcliffe et al., 2000,
Saltzman and Young, 2005, Finnegan et al., 2011). Modelling that included
interactions between ocean, atmosphere and sea ice show that a climate tipping
point was possibly reached, and if so, could have caused a sudden cooling (Pohl
et al., 2014).

The Ordovician world experienced drastic environmental changes that
are accompanied by two huge biological events: the Great Ordovician
Biodiversification Event (GOBE) during the Middle Ordovician (Sepkoski, 1995,
Droser et al., 1996, Webby, 2004), and the Late Ordovician (Hirnantian) mass
extinction (Sheehan, 2001). The following sections will give a brief overview of
the GOBE, and potential mechanisms behind biodiversity increases.

1.2 The Great Ordovician Biodiversification Event

Data from dominant taxonomic groups from the Ordovician, for instance
brachiopods and trilobites, suggest that taxonomic richness increased between
the Dapingian and Katian (Webby et al., 2004, Harper, 2006). There appears
to be some synchrony of the GOBE both across different taxonomic groups,
and on geographic scales. For instance on Baltica, Laurentia, and Gondwana,
brachiopod genus richness increased between the Dapingian and Darriwilian
stages (Rasmussen et al., 2007, Trubovitz and Stigall, 2016, Colmenar and
Rasmussen, 2018). Despite the similar timing of these genus richness increases,
some groups of taxa may have diversified earlier. There is evidence that endemic
faunas showed a diversification pulse already during the Early Ordovician (Zhan
et al., 2011, Colmenar and Rasmussen, 2018). Moreover, some echinoderms
that were inhabiting hard substrates were suggested to have diversified prior to
the Middle Ordovician (Sprinkle and Guensburg, 1995). The hypothesis as to
whether hard substrate taxa diversified prior to the GOBE is investigated as
part of this thesis.
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How to create and maintain biodiversity

As outlined in the previous section, the GOBE falls into a time of dramatic
environmental changes. Due to the apparent temporal correlation with these
changes, there are plenty hypotheses of potential causes for the GOBE. The
cooling of the oceans, for instance, may have enabled an increased solution of
oxygen in the oceans and Edwards et al. (2017) suggested that the oxygenation
could have positively impacted the increase of taxonomic richness. More dissolved
oxygen may have enabled higher metabolic rates (Graham et al., 1995), and
at the same time lowered the metabolic costs for biomineralization such that
marine invertebrates were able to build stronger skeletons (Pruss et al., 2010).
In addition, swimming taxa, for instance cephalopods, could have gained an
advantage through more efficient respiration by filtering greater volumes of water
through their gills if more oxygen was dissolved (Berner et al., 2007). Increased
dissolved oxygen in the oceans may also be correlated with the presence of larger
body sizes and active carnivores (Sperling et al., 2013). In that way food webs
may have become more complex if more oxygen was available (Sperling et al.,
2013).

A cooling of the ocean, together with tectonic movement and changing
atmospheric CO2 levels, may have had an effect on oceanic circulation patterns,
which could in turn have an impact on potential dispersal pathways (Pohl et al.,
2016, and see section 1.3). Through greater volcanic activity (see section 1.1),
nutrient input into the oceans would have been increased and hence potentially
fuelled the diversification of primary producers (Miller and Mao, 1995). This
hypothesis is consistent with the observation that phytoplankton increased
from the Late Cambrian onwards and reached its peak diversity during the
Middle Ordovician (Servais et al., 2008, 2016). Another hypothesis states that a
meteorite impact destabilized ecosystems c. 470 million years ago, and hence
allowed for species invasions into the dispersed communities (Schmitz et al.,
2007, see also section 1.3). The timing of that impact and hence its effect on
the GOBE are current topics of debate (Lindskog et al., 2017). Understanding
mechanisms and underlying processes about how to create biodiversity is crucial
for studying an event like the GOBE and some basic principles will be briefly
explored in the following sections.

1.3 How to create and maintain biodiversity

Increases in biodiversity have been observed many times in the history of life
on Earth. The two largest Palaeozoic increases were the Cambrian Explosion
and the GOBE (Sepkoski, 1995, Harper, 2006). Rebounds after mass extinction
events are also instances of rapid speciation, i.e. the development of new, distinct
species (Jablonski, 1994, Sepkoski, 1996, Jablonski, 2005b). The evolution of a
distinct genus or higher taxon through phenotypic changes, is one definition of
macroevolution (Futuyma and Kirkpatrick, 2017). Macroevolution is thought
to be controlled by two different classes of factors: physical and biological,
or a combination of both (Benton, 2009). The role of these factors and
their interactions in the evolution of life on Earth, and their taxonomic and
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1. Introduction

biogeographical distribution has been discussed widely (e.g. Miller, 1998, Hopkins,
2007, Valentine et al., 2008, Benton, 2009). One mechanism by which speciation,
and ultimately also macroevolution at higher-taxonomic levels can occur is
geographical isolation. This process is called allopatric speciation (for a more
detailed explanation see Coyne and Orr, 2004). Taxa that were formerly able to
disperse freely, can be isolated through the establishment of a barrier (vicariance),
or they simply disperse into an area in which they are separated from their
community of origin. Geographical isolation may then lead to an adaptation of
the populations to the local niches, which may ultimately result in speciation.
When the physical barrier separating species from an ancestral and a "new"
region breaks down, species can disperse freely again between both habitats
(Vermeij, 1991, Lieberman and Eldredge, 1996, Lieberman, 2008, Stigall et al.,
2017). The dispersal of taxa into new areas has been connected to both increases
and decreases of biodiversity in the fossil record (Stigall et al., 2017). If allopatric
speciation is the dominant process, the frequency of the repeated opening of
barriers, followed by dispersal, re-establishment of barriers and the development
of new species, controls the speciation rate (Mayr, 1963). The presence of areas
with high taxonomic richness, from which taxa can disperse into other areas and
diversify there, is of additional importance (so-called species pump in Harper
et al., 2013). Physical factors or geological processes that can create vicariance
include numerous interoceanic islands, tectonism, glacial-interglacial cycles, and
habitat heterogeneity (Lieberman, 2008, Zaffos et al., 2017, Stigall, 2018).

Hypotheses that suggest environmental perturbations as the cause for turnover
and evolution, are often referred to as Court Jester hypotheses (Barnosky, 2001).
Examples include the model of tiers of time (Gould, 1985), the turnover-pulse
hypothesis (Vrba, 1993), or the sloshing bucket principle (Eldredge, 2008). Some
of them are quite specific about the time scale at which processes are likely to
happen (Hunter, 1998).

For instance, Gould (1985) distinguishes between three different scales, more
specifically the ecological scale (tens to thousands of years) the geological scale
(millions of years) and sudden, geological catastrophes, as for instance meteorite
impacts. On the ecological time-scale, organismal interactions need to be
considered, and on the geological (or macroevolutionary) time scale, originations,
and extinctions happen (Vrba, 1993). In fact, there is evidence that biological
interactions, for instance, competition and predation act primarily on local
systems and short time spans, while physical factors, for instance, climate
and tectonic changes, are the base of regional to global-scale events over long
(geological) time spans (Benton, 2009, Vermeij, 2013).

One of the most famous ideas involving biological interactions in driving
macroevolution is the Red Queen hypothesis. This hypothesis was introduced by
Van Valen (1973) and states that extinction within adaptive zones is constant
through time and that the evolution of taxa within one adaptive zone is self-
driven. The adaptive zone is defined by physical and biotic situation the taxa
in question live and evolve in, together with their ecological and evolutionary
relatives (see review and discussion in Liow et al., 2011). In the Red Queen
hypothesis, changes of the adaptive zone may be, but are not necessarily induced
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How to create and maintain biodiversity

through physical changes in the environment (Van Valen, 1973). Competition
for resources, and hence internal biotic forces are thought to drive the evolution
of taxa through time under a zero-sum assumption for resources, meaning that
an increase in fitness of one taxon automatically implies a decrease of fitness for
another taxon in the same adaptive zone (Van Valen, 1973).

This hypothesis has been heavily discussed (e.g. Maynard Smith, 1976,
Stenseth and Maynard Smith, 1984, Vrba, 1993, Finnegan et al., 2008, Liow
et al., 2011, Vermeij, 2013, Brockhurst et al., 2014, Voje et al., 2015). Some of
its underlying assumptions have been proven wrong, such as constant extinction
through time (Finnegan et al., 2008) and the zero-sum assumption (Maynard
Smith, 1976, Stenseth and Maynard Smith, 1984, Vermeij and Roopnarine,
2013). However, the Red Queen has inspired much of the discussions about the
importance of biotic interactions for macroevolution (Voje et al., 2015).

Another hypothesis about how biological interactions may drive macroevolu-
tion is the escalation hypothesis, in which evolution is enemy-driven (Vermeij,
1987, 2013). The key is that the evolution of one group drives the evolution in
another. Escalation may cause innovations and increase the complexity of traits
(Wood and Zhuravlev, 2012, Vermeij, 2013), which may provide an advantage
in competition with other taxa (Hunter, 1998). But those traits may also have
enabled taxa to utilize more ecospace, and in that way fuel rapid evolutionary
events, as during the Cambrian explosion (Sheehan et al., 1991). One example
for enemy-driven evolution is the Mid-Mesozoic diversification of mobile and
infaunal taxa, which was interpreted to be a result of increased predation
pressure, while there was no evidence for the impact of changes in the physical
environment (Aberhan et al., 2006). However, if an ecosystem is fragile even
small changes in the physical environment can trigger collapses and hence, have
an influence on the timing of evolutionary events (Vermeij, 1994, Voje et al., 2015).

Successful speciation may only be recorded in the fossil record if the new
species persists (Rabosky, 2016). Together with taxon persistence, the balance
of origination and extinction rates determines the net taxonomic richness that
can be observed and it can also lead to faunal transitions. One example is the
transition from the Cambrian Evolutionary Fauna to the Palaeozoic Evolutionary
Fauna (sensu Sepkoski, 1981). The Cambrian Evolutionary Fauna had higher
extinction rates compared to the Palaeozoic Evolutionary Fauna (Miller, 1998),
and hence, the fauna with lower extinction rates, became dominant through time.
Extinction rates presumably change through the age of a genus, so that younger
genera are exposed to greater extinction risk, compared to older genera, in which
age doesn’t correlate with extinction risk anymore (Finnegan et al., 2008, but
see also discussions in Bennett et al. (2017), Hagen et al. (2018), Silvestro et al.
(2020)). The older a genus gets, the more it can expand its geographical and
ecological range (Miller, 1997), and the larger its range, the lower its extinction
risk (Jablonski, 2005b, Payne and Finnegan, 2007, Kiessling and Aberhan, 2007).

Factors that were important for facilitating both increased metabolic rates
and greater biomass within the ecosystems during the Ordovician, included the

7



1. Introduction

increased nutrient supply, cooler oceans, and changed ocean chemistry (Stigall,
2018). But repeated sea-level changes during the Hirnantian glaciation, or
active volcanism (see section 1.1), also likely had a great impact on the physical
environment. While some of these changes operated on a global scale, others
may have impacted only different regions of the Earth.

Biogeographical patterns are thought to be a result of regional differences
in the above described biological and physical factors that influence taxonomic
richness. For instance, tropical areas had likely high origination rates during
Earth’s history (Jablonski et al., 2006), and from that a pattern arose, in which
taxonomic richness decreases from the tropics towards the poles (Willig et al.,
2003, Hillebrand, 2004, Valentine et al., 2008, Valentine, 2009, Jablonski et al.,
2017). This pattern is called the latitudinal diversity gradient (LDG), and in
the present day oceans, it persists in different bathymetries (Willig et al., 2003,
Hillebrand, 2004, Tittensor et al., 2010). Suggested controlling mechanisms
behind this pattern include biotic interactions in complex, tropical ecosystems
that lead to escalation (Crame, 2001), but also physical factors, such as changing
sea-surface temperature (Tittensor et al., 2010). As a response to changes of
these factors, also the intensity of the LDG may have changed through times
(Crame, 2001, Powell, 2009). While there is no evidence for an Early Ordovician
LDG, cooling of the oceans during the Middle Ordovician potentially enabled
the re-establishment of the LDG (Kröger, 2017).

Another reoccurring pattern seen in many studies is that taxa originate
onshore and migrate or expand thereafter towards offshore areas (e.g. Sepkoski,
1991, Bassett et al., 2002, Jablonski, 2005a, Jablonski et al., 2006). This observed
shift may be driven by specific patterns of origination and extinction rates in
these different habitats (Holland and Zaffos, 2011). Origination of orders were
suggested to be greater in onshore areas, compared to offshore areas(Jablonski and
Bottjer, 1991, Jablonski, 2005a). On the other hand, origination of genera is likely
to occur where the respective higher taxa were already established (Jablonski
et al., 1983, Jablonski, 2005a). Loss or gain of habitat area, for instance through
sea-level changes in onshore areas may be associated with greater evolution of
novelties in onshore areas (Holland and Christie, 2013). As a result of such
potentially frequent disturbances (Jablonski and Bottjer, 1991), extinction-
resistant clades should have been able to preferentially diversify onshore, and
could expand their range towards offshore areas (Sepkoski, 1991). The expansion
to offshore areas may also have been an escape from local extinctions (Barbeitos
et al., 2010).

Onshore-offshore dynamics may in general underlie climatic and oceano-
graphic perturbations (Tomašových et al., 2014). Therefore, they may change
through time, depending on environmental conditions. During the Cambrian
and Ordovician, many brachiopods that were later part of the Palaeozoic Evo-
lutionary Fauna originated first in shallow carbonate environments (Bassett
et al., 2002). High onshore ordinal origination rates were also found during
the Late Cretaceous, but not during the Cenozoic (Jacobs and Lindberg, 1998).
The decline in onshore origination was interpreted to be a response to major
disruptions, in this case extinction caused by anoxic events (Jacobs and Lindberg,
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Limitations of the fossil record

1998). Other environmental factors that may impact onshore-offshore patterns,
include nutrient supply and turbidity of the water, at least for suspension-feeding
and/or infaunal taxa (Tomašových, 2006).

As mentioned above, there is circumstantial evidence for greater onshore
origination during the Ordovician (Bassett et al., 2002). However, it has not
been specifically tested if origination rates were really greater in onshore areas,
and an exploration of that is part of this thesis.

1.4 Limitations of the fossil record

Tabulations of species, genus or family richness throughout geological times (e.g.
Phillips, 1860, Raup, 1976a, Sepkoski, 1981) have shaped our understanding
of the development of life on Earth. However, Darwin pointed out early on
in his Origin of Species that the fossil record is incomplete (Darwin, 1859).
Many studies have since tried to understand and ameliorate the effects of the
incompleteness of the fossil record (e.g. Raup, 1976b, Kidwell and Flessa, 1996,
Behrensmeyer et al., 2000, Smith, 2001, Kidwell and Holland, 2002, Vilhena and
Smith, 2013, Holland, 2016). For instance, correlations have been shown between
origination, extinction, and the available sedimentary rocks (Raup, 1976b, Peters
and Foote, 2001, Peters, 2005), meaning that preservation and outcrop availability
likely affect the patterns of biodiversity change we observe. In addition, mass
extinction events are often correlated with subaerial unconformities, which may
be seen as a consequence of sea-level changes (e.g. Smith et al., 2001, Holland,
1995, Holland and Patzkowsky, 2015). Given the patchiness of the fossil record,
stratigraphic ranges (i.e. longevities) of taxa are likely underestimations of the
true longevities (Marshall, 1990, Foote and Raup, 1996, Solow and Smith, 1997).

During the past decades, numerous ways to estimate origination and
extinction rates while accounting for the incompleteness of the fossil record,
have been developed (e.g. Nichols and Pollock, 1983, Foote, 2000, Alroy, 2008,
Silvestro et al., 2014). While a review of preservational biases and analytical
tools to account for them is beyond the scope of this introductory chapter, it
is important to be aware that we should not take fossil data at face value. In
this thesis, I use capture-recapture modelling and occupancy modelling in order
to infer a less biased picture of the underlying diversification and occupancy
dynamics of the GOBE, while explicitly modelling sampling probabilities.
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2 | Aims

Causes and underlying patterns of the GOBE have been in the focus of studies
for the past decades, as outlined above. However, the diversification dynamics
of the GOBE have not been dissected.

Paper I and II quantify Ordovician diversification and diversity dynamics.
In focus are the global, Laurentian and Baltic, onshore-offshore, and hard
substrate taxa. The dynamics were modelled using capture-recapture models, in
which sampling probabilities are estimated simultaneously with origination and
extinction probabilities.

Paper III focuses on palaeoecological changes in two disparate Ordovician
sections. This study quantifies the faunal shift of taxonomic groups, for one
pre-GOBE section and one that was deposited during the GOBE. In this
approach, detection probabilities are modelled explicitly, and results from this
study lend support to previous findings on faunal changes, while accounting for
the incompleteness of the fossil record.

The accumulation of taxa throughout the Early Palaeozoic, which the
Ordovician is part of, has been long recognized. Paper IV investigates the
dynamics behind this increase in taxonomic richness by quantifying origination
and extinction rates, together with genus longevities.

Paper V provides a detailed sedimentological and sequence-stratigraphic
description of a Early to Middle Ordovician succession in Ny Friesland, Spits-
bergen, Arctic Norway.

Overall, this thesis aims to contribute to the understanding of the underlying
patterns of the Great Ordovician Biodiversification Event. It provides new
insights into global-scale dynamics, but focuses also on regional, local and
ecological scales, through geological and analytical techniques.
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3 | Paper summaries

3.1 Paper I. Dissecting the paleocontinental and

paleoenvironmental dynamics of the great Ordovician

biodiversification

The Great Ordovician Biodiversification Event has long been of scientific interest.
During this period of time, biodiversity increased dramatically in a drastically
changing environment. As indicated in the sections above, many hypotheses were
raised in order to explain the observations. However, it is essential to estimate
the diversification dynamics behind the observed changes in biodiversity well,
in order to put any of the hypotheses to test, since different combinations of
origination and extinction rates can lead to the same observed pattern of net
diversification.

In this paper, global, palaeocontinental and onshore-offshore diversification
dynamics are estimated using capture-recapture models. The main questions in
this paper are: (1) What are the general underlying diversification patterns of
the GOBE on a global scale? (2) Were origination and extinction rates greater
on a more mobile palaeocontinent, than a relatively stable palaeocontinent, using
Baltica and Laurentia as examples? (3) Can our data support the hypothesis that
diversification was greater in onshore areas, than in offshore areas, as suggested
by previous studies?

Our results indicate that the global increase in taxonomic richness has to
be attributed to an increase of origination rates at the Dapingian/Darriwilian
boundary, while extinction rates were relatively low. Both origination and
extinction rates are greater in Baltica, compared to Laurentia, throughout the
Ordovician, while Laurentia had greater genus richness. There was no evidence
that diversification dynamics in onshore and offshore areas differ significantly
from each other.

3.2 Paper II. Did hard substrate taxa diversify prior to the

Great Ordovician Biodiversification Event

The Ordovician has previously been described as ’a golden age for epizoans
on hard substrates’ (Taylor and Wilson, 2003). The second paper tests if this
statement can be supported based on diversification dynamic patterns of taxa
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3. Paper summaries

that were able to attach to hard substrates versus those that are free-living
and benthic. Taxonomic groups classified in this study as hard substrate taxa
include attaching echinoderms, bryozoans, reef-building corals and poriferans.
Individual diversification dynamics of these groups are also presented.

Our results show, that diversification dynamics of hard substrate taxa and
free-living benthic taxa were very similar. Each of the taxonomic groups within
the hard substrate taxa show the same Dapingian/Darriwilian peak of origination
rates while extinction rates are low. In addition to that shared peak for all
groups, bryozoans and attaching echinoderms have elevated origination rates
during the Early Ordovician, although the dynamics of the changes are also
similar to those of the other groups.

3.3 Paper III. Occupancy modelling case study

The third paper of this thesis investigates faunal changes in two Ordovician
sections of Early to Middle Ordovician age. Section number one is situated in
Ny Friesland, Spitsbergen, Norway and represents pre-GOBE deposits. Section
number two is situated in the Ibex area, Utah, USA and represents deposits from
the GOBE interval. The aim of this paper is to understand the timing of faunal
shifts as the GOBE is approached. This idea is based on previous observations,
that the faunal composition changed across the Ibexian/Whiterockian boundary.
I use occupancy modelling in order to estimate occupancy and detection
probabilities simultaneously. As such, incomplete sampling and preservation are
accounted for and quantified, and uncertainties of the data are presented more
accurately than in previous studies. Additionally, different variables, such as
the locality, section, taxonomic group, or sedimentary facies, can be included as
covariates and models with different sets of covariates can be compared formally.
In this way, hypotheses about influencing factors of the observed data and
patterns can be tested explicitly.

My results indicate no shifts in occupancy for the pre-GOBE Ny Friesland
section. In contrast, occupancy shifts happened across the North American
GOBE boundary. Some of these shifts support those results that were based on
observed relative and absolute abundance of these taxonomic groups, but other
results from my analyses shed new light on local occupancy.

3.4 Paper IV. The evolutionary dynamics of the early

Palaeozoic marine biodiversity accumulation

In the fourth paper, the focus is extended to the whole Early Palaeozoic.
There were two substantial increases in biodiversity during that time: the
Cambrian Explosion and the Great Ordovician Biodiversification Event. This
paper investigates the underlying patterns of these two increases in biodiversity
and in addition, focuses on changing longevities through the studied interval.

Our results from this study show that extinction and diversification rates
were greater during the Cambrian, compared to the Ordovician and Silurian.
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Paper V.

In addition, the expected genus longevity doubled from the Cambrian to the
Ordovician and Silurian, from c. 5 million years to at least 10 million years.
The increased longevity is interpreted as evidence that the ecosystems may have
reached a higher level of resilience during the Ordovician and onwards. This
is a resilience-building process that may have played a major role during the
Palaeozoic marine biodiversifications.

3.5 Paper V. The Ordovician succession adjacent to

Hinlopenstretet, Ny Friesland, Spitsbergen

The fifth paper deals with the sedimentological description of the Early to
Middle Ordovician Kirtonryggen and Valhallfonna formations in Ny Friesland,
Spitsbergen. The described section covers 843 m of Tremadocian to Darriwilian
carbonaceous rocks. Sea-level changes were inferred based on the lithological
changes. In the lower part of the section, sea-level was relatively shallow, and
decreased successively towards the upper Kirtonryggen Formation. The base
of the Valhallfonna Formation is marked by a sudden deepening. Sea-level
decreased thereafter again, towards the upper parts of this formation. These
changes in depositional environments reflect major climate and corresponding
sea-level changes during the Early to Middle Ordovician.
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4 | Concluding Remarks

In summary, this thesis has shown that the origination rates peaked at the
Dapingian/Darriwilian boundary, regardless of taxonomic group, geographic
area or ecological perspective. These findings point towards a global-acting
mechanism that had great influence on the timing of the GOBE. Amongst the
observed environmental changes, increasing oxygen levels in the oceans may
be such a mechanism. However, my results also point towards some regional
and ecological differences, in the sense that some groups of taxa or geographic
regions showed higher origination rates either throughout the Ordovician or
during the Early Ordovician only. Future studies with finer temporal resolution
(see e.g. Fan et al., 2020), may be able to track regional changes even better and
hence, enable us to understand not only the palaeobiogeographical patterns of
the GOBE, but also its ecological implications better.
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Dissecting the paleocontinental and paleoenvironmental dynamics
of the great Ordovician biodiversification

Franziska Franeck and Lee Hsiang Liow

Abstract.—The Ordovician was a time of drastic biological and geological change. Previous work has
suggested that there was a dramatic increase in global diversity during this time, but also has indicated
that regional dynamics and dynamics in specific environments might have been different. Here, we
contrast two paleocontinents that have different geological histories through the Ordovician, namely
Laurentia and Baltica. The first was situated close to the equator throughout the whole Ordovician,
while the latter has traversed tens of latitudes during the same time. We predict that Baltica, which was
under long-term environmental change, would show greater average and interval-to-interval origination
and extinction rates than Laurentia. In addition, we are interested in the role of the environment in which
taxa originated, specifically, the patterns of onshore–offshore dynamics of diversification, where onshore
and offshore areas represent high-energy and low-energy environments, respectively. Here, we predict
that high-energy environments might be more conducive for originations.

Our new analyses show that the global Ordovician spike in genus richness from the Dapingian to the
Darriwilian Stage resulted from a very high origination rate at the Dapingian/Darriwilian boundary,
while the extinction rate remained low. We found substantial interval-to-interval variation in the origin-
ation and extinction rates in Baltica and Laurentia, but the probabilities of origination and extinction are
somewhat higher in Baltica than Laurentia. Onshore and offshore areas have largely indistinguishable
origination and extinction rates, in contradiction to our predictions. The global spike in origination
rates at the Dapingian/Darriwilian boundary is apparent in Baltica, Laurentia, and onshore and offshore
areas, and abundant variability in diversification rates is apparent over other time intervals for these
paleocontinents and paleoenvironments. This observation hints at global mechanisms for the spike in
origination rates at the Dapingian/Darriwilian boundary but a domination of more regional and local
mechanisms over other time intervals in the Ordovician.
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Introduction

The numerical increase of marine orders,
families, and genera in the Ordovician was so
dramatic (Sepkoski et al. 1981; Miller 1997a,b,
2012; Sepkoski 1997; Harper 2006; Bassett
et al. 2007; Alroy et al. 2008) that it has been
termed the great Ordovician biodiversification
event (GOBE; Webby et al. 2004; Servais and
Harper 2018). This increase is thought to be
especially rapid around the Dapingian/Darri-
wilian boundary (Servais et al. 2009; Hints
et al. 2010; Rasmussen et al. 2016; Trubovitz
and Stigall 2016), but factors influencing this
increase remain obscure.
While the hypotheses for what these factors

might be are many and varied, it is possible
to group them into two classes. The first class

of hypotheses is climate related. Specifically, a
mid-Ordovician cooling is thought to have con-
tributed to a more favorable global climate
regime that in turn promoted diversification
(Trotter et al. 2008; Rasmussen et al. 2016).
The second class of hypotheses involves nutri-
ent availability. For instance, periods of
increased tectonics (Miller and Mao 1995)
and/or tectonically induced volcanic activity
(Botting 2002) are hypothesized to have led to
more sedimentary and nutritional input into
the oceans and habitat fractioning, both of
which may have enhanced the diversification
of taxa (Miller and Mao 1995). The establish-
ment of nutrient-rich upwelling zones has
been documented from Laurentia during the
Middle Ordovician (Pope and Steffen 2003).
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These upwelling zonesmay have served as new
ecospace (Rasmussen et al. 2016), and their sub-
sequent occupation by both migrants and taxa
that evolved in situ could have contributed to
an increase in taxon diversity. Some of the
mechanisms that were suggested to have an
influence on the GOBE, such as tectonic activity
and volcanism, likely acted at a regional rather
than the global scale, and such regional
changes are unlikely to be simultaneous (Miller
1997a,b, 2004; Zhan and Harper 2006). There-
fore the influence of the different mechanisms
should be examined separately for the different
paleocontinents (Miller 1997a; Miller and Mao
1998) and paleoenvironments (e.g., Miller and
Mao 1995; Miller and Connolly 2001; Novack-
Gottshall and Miller 2003).
Continents drifted and experienced different

spatial environments over the Ordovician.
Whereas the center of the paleocontinent Laur-
entia was situated close to the equator through-
out the Ordovician, Baltica rotated northward,
starting in the southern mid-latitudes and end-
ing south of the equator by the Late Ordovician
(Cocks and Torsvik 2006; Torsvik and Cocks
2016a). These two continents can act as model
systems for a relatively stable continent (Laur-
entia) versus a continent on which the physical
environmental is relatively unstable due to con-
tinental movement (Baltica) during the time in
question. In this paper, we explore whether
greater environmental change on Baltica is
associated with greater taxon turnover but
lower genus richness comparedwith Laurentia.
Different paleoenvironments may also influ-

ence diversification rates. For instance, mor-
phological novelties, as represented by
ordinal-level originations, arose preferentially
in onshore rather than offshore areas (Jablonski
et al. 1983; Jablonski 2005). Based on his work
on ordinal-level originations, Jablonski
(Jablonski et al. 1983; Jablonski 2005) predicted
that genus originations would preferentially
occur where their higher-level taxa were
already established. If this is true, we expect
that relative origination dynamics might be
similar for onshore and offshore areas, all
things being otherwise equal. However, off-
shore areas are more shielded from environ-
mental changes than onshore areas, where
changes in sea levels lead to changes in the

size of habitable areas (Holland and Christie
2013). Here, we explore whether greater envir-
onmental variability in onshore areas is asso-
ciated with higher genus origination and
extinction rates compared with offshore areas
during the Ordovician.
We present Ordovician genus origination

and extinction rates based on capture–recap-
ture models for the revised global Ordovician
stages (Bergström et al. 2009; Harper and Ser-
vais 2013; Lindskog et al. 2017) both on a global
scale, for the paleocontinents Baltica and Laur-
entia, and for onshore and offshore areas.

Methods and Data

Data.—We downloaded data from the Paleo-
biology Database (PBDB) on 26 January 2018
(https://paleobiodb.org/data1.2/occs/list.csv?
taxon_reso=genus&interval=Cambrian,Aeronian
&show=class,acconly,ecospace,coll,coords,loc,
paleoloc,lithext,geo,refattr). These data consist
of 130,367 occurrences of taxa identified to at
least the genus level that span the Cambrian to
the Aeronian (second stage in the Silurian) and
their metadata. Only accepted genus names
were included in our data analyses (73,735
occurrences). Although our analyses are focused
on the Ordovician, we included Cambrian and
Silurian data to ameliorate edge effects (see sub-
section on diversification rates).
The temporal resolution associated with the

data we retained from the PBDB download
range from 0.4 to 66.2 Myr. Considering only
Ordovician time intervals, the resolution is
from 1.7 to 50.8 Myr (median: 7.8 Myr; mean:
8.6 Myr). To increase the temporal resolution
of our analyses, we only included PBDB data
that were assigned to time bins smaller than
12 Myr (see Supplementary Material text and
Supplementary Fig. S1). For occurrences
reported in PBDB with regional Ordovician
stages, we randomly assigned point estimates
using a uniform distribution between the
reported minimum and maximum ages and
then assigned those estimates to global Ordovi-
cian stages (median: 7.7 Myr; mean: 5.9 Myr).
This was to ensure comparability to standard,
global treatments of Ordovician data. We pre-
sent only one iteration of parameter estimates
in our main figures. But because random
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assignments to time intervals vary, we also pre-
sent averaged parameter estimates from 100
iterations of such random assignments to the
global data set or subsets for each of our ana-
lyses in the Supplementary Material.
We created a non-observation/observation

matrix from the downloaded PBDB data. In
this matrix, each row of data is a string of obser-
vations (1) or non-observations (0) of a genus
within sequential global stages. We estimated
extinction, origination, and sampling rates by
applying a capture–recapture modeling frame-
work to these data. Although there are many
different models within the capture–recapture
modeling framework (Nichols and Pollock
1983; Liow and Nichols 2010), we follow previ-
ous paleontological applications (Connolly and
Miller 2001b; Liow et al. 2015; Kröger 2017) in
using the Pradel seniority model (Pradel 1996)
for estimating diversification rates. In addition,
we use the POPAN model (Schwarz and
Arnason 1996) for estimating genus richness.
We note that up to 65% of our global genus

data set is made up of arthropods, brachiopods,
and mollusks. The remaining 35% of the
phyla in the data set are bryozoans, chordates,
cnidarians, echinoderms, hemichordates, and
poriferans.

Diversification Rates.—The Pradel seniority
model (Pradel 1996) was developed for estimat-
ing population parameters, namely survival
probability w, seniority probability γ, sampling
probability p, and population growth λ.
Because our data represent genera rather than
individuals, these parameters reflect, respect-
ively, genus survival probability (the comple-
ment of which is genus extinction
probability), genus “seniority” probability (the
complement of which is genus origination
probability), sampling probability, and diversi-
fication rates. Very briefly, we assume that gen-
era are sampled within time intervals, i. We
number these from older (i) to younger geo-
logical intervals (i + 1). In this framework, sur-
vival (w) is the probability that a genus that is
extant in a given time interval continues to be
extant in the next time interval. Extinction
probability (1− w) is hence the probability of a
genus going extinct in the next time interval,
given that it was extant in the time interval in
question. Similarly, seniority probability γ

describes the probability that if a genus was
extant in time i + 1, it was already extant in
time i. In this case, 1− γ is the origination prob-
ability between the two time intervals. Diversi-
fication λ describes howmuch a group of taxa is
growing or declining from one time interval to
the next, where the net diversification rate is λi
− 1. If the number of genera increases from one
time interval (i) to the next (i + 1), the net diver-
sification ratewill be positive, while if the num-
ber of genera is decreasing, it will be negative.
A value of zero indicates no net increase or
decrease in the number of genera. Given that
the Pradel seniority model has been previously
detailed for paleontological data sets (Connolly
and Miller 2001a,b, 2002; Liow and Nichols
2010; Liow et al. 2015), we refer readers to
those publications for further details. It is suffi-
cient to note that a logit link is used and that the
parameters are estimated in a maximum-
likelihood framework.
As already mentioned, the basic parameters

of the Pradel seniority model are survival, seni-
ority, and sampling probabilities. These basic
parameters can be specified in different ways.
For example, we can assume that they are con-
stant through time (time-constant model).
Using origination probability as an example,
this means that time interval i has the same ori-
gination probability as time interval i + 1, and
so on, such that there is only one estimate for
the whole of the Ordovician. Because event
probabilities increase as the sampling intervals
increase, we specify w

t or γt, with t being the
duration between two sampling occasions
such that origination and extinction probabil-
ities can be interpreted in this time-constant
model. Another model we could use is a fully
time-varying one, meaning that estimates
(e.g., for origination) are allowed to be different
for every time interval. Here, to allow compar-
isons of our estimates across these stages, we
transform the estimated probabilities into
rates by using a Poisson model. Specifically,
Φi =−log[1−(1−w)i]/Ti for the extinction rate
Φi, Γi =−log[1−(1−γ)i]/Ti for the origination
rate Γi, and Pi =−log[1− (1− p)i]/Ti for the
sampling rate Pi (Liow et al. 2015), with Ti

being the duration of one time interval. Add-
itionally, we can add covariates to the model,
such as affiliation with Laurentia or Baltica, in
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order to estimate separate parameters for the
two groups simultaneously. We specified and
examinedmanymodels (see “Results”) but pre-
sent only a selection of these in our main text
(see Supplementary Material for additional
results).
In a fully time-varying Pradel seniority

model, survival and sampling in the last time
interval (given by piwi−1, with i in this case
being the last time interval) and seniority and
sampling in the first time interval are not separ-
ately identifiable (Connolly and Miller 2001b).
To obtain estimates for survival, seniority,
and sampling probabilities for all of the Ordo-
vician, we include two Cambrian time bins
before and two Silurian after the first and last
Ordovician stages, respectively. In that way
we avoid the described boundary effects.
Note that for the time-constant model, we
only use occurrence data from the Ordovician,
because there are no boundary effects and
because we are only interested in comparing
Ordovician probabilities.

Genus Richness.—We estimated genus rich-
ness using the POPAN model (Schwarz and
Arnason 1996). In contrast to the closed-
population approach of the Pradel seniority
model, the POPAN model is an open-
population approach (Schwarz and Arnason
1996). This means that individuals (genera in
our case) can enter the observed population
(global or regional community in our case)
from a superpopulation. In our context, the
superpopulation (N ) is the number of genera
available to be sampled that may or may not
be sampled throughout the whole study per-
iod, where N =

∑i−1
0 Bi (Schwarz and Arnason

1996). Here, Bi is the number of new genera ori-
ginating between two time intervals (number
of births in the original description of
POPAN). It is estimated by Bi = penti−1N,
where pent is the probability of entering
the pool of genera. The genus richness in
each time interval is then Ni =Ni−1wi−1 + Bi

(Schwarz and Arnason 1996), where wi−1 is
the survival probability into the time interval
in focus. Similar to the edge effect described
above, wi−1 cannot be estimated independently
in a fully time-varying POPAN model. This is
also true for the parameters N1, Nmax, pent1,
and pentmax−1. Thus, we include additional

time bins before and after the Ordovician, as
done for the Pradel seniority model.

Laurentia and Baltica.—To assign the obser-
vations of genera documented in the PBDB to
paleocontinents, we looked up their geoplate
code from Müller et al. (2008), which is
provided in the PBDB, and then assigned
these to either Baltica or Laurentia using
Cocks and Torsvik (2004) and Torsvik and
Cocks (2016a,b) for guidance. Note that in
some cases, geoplate codes were not assigned
in the PBDB. In those cases, we used country
(cc) or state, encoding modern positions, for
assignments to paleocontinents in PBDB. We
provide our assignments in the Supplementary
Material. Some genera were observed as
“endemic” to Baltica (194 genera) or Laurentia
(731 genera), while others were described
from both paleocontinents (480 genera). We
restricted our analyses to those genera that
were observed only on either one of the paleo-
continents in question. “Endemic” is in quota-
tion marks, because we assume that genera
are found only where they are observed, and
we do not explicitly model migration.
We note that 33% of the Baltic genera are

arthropods, while 18% are brachiopods and
16% are mollusks. The remaining 33% of the
Baltic genera are bryozoans, echinoderms, cni-
darians, chordates, annelids, hemichordates,
and others. Of the Laurentian genera, 25% are
arthropods, 21% are mollusks, and 19% are
echinoderms. The remaining 35%of Laurentian
genera are bryozoans, brachiopods, poriferans,
cnidarians, chordates, and others. More
detailed information on the representation of
different phyla in the data subsets can be
found in Supplementary Tables S6–S8 in the
Supplementary Material.

Onshore–Offshore.—For our comparison of
onshore and offshore areas, we assign genera
using information on depositional environ-
ments given in the PBDB (see Supplementary
Material for details). Roughly speaking, we
consider onshore environments as those
above fair-weather wave base in high-energy
environments and offshore environments as
those below stormwave base representing low-
energy environments. We only consider genera
that have their first occurrence record in either
onshore (532 genera) or offshore (396 genera)
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areas, regardless of the locations of their subse-
quent observations. This means that extinction
rates that are estimated with these data are
not representative for the actual extinction
that happens in onshore and offshore areas,
respectively, because taxa may have migrated
and became extinct somewhere else. To esti-
mate extinction rates for onshore and offshore
areas, we considered genera that have their
last occurrence records in either onshore (537
genera) or offshore (411 genera) areas, regard-
less of the locations of their prior observations.
In doing so, we assume that these first and last
paleoenvironments of observations are the
same as those where they actually originated
or went extinct.
The analyses were done with the program

MARK (White 2016) via the RMark interface
for R (Laake 2013).

Results

Global origination rates are similar to extinc-
tion rates between the Tremadocian andDapin-
gian (Fig. 1A). At the Dapingian/Darriwilian
boundary, the global origination rate is much
higher than the extinction rate, which also
dropped perceptibly compared with the earlier
Ordovician. Extinction and origination rates
become similar again before the Hirnantian
mass extinction (Fig. 1A).
The resulting net diversification is negative

between the Tremadocian and Dapingian, cor-
responding to the extinction rates being slightly
greater than origination rates during these time
intervals (Fig. 1B). Between the Dapingian and
Darriwilian, net diversification dramatically
increases, with the number of genera doubled.
Net diversification is lower again thereafter
(i.e., close to zero), before it becomes negative,
driven by the high extinction rate during
the Hirnantian mass extinction. Estimates of
genus richness largely correspond to the
changes in net diversification changes
(Fig. 1B), despite different assumptions of
“population closure” used to estimate diversifi-
cation and richness (see “Methods”). For
example, net diversification rate between the
Dapingian and Darriwilian is about 1; hence
it follows that the point estimate of the number
of genera about doubled from 900 in the

Dapingian to 1900 in the Darriwilian. After
the increase in the Darriwilian, genus richness
stays relatively high until theHirnantian extinc-
tion. There is an average increasing trend in
sampling rates throughout the Ordovician
(Fig. 1C).
Origination probabilities for Baltica are 0.190

(95% CI 0.155, 0.230) per million years for the
whole Ordovician, while Laurentian origin-
ation probabilities are 0.088 (95% CI 0.079,
0.097), given a Pradel seniority model that
imposes constant origination, extinction, and
sampling probabilities through time. Extinction
probabilities, estimated with the same time-
constant model, are 0.169 (95% CI 0.134,
0.211) for Baltica and 0.069 (95% CI 0.061,
0.080) for Laurentia. Net diversification prob-
abilities are 0.026 (95% CI 0.014, 0.038) for
Baltica and 0.020 (95% CI 0.014, 0.025) for
Laurentia.
Baltica shows greater interval-to-interval ori-

gination rates than Laurentia throughout the
Ordovician (Fig. 2A). At the Tremadocian/
Floian and Dapingian/Darriwilian boundar-
ies, origination rates are at their highest on Bal-
tica. On Laurentia, origination rates are at their
highest at the Cambrian/Tremadocian and
Dapingian/Darriwilian boundaries. Note that
variation in estimates and their 95% confidence
intervals is much greater until the Dapingian/
Darriwilian boundary (see also Supplementary
Fig. S7). However, after the Dapingian/Darri-
wilian boundary, Baltic origination rates are
consistently higher than Laurentian ones.
From the Tremadocian/Floian boundary

and thereafter, extinction rates are higher on
Baltica than on Laurentia (Fig. 2B). On both
paleocontinents, extinction rates decrease on
average from the Tremadocian/Floian bound-
ary until the Darriwilian/Sandbian boundary.
Thereafter they show an increasing trend.
Note that the 95% confidence intervals for
extinction rates are largely overlapping for
the two paleocontinents until the Dapingian/
Darriwilian boundary (cf. Supplementary
Fig. S7). Thereafter, Baltic extinction rates are
consistently higher than Laurentian extinction
rates.
As a result of the extinction and origination

rates (Fig. 2A,B), net diversification rates are
greater on Baltica than on Laurentia at the
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Tremadocian/Floian boundary (Fig. 2C). At
the Floian/Dapingian boundary, net diversifi-
cation rates are slightly greater on Laurentia
than on Baltica. Thereafter, net diversification
rates are slightly greater on Baltica than on
Laurentia, until the Katian/Hirnantian bound-
ary, although 95% confidence intervals are
overlapping between the two paleocontinents
throughout.
Sampling rates increase on average from the

Floian to the Hirnantian for Laurentia
(Fig. 2D). Sampling rates for Baltica can only
be estimated from the Darriwilian onward,
during which sampling rates are lower on
Baltica compared with Laurentia.
Baltica had relatively low genus richness in

the Early and early Middle Ordovician (Trema-
docian to Dapingian) (Fig. 3). Laurentia had
greater genus richness than Baltica during the
same time, although the trajectories of both

paleocontinents are very similar. The peak in
net diversification (cf. Fig. 2) is expressed as a
fivefold increase of genus richness on Baltica
and an almost threefold increase on Laurentia
between the Dapingian and Darriwilian. This
results in an increase from about 13 to 64 genera
on Baltica, and from about 99 to 286 genera
on Laurentia for the higher taxa we examined.
Although the first substantial increase in
genus richness happened at the Dapingian/
Darriwilian boundary, net diversification rates
close to or slightly above zero until the
Katian/Hirnantian boundary (Fig. 2C) led to
an Ordovician peak in genus richness during
the Katian (Fig. 3).
Origination and extinction rates in onshore

and offshore areas are barely distinguishable
throughout the Ordovician. Onshore origin-
ation probabilities are 0.069 (95% CI 0.060,
0.079) per million years for the whole
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FIGURE 1. Global genus diversification and genus diversity dynamics. A, Origination (solid line and solid circles, O) and
extinction (dotted line and open circles, E) rates as events per million years (Myr). B, Net diversification rate (solid line and
triangles) and genus richness (dotted line and rectangles). Horizontal gray line represents zero net diversification. C, Sam-
pling events per million years (Myr). Vertical lines are 95% confidence intervals. Stage abbreviations: Tr, Tremadocian; Fl,
Floian; Dp, Dapingian; Dw, Darriwilian; Sa, Sandbian; Ka, Katian; Hi, Hirnantian.
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Ordovician, while offshore origination prob-
abilities are 0.060 (95% CI 0.052, 0.070), given
a Pradel seniority model that imposes constant
origination, extinction, and sampling probabil-
ities through time. Extinction probabilities for
the whole Ordovician, using the reversed data
set but the same model, are 0.070 (95% CI
0.058, 0.085) for onshore areas and 0.085 (95%
CI 0.069, 0.104) for offshore areas.
Interval-to-interval origination rates in

onshore and offshore areas are very similar
throughout most of the Ordovician, given a
time-varying Pradel seniority model with sep-
arate estimates for onshore and offshore taxa
(Fig. 4). After the Cambrian/Tremadocian
boundary, onshore rates, which start higher
than offshore rates, converge. At the
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FIGURE 2. Genus diversification dynamics on Baltica and Laurentia. A, Origination rates as events per million years (Myr).
B, Extinction rates as events per million years (Myr). C, Net diversification rates where the horizontal line represents zero
net diversification. D, Sampling rates as events per million years (Myr). Vertical lines represent 95% confidence intervals in
A to D. Baltic rates (B) are indicated by solid lines and circles, while Laurentian rates (L) are indicated by dashed lines and
triangles. Stage abbreviations as in Fig. 1. Estimated probabilities or confidence intervals thereof that are one or zero are
indications of poorly constrained estimates and are hence removed from the plots. Net diversification rates with confidence
intervals spanning more than 10 are also removed for the same reason.
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FIGURE 3. Genus diversity dynamics on Baltica (B) and
Laurentia (L). Estimated genus richness on Laurentia
(dashed line, triangles) and Baltica (solid line, circles)
based on the POPAN model. Stage abbreviations as in
Fig. 1. Vertical lines represent 95% confidence intervals.
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Dapingian/Darriwilian boundary, origination
rates are high in both paleoenvironments,
reflecting the global dynamics at that time.
Until the Floian/Dapingian boundary,

extinction rates are higher in onshore areas
than in offshore areas (Fig. 4B). At the Dapin-
gian/Darriwilian boundary, extinction rates
from onshore and offshore areas are similar,
with greatly overlapping confidence intervals.
Thereafter, until the Katian/Hirnantian bound-
ary, extinction rates are higher in offshore than
in onshore areas.
For diversification and sampling rates, based

on first and last observations in either onshore
or offshore areas, which are not central for

our hypothesis, see Supplementary Material
(Supplementary Figs. S9 and S10).
In this study we are specifically interested in

changes of diversification rates on different
paleocontinents or onshore/offshore areas
through time. Therefore, we choose to present
results from the fully time-varying model for
all parameters and covariates. For complete-
ness, we tested the fit of different models with
different parameter specifications through
time by comparing their Akaike information
criterion values. Results of these model com-
parisons can be found in the Supplementary
Material (Supplementary Tables S1–S4).

Discussion

Global Ordovician Dynamics.—We confirmed,
by explicitly modeling incomplete sampling,
that the increase of genus richness during the
Ordovician was very rapid around the Dapin-
gian/Darriwilian boundary, as suggested by
many authors, including Servais et al. (2009),
Hints et al. (2010), Harper et al. (2013), Rasmus-
sen et al. (2016), and Trubovitz and Stigall
(2016). However, this increase could have
been driven by a lowered extinction rate and/
or a higher origination rate. Here, we show
for the first time, that global origination rates
for the Ordovician peaked at the Dapingian/
Darriwilian boundary, right before the spike
in genus richness during the Darriwilian
(Fig. 1). In addition, the extinction rate at the
same boundary is slightly lower than in the
previous boundary (Floian/Dapingian bound-
ary). Net diversification rates were in fact close
to or lower than zero before the Dapingian/
Darriwilian boundary, after which they
rocketed up with a doubling of genera (from
c. 800 to c. 1900 genera; Fig. 1) during the Dar-
riwilian. This doubling of genera is greater than
what was inferred recently by Kröger (2017)
using a similar approach. Kröger estimated a
1.4 times increase in genus richness over the
same time period (see Kröger 2017), although
his genus richness estimate for the Darriwilian
(ca. 2000) is similar to ours (ca. 1900). In add-
ition, Kröger’s maximum genus richness for
Ordovician stages stands at ca. 2200 genera
during the Katian, in contrast to ours, which
occurs at the Darriwilian. These differences,
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FIGURE 4. Genus origination and extinction rates in
onshore and offshore areas. A, Origination rates as events
per million years (Myr), based on first observation in either
onshore or offshore areas. B, Extinction rates as events per
million years (Myr) based on last observation in either
onshore or offshore areas. Vertical lines represent 95% con-
fidence intervals in A and B. Onshore rates (on) are indi-
cated by solid lines and circles while offshore rates (off)
are indicated by dashed lines and triangles. Stage abbrevia-
tions as in Fig. 1. Estimated probabilities or confidence
intervals thereof that are one or zero are indications of
poorly constrained estimates and are hence removed from
the plots. Net diversification rates with confidence intervals
spanning more than 10 are also removed for the same
reason.
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despite our using the same model for genus
richness inference, might be due to differential
temporal assignments of genus records from
the PBDB via RNames in the Kröger study.
RNames (Kröger and Lintulaakso 2017) is a
dynamic interface that correlates selected strati-
graphic opinions with the purpose of increas-
ing stratigraphic resolution. Dividing stages
into stage slices reduces the number of observa-
tions per time bin, possibly depleting some
stage slices of data, so confidence intervals of
the estimates would subsequently increase,
especially for our paleocontinental and paleo-
environmental analyses. The increases in confi-
dence intervals would be even more severe if
observations are restricted to specific paleocon-
tinents or bathymetric groups. In addition, the
rules by which stages are subdivided into
stage slices in RNames are currently not well-
documented enough for our use. For these
reasons, we estimated diversification rates on
a coarser time resolution, but with better
understood data for the benefit of more confi-
dent estimates. There is some concern that
bias is introduced by assigning fossil occur-
rences to global stages when the occurrences
were originally associated with regional stages.
However, our sensitivity analyses show that
reducing the data set to only fossil occurrences
assigned to global stages does not change our
qualitative inferences (Supplementary Fig. S6
in the Supplementary Material).
In their pioneering global study, Connolly

and Miller (2001b) simultaneously estimated
origination, extinction, and sampling probabil-
ities for the Ordovician. They found that both
origination and extinction probabilities have
higher values approximately around the Darri-
wilian, although they found no exceptional
diversification peak (Connolly and Miller
2001b), in contrast to what we found. While
Connolly and Miller (2001b) used the same
model we did, they estimated origination and
extinction probabilities between time intervals
of equal length, because probabilities of events
over unequal time intervals cannot be directly
compared. Rather than forcing these data to
conform to geologically unnatural but equal
time intervals, we used unequal but geologic-
ally natural Ordovician stages, but we con-
verted probabilities into rates (see “Methods”).

The general diversification trends estimated in
Connolly and Miller may also differ from ours
due the broader set of marine invertebrates
used in our estimation. For completeness, we
divided our data set into subsets of those taxa
Connolly and Miller (2001a) studied (see
Supplementary Figs. S12, S15–S17). We find
that the dynamics of these taxa broadly con-
form to the global patterns we have estimated.
However, others have shown that graptolites
(Cooper et al. 2014) and echinoderms (Sprinkle
and Guensburg 1995, 2004), unlike the taxa we
investigated (arthropods, brachiopods, and
mollusks; see Supplementary Material), show
an increase in genus richness during the Early
Ordovician. Given that the model used in
Connolly and Miller (2001b) and this study
explicitly accounts for sampling probabilities,
we do not expect the addition of more observa-
tions (of correctly identified anddated samples)
to change the estimates of mean extinction
and origination considerably, but to increase
the sampling probabilities while tightening
the confidence intervals for extinction and
origination.
As already mentioned, many hypotheses

have been raised for why diversification rates
were so high during the GOBE, some of
which likely acted more globally and others
more regionally. While our global estimates
integrate over the processes that occur at local
to global levels, details of regional dynamics
give us clues as to what types of processes
might be operating. In other words, if the
GOBE in different regions is driven by different
factors, we would expect diversification
dynamic patterns to be different. For instance,
if increased sedimentary input influenced
diversification rates, the rates of taxa closest to
volcanically and tectonically active areas may
experience more changes than those in the
oceans farther away, all other things being
equal. To explore the contrast between global
and regional controls of Ordovician diversifica-
tion, we examine the dynamics on Laurentia
and Baltica and in onshore and offshore areas
and discuss these in relation to our global
estimates.

Contrasting Laurentia and Baltica.—It is strik-
ing that the peaks in origination rates happened
on both Baltica and Laurentia between the
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Dapingian and the Darriwilian (Fig. 2), a pro-
cess that led to the largest increase in genus
richness over the Ordovician at the Darriwilian
for both continents. Prior to this peak, origin-
ation and extinction rates appear to be uncoor-
dinated on the two paleocontinents (see also
Supplementary Fig. S7). After the Dapingian/
Darriwilian boundary, changes in diversifica-
tion dynamics appear to be more coordinated.
Based on this observation, we suggest that we
can subdivide Ordovician diversification into
three different phases. In the first phase (the
Early Ordovician: Cambrian/Tremadocian
and Tremadocian/Floian boundaries), the vari-
ation in diversification rates seems relatively
uncoordinated on Baltica and Laurentia. In
the second phase (the Middle Ordovician:
Floian/Dapingian and Dapingian/Darriwilian
boundaries), origination rates peak dramatic-
ally on both paleocontinents. In the last phase
(the Late Ordovician: Darriwilian/Sandbian
to Katian/Hirnantian boundaries), diversifica-
tion rates seem to change in concert on the
two paleocontinents. The three phases hint at
regional effects on diversification being
stronger in the Early Ordovician, and global
effects being stronger in the Middle to Late
Ordovician. We note in passing that our
onshore and offshore data subsets appear also
to be more uncoordinated before the Dapin-
gian/Darriwilian boundary than after that,
just like the dynamics we estimated for the
two paleocontinents.
In the EarlyOrdovician, Laurentiawas stably

situated close to the equator, while Baltica was
rotating from the southernmidlatitudes toward
lower latitudes (Torsvik and Cocks 2016a),
moving through different climatic zones.
Active volcanism occurred during the whole
Ordovician (Barnes 2004), accompanied by
great siliciclastic input in adjacent areas (Ser-
vais et al. 2009), especially on the eastern side
of Laurentia, where the Taconic orogeny had
started during theMiddle Ordovician (Holland
and Patzkowsky 1996; Novack-Gottshall and
Miller 2003). This greater siliciclastic input
purportedly led to a greater genus richness on
Laurentia (Miller 1997a). The increase in
genus richness from the Dapingian to the
Darriwilian common to Laurentia and Baltica
corroborates previous observations restricted

to specific organismal groups. For instance,
Trubovitz and Stigall (2016) found a peak in
brachiopod species richness on both Baltica
and Laurentia in the middle Darriwilian by
using range-through data compiled by Ras-
mussen et al. (2007). Similarly, Paris et al.
(2004) recorded the onset of the GOBE in
chitinozoans at the Dapingian/Darriwilian
boundary on both Baltica and Laurentia,
based on range-through data. It is noteworthy
that their actual peak of Laurentian chitinozo-
ans was found in the early Late Ordovician,
while the Baltic peak was detected spanning
from the Darriwilian to the early Sandbian
(Paris et al. 2004). These findings are similar to
our finding that peak genus richness occurred
in the Katian Laurentia and Baltica (Fig. 3).
While the diversification dynamics on Laur-

entia and Baltica are broadly similar after the
Dapingian/Darriwilian boundary, there are
also differences between the two paleoconti-
nents. At the Tremadocian/Floian boundary,
there appear to be peaks in both origination
and extinction rates on Baltica that are not
expressed on Laurentia. Given the size of the
95% confidence intervals (see also Supplemen-
tary Fig. S7), we refrain from overinterpreting
these observations. However, these peaks
may indicate changes on Baltica before the
Dapingian/Darriwilian peak that enhanced
increased turnover, although this did not result
in an increase in genus richness.
The abovementioned regional effects could

have been dominating factors in the early
Ordovician, while globally acting changes
could have contributed to a coordinated
increase of origination rates on Baltica and
Laurentia during the GOBE (i.e., starting in
the Dapingian and continuing into the Darriwi-
lian). One such global change suggested as a
driver of the GOBE is the proposed cooling
that began during theMiddle Ordovician (Trot-
ter et al. 2008; Rasmussen et al. 2016) and was
sustained until the Late Ordovician (e.g., Saltz-
man and Young 2005; Trotter et al. 2008). The
suggested timing of the onset of cooling fits
broadly with the increase in origination rates
that we have found in our study. Frequent
asteroid impacts during the Early and Middle
Ordovician represent another worldwide con-
dition that would have been experienced by
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the Ordovician seas (Schmitz et al. 2001), and
these extraterrestrial inputs have also been
linked to GOBE (Schmitz et al. 2008). This
asteroid-driven GOBE hypothesis has recently
been refuted on the basis of refined timings of
these impacts using new isotopic data (Linds-
kog et al. 2017), but we argue that we cannot
completely reject this hypothesis before we
have temporal estimates of diversification that
are also more highly resolved.
Ecological theory and contemporary empir-

ical studies have shown that larger terrestrial
areas can harbor more species than smaller
areas (e.g., MacArthur and Wilson 1967;
Rosenzweig 1995). However, this relationship
is less clear for the marine realm (Roy et al.
1998; Valentine 2009), in part due to fluid
boundaries. Despite uncertainties, we were
still curious as to whether we could detect a
greater total genus richness on Laurentia than
Baltica (as found by Miller 1997a), given that
circumstantial evidence indicates that Lauren-
tia was much larger than Baltica (Torsvik and
Cocks 2016a). Here, we assume, as in many
paleontological studies (e.g., Sepkoski 1991;
Finnegan and Droser 2005), that we can use
genus richness as a proxy for species richness.
The estimated genus richness for the Ordovi-
cian differs quite substantially between the
two paleocontinents (Laurentia, 646 genera
[95% CI 627, 683]; Baltica, 206 genera [95% CI
185, 294]), supporting our naive expectation.
In addition, there is also temporal variation
that is not coordinated through time (Fig. 3).
We restricted our paleocontinental analyses

to genera that were observed on either of the
paleocontinents but not both. In doing so in
our analysis framework, we assumed that the
genera in question actually originated on their
assigned paleocontinents and that there are
no unobserved occurrences on other paleocon-
tinents prior to our first observations. We are
aware that this assumption might be violated
for some genera, but the Pradel seniority
model does not consider observed or unob-
served migration. In addition, we want to
emphasize that while the Pradel seniority
model assumes a closed population, the
POPAN model assumes an open population.
This may explain why the POPAN-estimated
genus richness on Laurentia continuously

increases substantially between Darriwilian
and Katian, despite the Pradel-estimated net
diversification rates on Laurentia only being
slightly above zero.

Contrasting Onshore–Offshore Environments.—
In addition to examining paleocontinental
differences, we also explored origination
dynamics in two contrasting environments
(onshore and offshore) in order to understand
what may influence diversification rates. In
addition to differing energy levels, sea-level
changes may also more greatly affect onshore
areas than offshore areas (Holland and Christie
2013).
Jablonski suggested that origination at the

genus level should occur mostly where the
higher-level taxa in question were already
established (Jablonski et al. 1983; Jablonski
2005), while Tomašových et al. (2014) found
evidence, using data from the Eocene and Plio-
Pleistocene, that genus origination and extinc-
tion rates in onshore areas are greater than
those in offshore areas. We note that Ordovi-
cian origination and extinction rates are only
minutely different between on- and offshore
environments (Fig. 4), results that aremore con-
sistent with Jablonski’s hypotheses than with
Tomašových’s. Analyses based on model selec-
tion giving extra support for the similarity in
origination rates between onshore and offshore
areas are presented in the Supplementary
Material.
In comparing onshore and offshore genus

origination rates, we had to assume that any
unobserved occurrences preceding the first
record of the genus in question in a given envir-
onment are in the same environment as the first
record. Given the incomplete temporal sam-
pling of any genus, we realize this may not be
a robust assumption, but we lack the tools to
deal with this uncertainty at this time. How-
ever, given that we discarded genera with mul-
tiple paleoenvironmental associations in their
first time interval of observation in the PBDB,
we believe that “rogue” genera that occur in dif-
ferent environments before their first observa-
tion are rare. An additional caveat is that
environmental classifications in the PBDB are
not clearly defined, such that anyone entering
data into the PBDBmay have tomake a subject-
ive decision as to which environmental

DIVERSIFICATION DYNAMICS OF THE GOBE 11



classification to assign to the fossil in question.
As a result of uncertainty, many environmental
assignments end up in the “indet.” (indeter-
minate) category. The onshore and offshore
data set we used is quite a lot smaller than
what was potentially available (see Supple-
mentary Material). However, we have no rea-
son to suspect that data points for which
environment is marked “indet.” in the PBDB
are biased toward any of the two environments
in which we are interested. We are also aware
that our division of onshore and offshore envir-
onments is more conservative than others
published (e.g., Bottjer and Jablonski 1988)
and that a different subset of data might
suggest different results.

Conclusions

The global increase in genus richness at the
Dapingian/Darriwilian boundarywas the result
of a dramatic increase in origination rates, while
extinction rates stayed at relatively low levels.
This global increase in origination rates is
mirrored on Laurentia and Baltica, as well as in
onshore and offshore areas, pointing toward a
global mechanism behind the peak in origin-
ation rates at theDapingian/Darriwilian bound-
ary, which is likely the greatest contributor to the
GOBE. Based on the patterns of paleocontinental
and paleoenvironmental diversification dynam-
ics, it appears that regionally varying factors
were prominent during the Early Ordovician,
while globally acting controlling factors appear
to have been dominant during the Middle
Ordovician and onward. All else being equal,
our results suggest that origination probabilities
are slightly greater in areas exposed to greater
environmental change (i.e., greater disturbance
through sea-level changes or continental
movement).
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Abstract: The Great Ordovician Biodiversification Event

(GOBE) refers to one of the greatest increases in biodiversity

during the Phanerozoic. Recent studies have shown that this

taxonomic increase can be attributed to elevated origination

rates around the Dapingian–Darriwilian boundary in the

Middle Ordovician, while extinction rates stayed relatively

constant throughout the Ordovician. Even though this global

pattern of origination and extinction appears similar across

diverse groups and geographical areas, earlier studies sug-

gested that hard substrate taxa may have diversified prior to

the GOBE, during the Early Ordovician. Here, we quantify

Ordovician diversification dynamics of hard substrate taxa

while simultaneously accounting for temporally varying sam-

pling probabilities. Diversification rates of hard substrate

taxa, both as a whole and when analysed as separate groups,

appear to be very similar to those of free-living benthic taxa.

The observation that the diversification dynamics of many

different taxonomic and ecological groups show the same

temporal pattern, suggests a common cause of Ordovician

diversification dynamics.

Key words: capture–recapture, hard substrate, echinoderm,

bryozoan, Great Ordovician Biodiversification, diversification

dynamics.

THE Great Ordovician Biodiversification (GOBE) was one

of the greatest increases in biodiversity though the Earth’s

history (Sepkoski et al. 1981; Webby et al. 2004; Harper

2006; Servais & Harper 2018). Many previous studies have

shown an increase in family, genus and species richness for

many different taxonomic groups or regions during the

Darriwilian (for an overview see Stigall et al. 2019). How-

ever, such increases can happen through either low extinc-

tion rates or high origination rates, since taxonomic

richness is the result of the balance between extinctions and

originations. A first attempt at estimating origination and

extinction probabilities for the most commonly preserved

Ordovician taxonomic groups was carried out by Connolly

& Miller (2001a, 2002). Here, probabilities were estimated

for equal-length time intervals that do not conform to cur-

rent standard geological stages and are hence difficult to

compare to much of the published literature. A recent

study using more data and standard geological stages

showed that the greatest increase in genus richness hap-

pened at the Dapingian–Darriwilian boundary, due to

increased origination rates rather than lowered extinction

rates (Franeck & Liow 2019a). Taxonomic groups for

which there are large volumes of fossil occurrence data,

including trilobites, brachiopods and molluscs (Zhan &

Harper 2006; Rasmussen et al. 2007; Harper et al. 2015;

Trubovitz & Stigall 2016; Colmenar & Rasmussen 2018),

separately show the same Dapingian–Darriwilian origina-

tion peak (see Franeck & Liow 2019b, figs S12, S13, S15).

However, while taxonomic counts have been tabulated for

other taxonomic groups, such as echinoderms (Smith 1988;

Wright & Toom 2017) and bryozoans (Ernst 2018; Hage-

man & Ernst 2019) over the Ordovician, diversification

dynamics have rarely been estimated for them. Some stud-

ies suggest a gradual increase in taxonomic richness from

the Early or Middle Ordovician towards the Late Ordovi-

cian for crinoids and bryozoans (Wright & Toom 2017;

Ernst 2018), but others find evidence for an Early Ordovi-

cian increase in taxonomic richness for echinoderms and

bryozoans (Smith 1988; Hageman & Ernst 2019).

A natural question to ask is whether the previously

under-investigated taxa show the same temporal patterns

of diversification that are documented on a global scale.

Given the generality of the Dapingian–Darriwilian peak in

origination rates across vastly different taxonomic groups

(e.g. trilobites, brachiopods and molluscs (see Franeck &

Liow 2019a, SI), and also disparate geographical regions
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(Baltica and Laurentia; see Franeck & Liow 2019a), a

na€ıve expectation is that other groups should have the

same temporal origination peak.

There are indications that the diversification of some

benthic taxa, including certain groups of echinoderms

and bryozoans may be controlled by the availability of

hard substrates (Guensburg & Sprinkle 1992; Wilson &

Palmer 1992; Wilson et al. 1992; Taylor & Wilson 2003;

Ernst 2018). Hard substrate abundance increased dramati-

cally, starting from the Cambrian, and this increase did

not cease until at least the Middle Ordovician (Wilson &

Palmer 1992; Taylor & Wilson 2003; Wright & Cherns

2016a). While Taylor & Wilson (2003) called the Ordovi-

cian the ‘golden age for epizoans on hard substrates’, it is

currently unclear when such epizoans diversified and if

the abundance of hard substrates may have influenced

their diversification.

To remedy this gap in our knowledge, we investigate

diversification rates of Ordovician epizoans (animals living

on surfaces; Taylor & Wilson 2003) on hard substrates and

ask when they experienced their greatest origination rates.

Might it have been around the Dapingian–Darriwilian

boundary, in the course of the GOBE (sensu Stigall et al.

2019)? Do their temporal diversification patterns give any

support to the idea that the availability of hard substrates

controlled their evolutionary rates?

To examine these questions, we estimate and contrast

the diversification dynamics, whilst simultaneously mod-

elling sampling probabilities, of taxonomically diverse

groups of benthic epizoans with two contrasting life

habits, namely those likely to be attached to hard sub-

strates and those that are interpreted as free-living. Epi-

zoans likely to be attached to hard substrates include

crinoids (Brett & Liddell 1978; Palmer 1982), bryozoans

(Palmer & Palmer 1977; Brett & Liddell 1978; Palmer

1982; Wilson & Palmer 1992; Webby 2002; Taylor 2016),

tabulate corals (Wilson & Palmer 1992; Taylor & Wilson

2003), edrioasteroids (Taylor & Wilson 2003), some

sponges (Webby 2002) and a limited number of bra-

chiopods (Palmer 1982; Taylor 2016). Free-living benthos

of the Ordovician include echinoids, asteroids, gastropods

and trilobites. To understand how these taxonomic

groups contributed separately to Ordovician dynamics,

we also estimate diversification rates individually for those

clades within these two groupings for which there are

enough occurrence data for robust inference.

DATA AND METHOD

Data

We downloaded a dataset of occurrence data with

accepted genus names from The Paleobiology Database

(PBDB, https://paleobiodb.org/) on 15 May 2019 (details

in Franeck & Liow 2020). Cambrian and Silurian data

were also included to provide extra time bins before and

after the Ordovician to eliminate edge effects (see details

below). The dataset thus consists of one to multiple

observations of any given genus, regardless of whether it

is associated with a specific epithet, in one to multiple

time intervals (see next section). We manually inspected

and corrected genus names for errors before analysing the

data.

Binning of time intervals

Each occurrence in the PBDB dataset is associated with a

time interval, based on the stratum from which that data

point was collected. This time interval is commonly either

a regional or a global Ordovician stage or series. Dura-

tions of time intervals in the downloaded dataset range

from 0.4 to 66 myr, with 75% of the occurrences associ-

ated with time intervals of up to 11.4 myr. Temporal res-

olution of the occurrences provided in the PBDB were

improved using two extra sources of information, namely

the Macrostrat database (https://macrostrat.org/) and the

Rasmussen et al. (2019) compilation. Macrostrat provides

age ranges for mainly North American formations that

are more finely resolved than those provided in the

PBDB. The Rasmussen compilation assigned formation

names from the PBDB, using information from the pub-

lished literature, to their respective Ordovician stage slices

sensu Bergstr€om et al. (2009). Each occurrence in our

downloaded dataset is hence associated with one or more

age ranges (i.e. the original from the PBDB, from

Macrostrat and/or the Rasmussen compilation). We

picked the finest temporal resolution for each occurrence

for downstream analyses. After the incorporation of the

more finely resolved age data, 75% of the occurrences are

in time intervals of 7.8 myr or less (Franeck & Liow

2020, fig. S1). All occurrences in reported time intervals

larger than 12 myr were excluded to reduce uncertainty

of the age estimates in the analysed dataset. Using this fil-

tered dataset, we simply assigned occurrences to the glo-

bal stage in which the retained age interval falls.

Occurrences in regional stages or series that cross one or

more global stage boundaries (57% of the retained

150 530 occurrences) were randomly assigned to one of

the global stages that they cross, assuming a uniform

probability.

Hard substrate or free-living benthic taxa

Encrusting or attaching hard substrate taxa (henceforth

hard substrate taxa) in our study include representatives
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of brachiopods, bryozoans, corals, sponges and echino-

derms (Wilson & Palmer 1992; Sprinkle & Guensburg

1995; Taylor & Wilson 2003; Kr€oger et al. 2017a; Reich

et al. 2017). Free-living benthic taxa in the comparison

group include benthic trilobites, molluscs (except cepha-

lopods) and free-living echinoderms. While we have tried

to be as transparent and accurate as possible in our life

habit assignments (Table 1; see also Franeck & Liow

2020), there are remaining ambiguities (see below for

details).

Some inarticulate Ordovician brachiopods, namely

craniids and discinids, attached themselves to hard sub-

strates (Emig 1997) so they are in our hard substrate

grouping (8 genera with 363 occurrences). All other bra-

chiopods were excluded from our study (see Discussion,

below).

Bryozoans were common as encrusters and are fre-

quently observed in Ordovician reef assemblages (Webby

2002; Taylor 2016), all Ordovician bryozoans were there-

fore included as hard substrate taxa (196 genera with

4676 occurrences).

Tabulate corals have been found encrusting Palaeozoic

hard substrates (e.g. Johnson & Baarli 1987; Johnson

et al. 1998; Elias & Young 2000) and they are also com-

mon in Ordovician reef communities (Webby 2002; see

Kr€oger et al. 2017b for examples from Baltoscandia).

Hence, tabulate corals were included (1766 occurrences

among 88 genera) as hard substrate taxa.

Demosponges (Molineux 1994; Bromley & Heinberg

2006), stromatoporids (Wood et al. 1992; Taylor & Wil-

son 2003) and hexactinellids (Bromley & Heinberg 2006)

were common reef-builders in the Ordovician and hence

were included as hard substrate taxa (198 genera with

1650 occurrences).

Echinoderms have a variety of life habits (Lefebvre

et al. 2013). We used the presence of a preserved attach-

ing mechanism as evidence for a capacity for hard sub-

strate attachment. Attaching echinoderms include

edrioasteroids (Brett & Liddell 1978; Palmer 1982; Taylor

& Wilson 2003; Taylor 2016), crinoids (Palmer & Palmer

1977; Brett & Liddell 1978; Palmer 1982; Sprinkle &

Guensburg 1995; Holterhoff 1997), eocrinoids (Sprinkle

1973; Palmer 1982; Parsley & Prokop 2004), diploporids

(Bockelie 1984) and paracrinoids (Brett & Liddell 1978;

Guensburg 1991), totalling 212 genera with 1904 occur-

rences. Note that there are exceptions from these general

assignments and assignment uncertainties (for details see

Table 1 and Franeck & Liow 2020, assignments).

The free-living benthic taxa in our analyses consist of

trilobites (1415 genera with 22 079 occurrences), molluscs

(except cephalopods, 506 genera with 10 885 occurrences)

and echinoderm classes that did not use skeletonized

attachment strategies to hard substrates (85 genera with

788 occurrences), specifically: Stylophora (Lefebvre et al.

2013), Ctenocystoidea, Cincta (Parsley & Prokop 2004),

Soluta (except Coleicarpus; see Daley 1996), Echinoidea,

Rhombifera, Asteroidea, Ophiuroidea, Stenuroidea,

Ophiocistioidea and Somasteroidea. Genera from other

generally attaching echinoderm groups were also included

if there was independent evidence reported in the litera-

ture that they were free-living (see Franeck & Liow 2020).

Note that pelagic trilobites (see Fortey 1985), were com-

pletely excluded from the analysis. For a complete over-

view of which taxa were assigned to hard substrate or

free-living taxa, which taxa were excluded, and the refer-

ences on which these assignments were based, see Franeck

& Liow 2020, assignments).

Model

We used a capture–recapture model that is now com-

monly applied to palaeontological datasets (e.g. Connolly

& Miller 2001b; Liow & Nichols 2010; Sibert et al. 2018)

to estimate extinction, origination and sampling probabil-

ities simultaneously. The data manipulation and

TABLE 1 . Overview of the data.

Clade Hard substrate taxa Free-living benthos Excluded

Occurrences Presences Genera Occurrences Presences Genera Occurrences Presences Genera

Bryozoans 4676 486 196 0 0 0 0 0 0

Brachiopods 363 35 8 0 0 0 30 069 2317 950

Corals 1766 215 88 0 0 0 1472 231 116

Echinoderms 1904 355 212 698 208 131 854 151 91

Poriferans 1650 342 198 0 0 0 91 26 23

Trilobites 0 0 0 22 079 2590 1415 3344 313 181

Molluscs 0 0 0 10 885 1180 506 4422 754 395

The table shows the number of PBDB occurrences, presences and genera that were considered in our analysis as either hard substrate

or free-living benthic taxa.
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modelling are only briefly described here as they have

been detailed several times elsewhere (e.g. Connolly &

Miller 2001b; Liow et al. 2015; Franeck & Liow 2019a).

We converted the downloaded, filtered and time

binned occurrence data into an observation/non-observa-

tion matrix. In this matrix, each row represents one

genus, and each column represents one time bin, that is,

a global Ordovician stage. If a genus was recorded in a

time bin, it is marked with a 1 in the matrix. When a

genus is not observed in a given time bin, it is marked

with a 0. This 0 indicates that the genus was either extant

but not sampled, or truly not extant in that time bin.

Note that also the two last Cambrian (series) and first

two Silurian (stage) time bins were included, to eliminate

boundary effects (Pradel 1996; Connolly & Miller 2001b).

Using this matrix as our input data, we used the Pradel

seniority model (Pradel 1996), a type of capture–recap-

ture model, to estimate survival, seniority, sampling prob-

abilities and population growth rate. This model was

originally developed to describe population dynamics for

single-populations of extant organisms. Since we are

using fossil data, focusing on genus instead of population

dynamics, the complement of survival is interpreted as

extinction, the complement of seniority as origination,

and net population growth as net diversification rate (see

e.g. Connolly & Miller 2001b; Liow & Nichols 2010; Fra-

neck & Liow 2019a). Given that Ordovician stages differ

in duration, estimated probabilities were converted into

rates using a Poisson model (for details see Liow et al.

2015; Franeck & Liow 2019a). Estimated probabilities of

1 and 0, and confidence intervals that are 0 or 1 (i.e.

those that encompass the full range of possible estimates)

indicate convergence issues and were thus removed, as in

Liow et al. (2015). Net diversification rates greater than

15 (arbitrarily selected as a cut-off after inspection of pre-

liminary results) were also not presented in our plots for

the same reason.

We built individual models for each of the life modes

(combined hard substrate taxa and combined free-living

benthic taxa) and also for the taxonomic groups within

the hard substrate taxa (including attaching echinoderms,

bryozoans and reef-building poriferans). Models in which

life habit was incorporated as a covariate were compared

with those without the covariate, using all data combined.

For these model comparisons, we ran analyses assuming

no difference between the life habit groupings (hard sub-

strate or free-living, see below) for any of the parameters,

but also those assuming differences between them (see

Table 1 for the specific models we ran). These models

were ranked based on the corrected Akaike information

criterion (AICc; see Burnham & Anderson 2002). Higher

model weights signify a better relative fit. As both AICc

and model weights differ among runs, due to the assign-

ment of occurrences in regional stages or series to global

stages, we present the mean and median model weights

after 100 runs (Table 2). The analysis, including the

model comparison, was performed using the program

MARK (White 2016) using the R package RMARK

v. 2.2.7 (Laake 2019).

RESULTS

Origination rates of combined hard substrate taxa esti-

mated separately from free-living benthic taxa, show a

peak at the Dapingian–Darriwilian boundary (Fig. 1; Fra-

neck & Liow 2020, fig. S2). Thereafter, they are relatively

low and decrease slightly until the end of the Ordovician.

Origination rates of free-living benthic taxa are elevated

at the Cambrian–Ordovician boundary, drop thereafter

until the Floian–Dapingian boundary, and show a peak at

the Dapingian–Darriwilian boundary. For the remaining

Ordovician, they are low and decrease toward the Silurian

boundary, similar to the origination rates of the hard

substrate taxa.

Extinction rates for hard substrate taxa increased

slightly from the Cambrian–Ordovician boundary towards

the Floian–Dapingian boundary. Thereafter, they are rela-

tively low, but increase progressively again until the end

of the Ordovician. Extinction rates for free-living benthic

taxa are relatively stable from the Tremadocian to the

Floian–Dapingian boundary, drop at the Dapingian–Dar-

riwilian boundary, and increase thereafter on average

until the end of the Ordovician.

Net diversification rates for hard substrate taxa are pos-

itive at the Cambrian–Ordovician and Tremadocian–

Floian boundaries (but note the relatively large 95% con-

fidence levels), drop to zero at the Floian–Dapingian

boundary and peak at the Dapingian–Darriwilian bound-

ary. Thereafter, they are close to zero, and become nega-

tive at the Katian–Hirnantian boundary. Net

diversification rates for free-living benthic taxa are high at

the Cambrian–Ordovician boundary, drop slightly below

zero between the Tremadocian and the Dapingian, and

show a peak at the Dapingian–Darriwilian boundary.

Thereafter, they are close to zero again, and become nega-

tive at the Katian–Hirnantian boundary.

Sampling rates for both hard substrate and free-living

benthic taxa increase on average from the Tremadocian

towards the Hirnantian.

The best model (1 in Table 2, model weight 98%)

among those investigated using all the data combined, is

one with independent temporal changes of extinction and

sampling but with the same relative changes in origina-

tion rates, where hard substrate taxa have higher origina-

tion rates than free-living benthic groups (see Table 2;

Franeck & Liow 2020, fig. S6). Although our data support

uncorrelated changes for extinction and sampling for the
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two life habit groups, their extinction dynamics are simi-

lar, at least post-Floian (see Fig. 1 for individual estimates

of the two groups).

Just like the dynamics of hard substrate and free-living

benthic taxa, the individually estimated dynamics of dif-

ferent taxonomic groups among hard substrate taxa (at-

taching echinoderms, bryozoans and reef-building

poriferans) show a Dapingian–Darriwilian peak of origi-

nation and net diversification rates (Fig. 2).

Origination rates for attaching echinoderms and bry-

ozoans are relatively high at the Tremadocian–Floian

boundary (Fig. 2, left and middle column), drop there-

after slightly, show a peak at the Dapingian–Darriwilian

boundary and decrease thereafter until the end of the

Ordovician. Poriferan origination rates (Fig. 2, right col-

umn) are relatively low until the Dapingian, show a

Dapingian–Darriwilian peak, decline thereafter, and are

slightly elevated again at the Sandbian–Katian boundary,

before they drop again towards the Hirnantian.

Extinction rates of attaching echinoderms are elevated

at the Floian–Dapingian and Dapingian–Darriwilian

boundaries, decrease thereafter, and increase again

towards the Katian–Hirnantian boundary. Extinction rates

of bryozoans are slightly elevated at the Tremadocian–

Floian boundary, drop thereafter, stay relatively low until

the Sandbian–Katian boundary, and increase towards the

Katian–Hirnantian boundary.

Net diversification rates of attaching echinoderms

increase towards the Dapingian–Darriwilian boundary,

stay at a similar level at the Darriwilian–Sandbian bound-

ary and drop thereafter to values close to zero. Bryozoan

net diversification is elevated at the Tremadocian–Floian

boundary (however, note the relatively large 95% confi-

dence intervals), and thereafter shows a peak at the

Dapingian–Darriwilian boundary. After this peak, bry-

ozoan net diversification drops to values just above zero,

and becomes negative at the Katian–Hirnantian bound-

ary. Poriferan net diversification is around zero at the

Darriwilian–Sandbian boundary and is slightly elevated

again at the Sandbian–Katian boundary, before it drops

towards the Katian–Hirnantian boundary.

Sampling rates of attaching echinoderms increase on aver-

age from the Tremadocian until the Katian and drop

towards the Hirnantian. Sampling rates of bryozoans

increase from the Floian to the Dapingian, decrease there-

after again, stay relatively stable until the Katian and are rela-

tively high at the Hirnantian. Sampling rates for poriferans

are relatively low, but stable from the Tremadocian until the

Darriwilian, where they start to increase slightly until the

Katian, and are relatively high in the Hirnantian.

TABLE 2 . Model weights for the combined dataset.

No. Model name AIC.mean AIC.median

1 Extinction(~t * c)Sampling(~t * c)Origination(~t + c) 0.905 0.977

2 Extinction(~t * c)Sampling(~t + c)Origination(~t + c) 0.075 0.009

3 Extinction(~t * c)Sampling(~t * c)Origination(~t * c) 0.015 0.005

4 Extinction(~t * c)Sampling(~t)Origination(~t * c) 0.005 0

5 Extinction(~t + c)Sampling(~t * c)Origination(~t * c) 0 0

6 Extinction(~t)Sampling(~t * c)Origination(~t * c) 0 0

7 Extinction(~t + c)Sampling(~t + c)Origination(~t * c) 0 0

8 Extinction(~t)Sampling(~t)Origination(~t + c) 0 0

9 Extinction(~t)Sampling(~t + c)Origination(~t + c) 0 0

10 Extinction(~t + c)Sampling(~t + c)Origination(~t + c) 0 0

11 Extinction(~t * c)Sampling(~t + c)Origination(~t * c) 0 0

12 Extinction(~t + c)Sampling(~t)Origination(~t + c) 0 0

13 Extinction(~t)Sampling(~t)Origination(~t * c) 0 0

14 Extinction(~t * c)Sampling(~t * c)Origination(~t) 0 0

15 Extinction(~t * c)Sampling(~t)Origination(~t) 0 0

16 Extinction(~t + c)Sampling(~t + c)Origination(~t) 0 0

17 Extinction(~t)Sampling(~t * c)Origination(~t) 0 0

18 Extinction(~t + c)Sampling(~t)Origination(~t) 0 0

19 Extinction(~t)Sampling(~t + c)Origination(~t) 0 0

20 Extinction(~t)Sampling(~t)Origination(~t) 0 0

21 Extinction(~c)Sampling(~c)Origination(~c) 0 0

22 Extinction(~1)Sampling(~1)Origination(~1) 0 0

Mean and median model weights after 100 replicate runs of parameter estimation and model comparison using all the data in combi-

nation (in contrast with Fig. 1 but as in Franeck & Liow 2020, fig. S6). ~t, time-dependence; ~c, covariate (i.e. life habit) dependence;

~1, constant parameters through time by; +, additive combinations by (i.e. varying in concert); *, multiplicative combinations (i.e.

independently varying).
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F IG . 1 . Diversification and sampling dynamics of hard substrate taxa and free-living benthic taxa. We present the medians of origi-

nation, extinction, net diversification and sampling estimates after 100 runs for 702 hard-substrate genera (10 359 occurrences) and

2052 free-living benthic genera (33 662 occurrences). With each grouping, these are estimated simultaneously. Circles indicate para-

meter estimates and grey lines the median of 95% upper and lower confidence levels, respectively. Grey, horizontal lines in the net

diversification plots mark zero net diversification. Abbreviations: Tr, Tremadocian; Fl, Floian; Dp, Dapingian; Dw, Darriwilian;

Sa, Sandbian; Ka, Katian; Hi, Hirnantian.
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DISCUSSION

Dissecting components of diversification dynamics

A recent review of Ordovician evolutionary and ecological

dynamics suggested that the Darriwilian was the critical

time-interval over which Earth-system and ecological

restructuring occurred, even if general increases in

taxonomic and ecological richness are apparent through-

out the ‘Ordovician Radiation’ (Stigall et al. 2019). Stigall

and coauthors suggested associating the term GOBE with

only the Darriwilian, as net diversification rates are excep-

tionally high in this global stage. Clear Dapingian–Darri-

wilian sampling-corrected origination peaks have already

been demonstrated in commonly preserved Ordovician

taxa including trilobites, brachiopods and molluscs (see

F IG . 2 . Diversification and sampling dynamics of selected hard substrate taxa. Circles indicate median parameter estimates of attach-

ing echinoderms (left column), bryozoans (middle column) and reef-building poriferans (right column) after 100 replicate runs and

grey lines the median of 95% upper and lower confidence intervals, respectively. Abbreviations as in Fig. 1.
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Franeck & Liow 2019b, SI). Here, we further corroborate

Stigall et al.’s idea, with the demonstration that the indi-

vidual dynamics of attaching echinoderms, bryozoans,

and reef-building poriferans individually but also as a

group (namely hard substrate taxa), show increased origi-

nation rates at the Dapingian–Darriwilian boundary

(Fig. 2).

A direct comparison of the inferred stage-level diversifi-

cation dynamics of hard substrate taxa, with trilobites,

brachiopods and molluscs, shows similar relative interval-

to-interval changes in diversification dynamics for all

groups investigated (Fig. 3). This supports the idea that

one or more global/common drivers might have affected

diversification dynamics, especially post-Darriwilian.

However, the early Ordovician origination rates of attach-

ing echinoderms and bryozoans are elevated, compared to

the rates of the other taxonomic groups (note that med-

ian 95% confidence are also greater for these specific esti-

mates, Fig. 3). Echinoderms had elevated origination rates

both during the Early Ordovician and the GOBE, hence

lending support to Sprinkle & Guensburg’s (1995) idea

that they already experienced rapid radiation early on

(Fig. 3a). On the contrary, Wright & Toom (2017), found

no Early Ordovician increase in the taxonomic richness

of crinoids. A different conclusion, suggesting a pre-

GOBE diversification was reached by Hageman & Ernst

(2019) who found that taxonomic richness of bryozoans

was elevated around the Floian–Dapingian boundary,

using more highly resolved temporal data (with time bins

that range from 1.35 to 2.97 myr). However, an explana-

tion for the differing results may be that the Hageman &

Ernst study used raw taxonomic counts as a proxy for

taxonomic richness, rather than accounting for incom-

plete sampling and estimating diversification rates, as we

have done here.

The increasing availability of the hard substrate niche

The idea that there is a positive association between the

increase in the taxonomic richness of hard substrate taxa

and the availability of hard substrates over the Palaeozoic,

especially during the Ordovician, has previously been

raised (e.g. Wilson & Palmer 1990, 1992; Guensburg &

Sprinkle 1992; Rozhnov & Palmer 1996). This also

includes the increased availability of skeletal material,

which can act as a hard substrate (Pruss et al. 2010; Pruss

& Clemente 2011). For a better handle on if and how the

availability of hard substrates could have driven the evo-

lution of taxa exploiting this niche (Palmer 1982; Wright

& Cherns 2016a), there is a need to estimate the temporal

dynamics of both the niche (hard substrates in this case)

and the taxa involved. Our results provide estimates for

the latter. Unfortunately, the current temporal resolution

of hard substrate occurrences and hence their temporal

distributions (see e.g. Christ et al. 2015; Wright & Cherns

2016b) are not fine enough to be quantitatively or even

F IG . 3 . Diversification and sampling dynamics of attaching

echinoderms, bryozoans, reef-building poriferans, superimposed

on the three most represented taxonomic groups from the whole

Ordovician data set (trilobites, brachiopods and molluscs). Note

the similar origination, extinction and net diversification dynam-

ics post Darriwilian for all groups plotted. Circles indicate med-

ian parameter estimates after 100 replicate runs, and vertical

lines indicate the median of 95% upper and lower confidence

intervals. Abbreviations as in Fig. 1.
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only qualitatively associated with the temporal dynamics

we see in our taxonomic analyses. That said, the hypothe-

sis that the increase in hard substrate availability and the

increased origination of hard substrate taxa were con-

nected may still be valid.

Although attaching epizoans are already observed in

the Cambrian fossil record, this sessile niche was much

less exploited then compared with the Ordovician (Taylor

& Wilson 2003) in terms of the number of genera using

it. Given that some taxa could already attach themselves

to a substrate in Cambrian times, why do we first see an

increase of such taxa only in the Ordovician? A valid

question in this context is how and why the availability

of hard substrates had been changing from the Cambrian

to the Ordovician. Wilson & Palmer (1992) wrote that

hardgrounds, which are synsedimentarily lithified carbon-

ate sea-floors, ‘became extraordinarily common in the

Ordovician’. This Ordovician increase in hardground

availability has been attributed to the increased intensity

and depth of bioturbation compared to the Cambrian

(Wright & Cherns 2016a, b). A continued increase in

hardground availability may be due to positive feedback

mechanisms. For instance, crinoid ossicles function as

crystallization cores for calcite precipitation (Wilson et al.

1992) that often result in hardground formation (Christ

et al. 2015), which in turn creates more available habitat

to be exploited by crinoids and other hard substrate taxa.

Although hard substrate taxa included in our study

were, in many cases, associated with reefs (Webby 2002),

which are a special kind of hard substrate (Taylor & Wil-

son 2003; Kr€oger et al. 2017a), our inferred diversification

dynamics should not be read as that of only reef com-

plexes. This is not least because the evolution of hard-

ground communities and reef expansion were probably

decoupled (Webby 2002). In addition, our analyses go

beyond those of hardground assemblages sensu stricto, as

the taxa included in this study could also attach to hard

substrate which might be lying on mud (e.g. skeletal deb-

ris). While the number of reef-associated hard substrate

taxa would be interesting to quantify here, it is not possi-

ble with the data that was available.

Caveat I: identifying hard substrate taxa

Some of the taxonomic groups we included here have a

great variety of probable attaching mechanisms to differ-

ent kinds of substrates (Taylor & Wilson 2003; Lefebvre

et al. 2013; Topper et al. 2018) hence, our assignment of

taxa to substrate types and life-habits comes with a level

of uncertainty. Although we are transparent about our

assignments, attributing decisions to the published litera-

ture where possible (for specifics, see Data and Method,

above, and Franeck & Liow 2020) our assignment of

brachiopods and echinoderms warrant extra discussion

here. We only included eight attaching hardground bra-

chiopod genera in our analyses, because it was not possi-

ble to assign one of the two life-habitat covariates (hard

substrate or free-living) to the remaining 600+ bra-

chiopod genera without expert knowledge and/or further

detailed research on the morphology and ecology in each

of them. In addition, generalist species amongst bra-

chiopods seem to be able to settle on and attach to

diverse substrates (Richardson 1997). While there is

uncertainty around our general inference because of the

brachiopod ‘problem’, this does not change our inferences

based on the specific dataset we have used here. Future

work on brachiopod life-habits could shed light on

whether hard substrate versus non-hard substrate genera

among them conform to patterns we see among our lar-

gely non-brachiopod taxa (see Fig. 1).

The presence of a holdfast for an echinoderm is taken

as positive evidence that it can attach itself to a hard sub-

strate (Lefebvre et al. 2013; Zamora et al. 2017). Echino-

derms may have had even more diverse life habits than

brachiopods, and there are 91 genera (out of 434) for

which no life-habit could be assigned (see Table 1). For

instance, cyclocystoids were excluded from our analysis,

as their attachment mode is debated (Sprinkle et al. 2015;

Reich et al. 2017). Likewise, callocystids were excluded as

their attaching mechanism is often not preserved or

debated (see also descriptions and discussions in: Kesling

& Mintz 1961; Brett 1978; Broadhead & Strimple 1978;

Sumrall & Sprinkle 1999).

Those echinoderm taxa that are known to possess root

structures (e.g. Brett 1981), or other attachment mecha-

nisms to soft substrates (e.g. Dornbos 2006; Zamora et al.

2017), were excluded from our analysis (see Franeck &

Liow 2020, assignments). While there may be a few

remaining errors to our assignments to life-habits, the

overall inferred Middle Ordovician diversification dynam-

ics of all echinoderms does not differ much from the

diversification dynamics of attaching echinoderms (Fra-

neck & Liow 2020, fig. S5). Hence, we believe that our

results are robust to remaining errors.

Caveat II: issues of preservation and sampling

We have dealt with the incompleteness of the fossil

record by using a capture–recapture model, where sam-

pling probabilities were estimated simultaneously with the

diversification dynamics to account for biases introduced

by incomplete sampling. However, all models come with

assumptions, and capture–recapture models are no excep-

tion. The specific assumptions and the robustness of esti-

mates to the violation thereof for the Pradel model have

been discussed in detail elsewhere (Nichols & Pollock
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1983; Pollock et al. 1990; Pradel 1996; Connolly & Miller

2001b). One assumption we want to emphasize here is

that estimated parameters for any given grouping are

assumed to be the same within the studied time intervals.

In other words, we assume that all hard substrate taxa

included in any set of analysis have the same sampling,

origination and extinction probabilities within each

Ordovician stage, and we might interpret our results as

universal across all other unsampled, skeletonized hard

substrate taxa. The same applies to the free-living benthic

taxa we analysed. Note that we cannot account for groups

that are completely absent from the data available, nota-

bly soft-bodied organisms which may otherwise belong to

our hard substrate or free-living benthos groups.

FUTURE PROSPECTS AND

CONCLUSION

There is a lively debate on the potential global drivers of

the GOBE. These include the cooling and oxygenation of

the Ordovician oceans (Saltzman & Young 2005; Trotter

et al. 2008; Rasmussen et al. 2016; Edwards et al. 2017),

increased tectonic activity (Miller & Mao 1995; Miller &

Connolly 2001), extraterrestrial input (Schmitz et al. 2008;

discussed in Lindskog et al. 2017) and the appearance of

plankton in the fossil record from the Late Cambrian (Ser-

vais et al. 2008, 2016). In order to put any of these

hypotheses to test, we argue that the components of diver-

sification dynamics (i.e. both origination and extinction)

must first be estimated, in addition to changing taxon

richness. However, reliable diversification estimates

require not only good models but also data that are robust

and plentiful. We hence emphasize the need for detailed

morphological and ecological (life habit in our case) data

and a continued effort in taxonomic work so that past

evolutionary changes in our biosphere can be understood.

The Ordovician evolutionary dynamics clearly follow

an overarching pattern, showing a Dapingian–Darriwilian

peak of origination and net diversification rates. This

study also provides evidence for a synchronization of

diversification dynamics among diverse taxonomic, eco-

logical and biogeographical groupings throughout the

Ordovician. Increasingly nuanced analyses can contribute

to the details and hence mechanistic underpinnings of

broad radiations including the Ordovician Radiation and

GOBE.
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The early Palaeozoic Era records the initial biodiversification of the

Phanerozoic. The increase in biodiversity involved drastic changes in taxon

longevity, and in rates of origination and extinction. Here, we calculate these

variables in unprecedented temporal resolution. We find that highly volatile

origination and extinction rates are associated with short genus longevities

during the Cambrian Period. During the Ordovician and Silurian periods,

evolutionary rates were less volatile and genera persisted for increasingly

longer intervals. The 90%-genus life expectancy doubled from 5 Myr in the

late Cambrian to more than 10 Myr in the Ordovician–Silurian periods.

Intervals with widespread ecosystem disruption are associated with short

genus longevities during the Cambrian and with exceptionally high longev-

ities during the Ordovician and Silurian periods. The post-Cambrian

increase in persistence of genera, therefore, indicates an elevated ability of

the changing early Palaeozoic marine ecosystems to sustainably maintain

existing genera. This is evidence of a new level of ecosystem resilience which

evolved during the Ordovician Period.

1. Introduction
The spectacular early Palaeozoic rise in taxonomic richness of marine ecosystems

continues to be a focus point of palaeobiological research [1–8]. It featured

two distinct events of accelerated biodiversity accumulation, namely the

Cambrian explosion (CE) and the Great Ordovician Biodiversification Event

(GOBE). In addition, it contained a number of major crises during the Late

Ordovician mass extinctions (LOME) [8].

A growing body of evidence suggests that the timing and intensity of the early

Palaeozoic biodiversity accumulation was associated with changes in global

temperature and oxygen levels [8–13]. However, the mechanisms linking, e.g.

change in habitat space [12,14], spread of oxygen minimum zones [15,16], and

extent of primary production [17,18] with biodiversity remain elusive [19].

Global biodiversity accumulation results from a combined process of orig-

ination and extinction of taxa, or viewed from a different perspective, it builds

as a function of longevity of newly originating taxa. Hence, knowledge on

taxon longevity and origination/extinction rates is essential to make inferences

about the mechanisms of biodiversity accumulation. Many studies on evolution-

ary rates exist at the Phanerozoic and Palaeozoic scale and at the family and genus

level (e.g. [4,20–28]). Longevity and survivorship rates have previously also been

the focus of interest (e.g. [29–31]).

Rates of origination and extinction ultimately determine the probability of a

taxon (here, a genus) to survive until a time t [29,30]. This relationship should not

lead to the conclusion that analyses of longevity and evolutionary rates are redun-

dant. Evolutionary rates inform about the volatility of the evolutionary change at a

© 2019 The Authors. Published by the Royal Society under the terms of the Creative Commons Attribution
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given time interval, but they are agnostic about the specific com-

position of the rates of the individual genera and their life

history. Identical evolutionary rates can be produced by orig-

inations and extinctions of long-living and short-living genera.

Extinctions can preferably affect genera that persisted for a

long time or, by contrast, genera that originated shortly before.

Conversely, originations may result in long-lasting genera or

short-living genera. The ecological mechanisms behind these

different scenarios differ drastically and periods of ecosystem

disturbance or resilience may remain unnoticed when only

described by evolutionary rates.

Here, we present new estimates of rates of origination and

extinction at the genus level with an unprecedented temporal

resolution, based on a time binning established in Rasmussen

et al. [8]. Additionally, we present for the first time per time bin

estimates of longevity, taxon age, and taxon life expectancy of

early Palaeozoic marine genera. Our results allow for a differen-

tiation between taxonomic turnover and genus persistence, that

again enables an evaluation of time-specific ecosystem resilience

(i.e. the ability of a system to absorb changes and still persist,

sensu Holling, [32]) as a factor of biodiversity accumulation.

2. Methods
We based our calculations on a sum of 173 293 genus-level

Cambrian to Silurian fossil occurrences downloaded from the

Paleobiology Database (PBDB, https://paleobiodb.org/#/, down-

load 30 January 2019) and an additional download of 545 449

post-Silurian genus level occurrences from the PBDB (download

02 February 2019). The occurrences were binned into 53

Cambrian–Silurian time intervals with an average duration of

2.3 Myr following [8] and into post-Silurian stage intervals using

the binning scheme of the PBDB (https://paleobiodb.org/data1.

2/intervals/list.txt?scale=1, accessed 6 July 2019). Details of the

data filtering and methodology of time binning and biodiversity

calculations have been published in [8]. We estimated genus

richness based on the capture-recapture model (CR) approaches

[33,34] by fitting the Jolly–Seber model following the POPAN

formulation [35]. We calculated relative diversification rates

by dividing the richness difference between a time bin and its

previous time bin with the richness of the respective time bin

((ngen(t)−ngen(t−1))/ngen(t)). With ngen being the number of genera, t

being the time bin of interest, and t− 1 being the previous time bin.

Additionally, we estimated survival and seniority probabilities

based on the CR-approach using the Pradel model [36], which

were transformed into extinction and origination rates, following

the transformation from probabilities into rates described in [37].

The method estimates survival, seniority, and sampling probabil-

ities, which we turn into rates, to account for uneven sampling

intervals (see electronic supplementary material, and [34] for

details of the method). For comparison of our CR-modelling

results with more conventional rate estimations, we calculated

origination and extinction rates with the turnover rate metric of

Alroy [38] as implemented in the R-package divDyn [39] (see

electronic supplementary material).

We estimated genus age, genus life expectancy, and genus

longevity indirectly by calculating forward and backward survi-

vorships of cohorts of genera occurring in each time bin. The

duration needed to reach the full diversity of genera occurring in

each time bin is our measure of backward survivorship (lbw) and

can be read as a measure of genus age. The subsequent lifetime

of the set of genera occurring in a time bin, is our measure of for-

ward survivorship (lfw) and can be read as a measure of life

expectancy. Long-life expectancies of genera indicate a long per-

sistence of the ecological relationships established among these

genera. Hence, we interpreted lfw as an indicator of ecosystem

resilience (where resilience determines the persistence of relation-

ships [32]). The backward survivorship can be read as a measure

for the age structure of the genera of a time bin and reflects the his-

tory of the ecosystems. The sum of lbw and lfw is our overall

longevity (lo), which is a wrapper representing the past and the

future of the genera that existed during each time bin.

Our longevity calculations are based on CR-modelled rich-

ness curves of the cohorts of genera occurring in each time bin

of interest (ti). In this calculation, a 100% richness always

occurs in ti and the modelled richness always increases in time

bins (ti−n) preceding ti and decreases in the time bins (ti+n) pos-

terior to ti. We determined the antecedent and posterior time

bins containing 50%, 70%, and 90% ti-richness levels and calcu-

lated lbw and lfw as the maximum time ranging from ti towards

these time bins.

The complete algorithm and relevant results are recorded

in R-code and can be downloaded at https://doi.org/10.5281/

zenodo.3365505.

3. Results

(a) Origination and extinction rates
Our estimated origination and extinction rates reveal basic

differences betweenCambrian andpost-Cambrian evolutionary

dynamics (figure 1c). The Cambrian rates are on average much

higher than the post-Cambrian rates. Fluctuations of rates

between time bins are much greater in the Cambrian Period.

The generally decreasing Cambro–Ordovician rates trend was

known already from curves with lower stratigraphic resolution

[4,25–27]. Additionally, data from trilobites evidenced distinct

differences in survivorships between Cambrian andOrdovician

cohorts [30]. Our results show that this trilobite survivor-

ship change reflects a more general pattern and that there is

a strong change at the Cambro–Ordovician boundary. The

significance of the trend change can partially also be demon-

strated with a time series changepoint analysis, where a single

changepoint of the origination rate time series occurs at the

Cambro–Ordovician boundary (electronic supplementary

material, figure S1).

Notably, the originationand extinction rates calculatedwith

Alroy’s [38] turnover rate metric show a less rapid but more

continuous decrease at the Cambro–Ordovician boundary

and continued to drop until the beginning of theMiddle Ordo-

vician (electronic supplementarymaterial, figure S2), similar to,

e.g. in Bambach et al. [26]. Bambach’s [26] estimations and

Alroy’s [38] turnover metric result in instantaneous rates that

do not account for the length of the time bins. The high esti-

mates in the earliest Ordovician time bins in Alroy’s and

Bambach0s calculations are therefore probably an effect of the

poorly constrained timing of these intervals. The relatively

long Early Ordovician time bins thus contain a comparatively

high number of short-ranging taxa (see below).

Exceptional Cambrian events are the peak origination rates

at the late Terreneuvian, earlyMiaolingian, and early Furongian

epochs. Conversely, Cambrian extinction rates peak during the

middle Series 2, the late Miaolingian, and early Furongian

epochs, reflecting the Botomian [40] and Marjuman extinctions

[41].During the succeedingOrdovician Period, origination rates

peaked at the Dapingian–Darriwilian boundary, and extinction

rates reached maximum values at the Katian–Hirnantian

boundary, reflecting the LOME [42]. Lastly, Silurian extinction

rates peaked at the Homerian–Gorstian boundary towards the

end of that period. This reflects the Mulde event [43]. The

royalsocietypublishing.org/journal/rspb
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observedevents here are robust and standout in the calculations

resulting from the CR-modelling and from Alroy’s [38]

approach (figure 1c; electronic supplement material, figure S2).

(b) Genus survivorships and longevities
The temporal variation of lbw and lfw is expressed in a geo-

historical succession of eight distinct intervals (figure 1d ),

which are best described as follows: the first (I) interval is

characterized by increasing lbw and decreasing lfw, reflecting

the initial low diversity phase of the Terreneuvian Epoch

with the appearance and slow accumulation of more and

more new genera. The second (II) interval represents the CE

with the rapid appearance of new genera causing lbw to

decrease. In the third (III) interval, which lasted until the

mid-Furongian Epoch, lbw and lfw remained low at values

of, on average, 4–5 Myr. High taxonomic turnover during

this time indicates rapid evolutionary change. In the fourth
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Figure 1. Early Palaeozoic curves of (a) per time bin genus level richness (adapted from [8]), (b) genus level relative diversification rate, (c) genus level extinction
and origination rates (r.), and (d ) duration of the forward (lfw) and backward (lbw) survivorship of 50%, 70%, and 90% of the cohort of genera of each time bin.
(a), (c), and (d ) are estimated with CR-modelling. Vertical bars indicate 95% confidence intervals. Note major changes in (a), (c), and (d ) during the Furongian–
Tremadocian interval. I-IX, designate numbered geo-historical intervals of distinct survivorship trends. Ae, Aeronian; CE, Cambrian Explosion; D., Devonian; Dp,
Dapingian; Dw, Darriwilian; Fl, Floian; Fu, Furongian; Go, Gorstian; GOBE; Great Ordovician Biodiversification Event; Hi, Hirnantian; Ho, Homerian; Ka, Katian; Lo,
Lochkovian; LOME; Late Ordovician Mass Extinctions; Lu, Ludfordian; Mia, Miaolingian; Pr, Pridolian; Rh, Rhuddanian; Sb, Sandbian; Se2, Cambrian Series 2; Sh,
Sheinwoodian; Te, Terreneuvian; Tl, Telychian; Tr, Tremadocian.
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(IV) interval, which spans the late Furongian Epoch to middle

Floian Age, lbw and lfw initially increased and remained at

intermediate levels. Hence, during this time more genera per-

sisted for longer and had higher chances to survive for longer

times in the future. The overall post-Terreneuvian peak of lfw
was reached during the Dapingian Age with more than

21 Myr of 90% life durations, during the fifth (V) interval.

The end of the fifth interval marks the beginning of the

GOBE. Peak diversification was reached at the beginning of

the sixth (VI) interval during the early Darriwilian Age and

was paralleled with a decreasing lfw. In the sixth interval,

which ranges until the late Katian Age, lfw decreased while

lbw increased. Hence, more and more genera occurred with

long antecedent life histories, but at the same time the pro-

spect for their future survival decreased. This is clearly an

effect of the seventh (VII) interval which lasted from the

latest Katian towards the early Rhuddanian Age and which

represents the LOME and its direct aftermath. As a conse-

quence of the extinctions, the age structure of the occurring

genera was strongly altered and the lbw was at its early

Palaeozoic peak in the next interval (VIII) (Rhuddanian–

Sheinwoodian ages). A trend of increasing lbw and decreasing

lfw during this interval indicates recovery and the appearance

of more and more new genera.

4. Discussion

(a) Periods of early Palaeozoic biodiversity accumulation
The synoptic comparison of evolutionary rates, survivorships,

and longevity curves allows a periodization of the early Palaeo-

zoic time into a number of intervals characterized by specific

evolutionary dynamics. These intervals can be related to the

known changes of the biodiversity curve and to the changes

in global temperature and oxygen levels. The resulting picture

of such a comparison reveals an evolutionary history that

began with a relatively stable interval with low evolutionary

rates, high genus survivorships, and low diversities (figure 1d,

interval I). This relatively stable situation quickly escalatedwith

the rapid appearance of skeletal lophotrochozoans, ecdysozo-

ans, as well as sponge and archaeocyathid reefs and with a

climax of the CE during the latest Terreneuvian and Cambrian

Epoch 2 [44–46]. The remainder of the Cambrianwas character-

ized bya high volatility of the evolutionary rates, extremely low

genus survivorships, and a biodiversity accumulation with a

rising trend towards the Ordovician (figure 1d, interval III).

Our analysis thus portrays the late middle–late Cambrian as a

highly dynamic period with low ecosystem resilience and this

is concurrent with a growing body of evidence that the post-

CE Cambrian age was a time with recurrent expansions of

oxygen minimum zones across the shallow shelf and corre-

spondent habitat disruptions [15,16,47,48].

The terminal Cambrian and the beginning of the

Ordovician periods mark another phase in the evolutionary

dynamics of the early Palaeozoic that lasted until the end

of the Floian Age (figure 1d, intervals IV–V), which was

characterized by lowered evolutionary rates, increasing genus

survivorships, and a stable level in biodiversity accumulation.

This interval coincides with the global expansion and bio-

diversification of planktic primary producers and with the

first appearance of planktic graptolites and cephalopods

(the ‘plankton revolution’ [17]).

The Middle Ordovician time records the main phase of the

GOBE with a massive increase in biodiversity accumulation

during the Darriwilian Age [8]. Notably, the GOBE peak diver-

sification is preceded by a drastic increase of the forward

survivorship rates of genera during the Dapingian Age. This

means that Dapingian genera that survived into the Darriwi-

lian had exceptionally high chances to further persist several

Myr into the Late Ordovician. Hence, the exceptionally long-

life expectancy of Dapingian genera is best explained as an

ex-post effect of the GOBE. Similarly, the decreasing life expect-

ancy from the Dapingian Age onward until the end of the

Ordovician Period is an ex-post effect of the LOME. Middle

and Late Ordovician genera, successively were doomed to

extinction during the LOME. During the LOME genera with

short precedent life histories went preferentially extinct. This

is consistent with the finding that it was particularly the bra-

chiopod genera with limited geographical ranges that went

extinct [49] and that predominantly rare graptolite genera

were hit already early on during the LOME [50].

At the same time, genera newly evolving and surviving

during the LOME (interval VII, figure 1d ) had higher chances

to survive for longer. This is thewell-known effect of increased

life expectancies of genera occurring and originating during

and immediately after mass extinctions [51,52]. Previous

studies and models show that genera surviving or originating

during mass extinctions tend to have a temporal advance to

accumulate species [52]. As a consequence, extinctions acted

as a filter for long-living genera, causing an early Palaeozoic

genus longevity maximum during the Early Silurian Period.

Only with the subsequent origination of new short-living

Silurian genera during the post-LOME recovery, the genus

longevity levels returned to pre-LOME values.

(b) Mechanisms of early Palaeozoic biodiversity
accumulation

The existence of an early Palaeozoic maximum in life expect-

ancy (lfw) just before the onset of GOBE is important evidence

for the mechanisms behind biodiversity accumulation during

this time: the GOBE coincides with an Ordovician peak in

origination rates, but not with exceptionally low extinction

rates (figure 1c). The exceptionally high life expectancy of

Dapingian–early Darriwilian genera, therefore, cannot be

explained by lowered extinction rates but as an effect of

increasingly long lives of genera that did not go extinct.

Dapingian–early Darriwilian genera, which persisted, did

so for exceptionally long time intervals. Importantly, the

Early Ordovician trend of increasing lfw is succeeded by a

Middle–Late Ordovician trend of increasing lbw, resulting in

a massive rise in lo across the entire Ordovician. This means

that, despite the environmental perturbations during the

LOME, the combined life expectancy and the age structure

of genera increased significantly.

The second important conclusion that can be drawn from

the pre-GOBE lfw peak is that the maximum life expectancy

was not exclusively caused by ‘GOBE-specific’ novel genera,

but also by genera that existed well before the GOBE during

the Floian and Dapingian ages. The prolonged life expectancy

was not an effect of specific novel genera but an effect of an

increased ability of the GOBE ecosystems to sustainably

maintain existing genera.

This suggests mechanisms of ecosystem evolution

during most of the Ordovician Period, where existing
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genera became increasingly successfully integrated under

novel ecological conditions such as different temperature

and oxygenation regimes while new genera appeared con-

stantly. One example of such an integrative mode of

ecosystem evolution is the Ordovician diversification of

bryozoan, coral, and stromatoporoid reefs. These clades

existed as minor components in tropical shallow-water habi-

tats from the Tremadocian Age, but collectively diversified

and became dominant reef builders under cooling climatic

conditions during the Middle Ordovician [12,53]. Once estab-

lished, these reef builders persisted throughout the early

Palaeozoic and survived even massive perturbations, such

as the LOME [54].

Here, a basic difference between the Cambrian and Ordovi-

cian evolutionary dynamics becomes apparent. Cambrian

conditions, such as poor oxygenation and high global tempera-

tures are considered to bemajor factors of ecosystemdisruptions

that caused origination and extinction rates to fluctuate and

genus persistence in ecosystems to decrease, e.g. [47,48]. By con-

trast, climatically induced global disruptions of the marine

ecosystems during the LOME (e.g. [55,56]), had the opposite

effect on genus persistence. During the latest Ordovician,

genus longevities continued to rise even under drastically

reduced biodiversity (figure 1). This basic difference is evidence

of a new level of ecosystem resilience that evolved during the

Ordovician. It is tempting to suggest that the Early Ordovician

revolution in plankton with a first establishment of diverse

and stable pelagic food chains that involved common macro-

predators, such as cephalopods, was an important step towards

these new levels. Stable pelagic food webs affected, e.g. larval

dispersal and spatial taxon ranges, which in turn potentially

affected the taxon longevity.

One general conclusion can be drawn from these

geo-historically more specific interpretations: generic life

expectancies during the Palaeozoic were highest during

time intervals directly preceding diversifications and early

during diversification peaks. The diversifications affected

novel and established genera likewise by increasing their

average life expectancies. Therefore, processes that led to

increased levels of ecosystem resilience were major factors

of marine biodiversity accumulation of the Palaeozoic.
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The original article [1] contains three minor errors.

1) The numerical values denominating the survivorships and their expla-

nation in the Methods section of the original article are erroneous. We did

not calculate 50, 70, and 90% survivorships. Correctly, we determined the ante-

cedent and posterior time bins containing 55, 65, and 75% ti richness levels and

calculated lbw and lfw as time ranging from ti towards these time bins. This

resulted in 55, 65, and 75% survivorships, respectively. We changed figure 1

of the original article accordingly (see corrected figure 1). In the text of the orig-

inal article, the 90% survivorship level correctly refers to the 55% survivorship

level, throughout.

2) The extinction rates in the original article are calculated based on erro-

neous time bin length attributions. Correctly, the rates need to be calculated

based on million years and ranging from time bin midpoint to time bin mid-

point. We changed our script lines 145–161 accordingly (see https://doi.org/

10.5281/zenodo.3476274). The corrected results are slightly different and correctly

scale from 0 to >1 (see corrected figure 1; corrected electronic supplementary

material, figures S1 and S2). The results of the change point analysis do not

change (see corrected electronic supplementary material, figure S2).

3) The Late Silurian peak in extinction rates reflects the Lau event and not

the Mulde event. Accordingly, reference [43] in the original article needs to

be replaced with [2].

Corrected figure 1. Early Palaeozoic curves of (a) per time bin genus level

richness (adapted from [3]), (b) genus level relative diversification rate,

(c) genus level extinction and origination rates (r.), and (d ) duration of the

forward (lfw) and backward (lbw) survivorship of 55, 65, and 75% of

the cohort of genera of each time bin. (a), (c), and (d ) are estimated with CR-

modelling. Vertical bars indicate 95% confidence intervals. Note major

changes in (a), (c), and (d ) during the Furongian–Tremadocian interval. I–IX,

designate numbered geo-historical intervals of distinct survivorship trends.

Ae, Aeronian; CE, Cambrian Explosion; D., Devonian; Dp, Dapingian; Dw,

Darriwilian; Fl, Floian; Fu, Furongian; Go, Gorstian; GOBE; Great Ordovician

Biodiversification Event; Hi, Hirnantian; Ho, Homerian; Ka, Katian; Lo,

Lochkovian; LOME; Late Ordovician Mass Extinctions; Lu, Ludfordian; Mia,

Miaolingian; Pr, Pridolian; Rh, Rhuddanian; Sb, Sandbian; Se2, Cambrian

Series 2; Sh, Sheinwoodian; Te, Terreneuvian; Tl, Telychian; Tr, Tremadocian.

(Online version in colour.)

Corrected electronic supplementary material, figure S1. Time series of

origination rate calculated with the CR-modelling approach. Time series

starts at fifth time bin (Terreneuvian 5, see [3] for details of time bins). Horizon-

tal bars indicate mean values before and after changepoint detected in a

likelihood-based framework approach [4].
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Aber Zeit ist Leben.

Und das Leben wohnt im Herzen.

Und je mehr die Menschen daran sparten,
desto weniger hatten sie.

-Michael Ende
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ABSTRACT

The Ordovician sections along the western shore of the Hinlopen Strait, Ny Friesland, 
Spitsbergen were discovered in the late 1960s and since then prompted numerous paleonto-
logical publications; several of these publications are now considered classical in the literature 
of paleontology of Ordovician trilobites and of Ordovician paleogeography and stratigraphy. 
Our 2016 expedition aimed at a major recollection and reappraisal of these classical sites. 
Here we provide a first high-resolution lithological description of the Kirtonryggen and Val-
hallfonna formations (Tremadocian–Darriwilian), which together comprise a thickness of 
843 m, a revised bio-, and lithostratigraphy, and an interpretation of the depositional 
sequences. We find that the sedimentary succession is very similar to successions of eastern 
Laurentia; its Tremadocian and early Floian part is composed of predominantly peritidal 
dolostones and limestones characterized by ribbon carbonates, intraclastic conglomerates, 
microbial laminites, and stromatolites, and its late Floian to Darriwilian part is composed of 
fossil-rich, bioturbated, cherty mud-wackestone, skeletal grainstone and shale, with local silt-
stone and glauconitic horizons. The succession can be subdivided into five third-order depo-
sitional sequences, which are interpreted as representing the Sauk IIIB Supersequence known 
from elsewhere on the Laurentian platform.

1  Finnish Museum of Natural History, University of Helsinki, Finland.
2  Department of Integrative Biology, University of California, Berkeley.
3  Naturhistorisk Museum, University of Oslo, Norway.
4  Division of Paleontology, American Museum of Natural History.
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INTRODUCTION

The Ordovician sections along the western shore of the Hinlopen Strait (Hinlopen-
stretet), Ny Friesland, Spitsbergen, were discovered by accident in 1966, when an expedition 
team from the University of Cambridge stopped to collect water from a melt stream and 
collected several well-preserved trilobites (Fortey and Bruton, 2013). This discovery prompted 
two focused collection trips during the summers of 1967 (Vallance and Fortey, 1968) and 
1972 (Fortey and Bruton, 1973) that resulted in a classic series of publications focused on 
the trilobite successions (e.g., Fortey, 1974a, 1974b, 1975a, 1975b, 1980) and accompanying 
fauna (e.g., brachiopods: Hansen and Holmer, 2011; conodonts: Lehnert et al., 2013; grapto-
lites: Fortey, 1971; Cooper and Fortey, 1982; heterostracans: Bockelie and Fortey, 1976; mol-
lusks: Evans and King, 1990; Morris and Fortey, 1976; ostracods: Williams and Siveter, 2008; 
radiolarians: Maletz and Bruton, 2005). Some of these publications have been influential in 
shaping approaches to paleogeographical reconstructions: at Hinlopen Strait the interplay 
between depth-related biofacies (“community types” of Fortey, 1975b), paleogeographical 
provinces, and sea-level fluctuation became evident (e.g., Cocks and Fortey, 1982). Other 
publications on the Hinlopen Strait succession had a significant impact on discussions about 
Ordovician stratigraphy. The Valhallan Stage was based on a section of the Hinlopen Strait; 
it was suggested in Fortey (1980a) to represent a time interval that previously has not been 
recognized in many North American sections because of a widespread hiatus on the conti-
nent. The Valhallan Stage, which is equivalent to the lower Dapingian Stage in modern terms, 
was never formally accepted, but its recognition was a significant step toward a supraregional 
stratigraphic correlation of this particular time interval (see Ross et al., 1997).

Despite the scientific importance of the Hinlopen Strait sections, very few subsequent 
expeditions have been made. It took 34 years, after which in short sequence three expeditions 
made stops in the area, collected Ordovician samples and remeasured the sections: In 2005 
a group of the Polar Marine Geological Research Expedition (PMGRE) reappraised the sedi-
mentary succession in context of a larger mapping project (Kosteva and Teben’kov, 2006); in 
2007 a group from the German Bundesanstalt für Geowissenschaften und Rohstoffe (Federal 
Institute for Geosciences and Natural Resources) measured some sections at Hinlopen Strait 
and took biostratigraphic (conodont) samples in the context of their project Circum-Arctic 
Structural Events 10 (CASE 10) (Lehnert et al., 2013); and in 2008 a Norwegian-Swedish 
Group lead by Nils-Martin Hanken of the University of Tromsø visited the area and made 
some focused paleontological collections, but had bad luck with weather/snow conditions 
and polar bears (Hansen and Holmer, 2010, 2011). Consequently, no major attempt to resa-
mple the sections at Hinlopen Strait has been made since 1972. Further, no attempt has been 
made by any previous expeditionary team to describe and reconstruct the paleoenvironmen-
tal succession in detail.

The goal of our 2016 expedition was to measure and describe in detail the lithology and 
stratigraphy of the Ordovician rocks at its two main outcrop sites Profilstranda and Olenidsletta 
(fig. 1) and to collect paleontological and geochemical samples at high stratigraphic resolution. 
Herein, we provide the first results of this expedition, a detailed lithological description of the 
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measured sections, a new high resolution stratigraphy, and an interpretation of the depositional 
sequences and its corresponding relative sea-level changes. The description will be the basis of 
a number of forthcoming publications with paleontological and geochemical focus.

GEOLOGICAL SETTING

The study area is on the northeastern edge of Ny Friesland on the island of Spitsbergen of the 
Svalbard archipelago, Norway, adjacent to the Hinlopen Strait (Hinlopenstretet), which divides 
Spitsbergen from Nordaustlandet (fig. 1). This region comprises two exposure areas of lower Paleo-
zoic rocks of the Oslobreen Group, Hinlopenstretet Supergroup: one north (Basissletta) and one 
south (Olenidsletta) of the Buldrebreen arm of the Valhallfonna glacier at small cliffs along the coast 
line and in melt stream beds. The exposed sediments are subdivided into the Tokammane, Kirton-
ryggen, and Valhallfonna formations of the Oslobreen Group (Harland et al., 1966; Fortey and 
Bruton, 1973; Harland, 1997) and range from the Early Cambrian to the Middle Ordovician. The 
Kirtonryggen Formation comprises the Spora, Basissletta, and Nordporten members, and the Val-
hallfonna Formation is subdivided into the Olenidsletta and Profilbekken members (Fortey and 
Bruton, 1973; see details below). The Kap Sparre Formation in Nordauslandet on the eastern side 
of Hinlopenstretet is correlative to the Olsobreen Group, but high-resolution comparisons of the 
two are hampered by a of lack of biostratigraphic data in the former (Stouge et al., 2011). The pre-
Carboniferous basement of the Svalbard archipelago consists of a number of tectonostratigraphically 
distinct terranes that were stretched along the margin of Laurentia in pre-Caledonian times (Gee 
and Page, 1994; Gee and Teben’kov, 2004). The study area is part of the Nordaustlandet terranes of 
eastern Svalbard, which in tectonic reconstructions are placed in close proximity to the Franz Joseph 
allochthon of northeastern Greenland (Smith and Rasmussen, 2008). During the mid-Paleozoic the 
sediments of the Hinlopenstretet Supergroup underwent minor folding with predominant NNW–
SSE strike directions (Harland, 1997). The Hinlopenstretet Supergroup is generally little or not 
metamorphosed (Gee and Teben’kov, 2004).

In the southern outcrop area a roughly N/S directed Mesozoic dolerite intrusion limits the 
western expansion of the exposure of the early Paleozoic sediments. The intrusion is part of a 
complex of Late Jurassic–Early Cretaceous dolerites which are more widespread in the south-
ern part of the Hinlopen Strait (Halvorsen, 1989).

MATERIAL AND METHODS

The data presented herein are the result of a joint expedition of the authors and the camp 
manager Hårvard Kårstad during July and August 2016. We traveled to Ny Friesland by boat 
and built a campsite at Profilbekken (79°50′17.9″N/017°42′19.9″W). The Olenidsletta area was 
accessible to us from Profilstranda across the Buldrevågen via rubber boat. During our expedi-
tion all visited sections were completely ice free.

We measured five sections using a Jacob’s staff and clinometer, and tape measure (fig. 1):
(1) The Spora River (SR) section and Profilstranda (PS) section form together a nearly 

continuous outcrop of the Basissletta and Nordporten members. The base of the SR section is 
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within the Spora River channel just west of where the river crosses a small ridge formed by 
massive pinkish dolostones of the top Tokammane Formation (79°51′51.0″N/017°37′21.2″E). 
The SR section top is the topmost stromatolite bed at the mouth of the Spora River 
(79°51′57.4″N/017°38′33.2″E)

(2) The top of the SR section at the mouth of the Spora River is also the base of the PS 
section. We measured the upper part of the Basissletta Member and the complete Nordporten 
Member southward along the Profilstranda coastline. The outcrop is nearly continuous in its 
northern part with a minor fault and exposure gap at 59 m from the base of the section 
(79°51′41.2″N/017°39′51.5″E). A number of major exposure gaps occur higher up in the 
Basissletta Member ca. 50–200 m just north of the small headland that forms the base of the 
Nordporten Member (79°51′35.1″N/017°40′36.8″E). There the dolostones are covered by layers 
of modern beach gravel several meters thick. From the base of the Nordporten Member up to 
the Olenidsletta Member the outcrop is continuous. The top of the PS section is the uppermost 
prominent hardground within the uppermost Nordporten Member at 79°51′02.9″N/017°41′24.0″E.

(3) The top of the PS section is the base of the overlying PO section. The PO section is just 
the southward continuation of the Profilstranda coastline outcrop and ends at a mouth of a 
small melt stream at 79°50′49″N/017°42′04″E. The base of the Olenidsletta Member of the 
Valhallfonna Formation occurs within the first 5 m of the PO section. 

(4) We measured a part of the Profilbekken Member along the Profilbekken River (section 
PR). The Profilbekken River cuts through the Profilbekken Member beds at a very low angle 
and the beds form a number of repeating folds and faults, which makes a reliable thickness 
measurement very difficult for a large part of the section. However, it was possible to measure 
a continuous ca. 45 m thick log from a place ca. 100 m upstream from the river mouth, where 
massive skeletal grainstone beds form a shallow ridge. This ridge is identical with the “basal 
algal conglomerate” ridge of Fortey (1980: 17); its top forms the top of the PR section at 
79°50′36.1″N/017°43′04.5″E.

(5) We measured a complete section of the Profilbekken Member at the southern end of 
the Olenidsletta area. The top of the outcrop and the youngest beds of the Valhallfonna Forma-
tion occur at promontory F where the beds form a shallow syncline (79°46′43″N/017°54′20″E; 
fig. 1). We followed the anastomising melt stream just NW of promontory F in SW direction 
ca. 300 m upstream, which is stratigraphically downward. The outcrop is partly heavily weath-
ered and in its upper part secondarily dolomitized.

DESCRIPTION OF SECTIONS

Tokammane Formation

General features: The uppermost ca. 40 m of the Tokammane Formation consist of a succes-
sion of three depositional units. The bases of these units are composed of buff-weathering, argil-
laceous, wavy-bedded, bioturbated, dolo-mudstone, flat-pebble and other intraclastic 
conglomerates, and thin-bedded dolo-siltstone with symmetric fine-scaled ripples. The top of 
each unit is formed by massive mounds of pinkish dolo-mudstone/dolo-wackestone, which con-
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tain thrombolitic and fenestral textures, and local 
patches of intraclastic conglomerates. The mounds 
have diameters of several tens of meters and at Spora 
River are thickest at the top of the formation. Each 
depositional unit is capped by an unconformity. 

Detailed description: The measured section at 
Spora River (fig. 2) starts at a ca. 0.5 m massive flat-
pebble conglomerate, which has a fining-up ten-
dency of intraclasts and an erosive 3 cm irregular 
top. The overlying 5 m of buff-weathering, wavy-
bedded dolo-mudstone are topped by a ca. 2 m thick 
massive, pinkish, fenestral dolo-mudstone. In the top 
0.15 m of this pinkish mudstone, domal stromato-
lites occur that are up to 0.5 m in diameter.

The second unit begins above an erosional base 
with ca. 10 m of a monotonous, buff-weathering, 
wavy-bedded, argillaceous dolo-mudstone. In the 
lowermost beds of this unit parallel tunnels of 
unknown burrowers with diameters of less than 10 
mm are common. At the top of this dolostone, a more 
massive, pinkish unit above an erosional base marks 
the base of the third unit. In the lower 0.2 m, this unit 
is composed of patches of poorly rounded intraclastic 
conglomerates; above this is a 25 m layer of fenestral 
dolo-mud and dolo-wackestone, partly with a throm-
bolitic texture. Around 2 m into this unit (at 19 m in 
the section), this massive dolostone is interrupted by 
a 1 m layer of thin-bedded, platy- to wavy-bedded, 
dolo-siltstone that contains areas with small scale, 
symmetrical ripples and patches of flat-pebble con-
glomerates. Above this dolo-siltstone is a covered 
interval of about 10 m, overlain by the top 13 m of the 
Tokammane Formation, which are formed by mas-
sive, pinkish, thrombolitic mounds (fig. 3A).
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FIGURE 3. Field photographs of details of the Tokammane and Kirtonryggen formations, Furongian?, Cam-
brian-Tremadocian, Ordovician, Spora River (SR) section, Ny Friesland, Spitsbergen. A, pinkish thrombolitic-
fenestral dolostone of the uppermost Tokammane Formation, at SR section ca. 40 m; B, burrow-mottled 
dolostone of the uppermost Spora Member, at SR section 63 m; C, partly silicified domal stromatolite with 
underlying flat pebble conglomerate, at SR section 148 m.
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Kirtonryggen Formation

Spora Member
We measured the Spora Member at its type locality at Spora River, which we estimated to 

have a thickness of ca. 20 m. The base of the member is well defined by a prominent erosional 
surface with a more than 1 m high relief, which cuts into the underlying Tokammane Forma-
tion. The lower ca. 10 m of the Spora Member consist of massive, dark-grey, burrow-churned, 
wavy-bedded, fossil-rich dolo-mudstone/dolo-wackestone. At its lower 2 m, black flint nodules 
and thin flint layers are abundant. At a position of ca. 3 m from the base, a distinctive ca. 0.3 
m intraclastic conglomerate with rounded ca. 10–30 mm large pebbles occurs. Fossil abun-
dance peaks at ca. 5–7 m above the base of the member, and the fauna is dominated by small 
ophiletid gastropods (diameter ca. 20–30 mm) and ellesmerocerid and endocerid cephalopods. 
Toward the top, the dolostone becomes more light colored, buff weathering, partly burrow 
mottled (fig. 3B), and rich in distinct trace fossils that form a network of tunnels with diameters 
of ca. 10 mm (fig. 4A). The top of the Spora Member is lithologically transitional toward the 
lower Basissletta Member. 

Basissletta Member

General: The Basissletta Member, exposed at Spora River and Profilstranda, is ca. 289 
m thick. We placed the base of the member above the uppermost ca. 1 m of burrow-
mottled limestone, about 20 m above the base of the Kirtonryggen Formation. Compared 
to the Spora Member, the lithology in the lower Basissletta Member is composed of purer, 
and more light-colored, buff-weathering, platy- to wavy-bedded, burrow-churned to 
homogenous, sucrose dolo-mud to dolo-siltstone. Burrow-mottled horizons and distinc-
tive trace fossils are nearly absent. The middle part of the member is highly condensed 
with abundant erosional surfaces, flat-pebble conglomerates, oolite beds, and horizons 
with massive dark flint nodules and columnar to dome-shaped stromatolite beds. In its 
upper part argillaceous beds dominate and interchange with skeletal dolo-wackestone to 
dolo-packstone that contain abundant gastropods and trilobites. The boundary with the 
overlying Nordporten Member is transitional.

Details: The lower ca. 58 m of the Basissletta Member consist of buff-weathering, mostly 
planar-bedded, homogenous to burrow-churned dolo-mudstone to dolo-siltstone. Within this 
interval two horizons occur that have a burrow-mottled texture and contain rare gastropods, 
cephalopods, and sponge macrofossils (at ca. 15 m, 46 m above member base = at positions 80 
m, 111 m in the SR section, respectively). The lowermost stromatolites occur as a compact, up 
to 0.2 m thick layer on an erosional surface at ca. 123 m in the section. Columnar and dome-
shaped stromatolites, ooid layers, intraclastic and flat-pebble conglomerates, cross-lamination 
textures, and erosional surfaces are common throughout the following 30 m (figs. 3C, 5). The 
most prominent erosional surface cuts as a more than 0.5 m thick intraclastic conglomerate 
with a relief of ca. 0.3 m into a wavy-bedded dolostone with low domal stromatolites at ca. 71 
m above the base of the member at 136 m in the SR section.
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At the mouth of the Spora River, at the top of the SR section, ca. 88 m above the base of 
the Basissletta Member, the stromatolite-rich interval is succeeded by ca. 40 m of massive 
yellowish-grey weathering, fine-laminated dolo-siltstone, that is exposed along the coast of 
Profilstranda (fig. 6A). This interval contains in some places hummocky cross stratification (fig. 
6D) and is partly rich in flint nodules. Flat-pebble and other intraclastic conglomerates occur 
at 101 m and 122 m above base of Basissletta Member (at 13 m and 34 m in PS section, respec-

FIGURE 4. Field photographs of bedding surfaces with trace fossils in originally soft sediments of the Kirton-
ryggen and Valhallfonna formations, Tremadocian-Darriwilian, Ordovician, adjacent to Hinlopenstretet, Ny 
Friesland, Spitsbergen. A, Upper Spora Member, at Spora River section 62 m; B, Nordporten Member, at 
Profilstranda (PS) section 234 m; C, upper Basissletta Member, at PS section 107 m; D, uppermost Profilbek-
ken Member, at F-promontory section 5 m.
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tively; fig. 7). Toward the top of this interval dark-grey weathering, flint-rich, partly nodular, 
argillaceous dolostones and ribbon dolostone are more common.

At 135 m and 146 m above the base of the Basissletta Member (at 47 and 58 m in PS sec-
tion, respectively), two horizons with low domal stromatolites, intraformational and flat-pebble 
conglomerates, oolites, and erosional surfaces occur. Remarkable are teepee structures in a 
pyrite-rich dolostone (fig. 6C) that are underlain by a flat pebble conglomerate and overlain by 
a dark-weathering, argillaceous, nodular, bioturbated dolostone at ca. 138 m above the base of 
the Basissletta Member (at PS section 50 m). A ca. 0.5 m oolite bed above a massive intra-
formational conglomerate and below a bed of stromatolites at 145 m (at PS section 57 m) serves 
as a good local-marker horizon.

The upper part of the Basissletta Member is partly poorly exposed, covered or fault dis-
turbed along the coast along Profilstranda (fig. 7). The exposed parts can be subdivided into 
three units. The lower ca. 20 m unit is predominantly a yellowish weathering, wavy-bedded, 
bioturbated dolo-mudstone rich in large flint nodules. The nodules are up to 0.4 m in diameter 
and 0.3 m in thickness. The middle ca. 30 m unit is rich in intraclastic and flat-pebble con-
glomerates, erosional surfaces, channels, cross bedding textures and contains predominantly 
light yellowish-grey, burrow-mottled, nodular dolostone and ribbon dolostone. Toward the top 

FIGURE 5. Field photographs of intraclastic horizons of the middle Basissletta Member, Kirtonryggen Forma-
tion, Tremadocian, Ordovician, Spora River (SR) section, Ny Friesland, Spitsbergen. A, intraclastic conglom-
erate over erosional surface, at SR section 142 m; B, oolitic ripple horizon within laminated dolo-mudstone 
at SR section 143 m; C, flat pebble conglomerate, at SR section 147 m; D, flat pebble conglomerate with gutter 
cast and vertically oriented clasts, at SR section 150 m.
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of this middle unit, hardgrounds locally occur on the top of intraclastic, channel-rich dolostone 
beds. The topmost flat-pebble conglomerate of the Basissletta Member occurs at 198 m above 
the base of the member (at PS section 110 m). The uppermost unit of the Basissletta Member 
is a ca. 90 m thick, partly covered alternation of beds of yellowish-grey, argillaceous, wavy-
bedded to nodular, burrow-churned dolo-mudstone, more massive stylolithic burrow-churned 
dolo-wackestone, and tempestitic skeletal-intraclastic dolo-packstone with common trilobite 
hash and gastropods.

Nordporten Member

General: The Nordporten Member, exposed at Profilstranda (fig. 7), is ca. 217 m thick. We 
placed the base of the member at the basal bed of a succession of massive reddish-grey weather-
ing, burrow-churned dolo-mudstone/dolo-wackestone, rich in gastropods and trilobites, which 
forms the northernmost point of a small headland at Profilstranda (79°51′35.1″N/017°40′36.8″E). 
This bed forms the upper transitional part of an alternation of massive dolo-wackestone/dolo-
mudstone and argillaceous mudstone. The transition from the Basissletta Member is gradual into 
a ca. 50 m thick, more massive succession of burrow-mottled dolostone to ribbon-dolostone with 

FIGURE 6. Field photographs of bedding features of the Basissletta Member, Kirtonryggen Formation, 
Tremadocian, Ordovician, Ny Friesland, Spitsbergen. A, laminated dolo-mudstone, at Profilstranda (PS) sec-
tion 5 m; B, argillaceous interval above flat pebble conglomerate bed, at PS section 87–88 m; C, teepee struc-
tures in laminated dolo-mudstone, at PS section 50 m; D, hummocky cross stratification, at PS section 4 m.
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erosional-topped/hardground-based repetitive units. Above this succession another ca. 50 m are 
principally very similar but contain more commonly hardgrounds, prominent grainstone-pack-
stone lithologies, and scattered intraclastic horizons. The upper ca. 120 m of the Nordporten 
Member consist predominantly of monotonous massive grey to brownish burrow-churned, 
cherty dolo-mudstone/dolo-wackestone. Toward the top, the succession gets more massive and 
hardground horizons are more common.

Details: The base of the Nordporten Member is drawn at the base of a ca. 5 m massive dolos-
tone within the upper part of the transitional unit of alternating massive dolostone and nodular- 
to wavy-bedded argillaceous mudstone. At a position of ca. 11 m (PS section 209 m) below a 
prominent erosional surface/hard ground with an underlying 0.2 m oolite. This discontinuity 
surface is the lowest of six similar erosional surfaces (at 20 m, 29 m, 31 m, 34 m, 44 m above 
member base = at PS section 219 m, 227 m, 229 m, 232 m, 242 m, respectively; fig. 8), each of 
them with an erosional relief of less than 0.3 m, that are associated with horizons of intraclastic 
conglomerates and/or oolite beds. On the top of some of these discontinuity surfaces, character-
istic micromud mounds or microbioherms with diameters of ca. 0.3 m and thicknesses of less 
than 0.2 m occur that commonly contain trilobites and gastropods. The microbioherms are 
embedded in a matrix of planar-bedded, greenish-grey, argillaceous mudstone, and form the base 
of the six repetitive units. In each of the units the basal mudstone grades into wavy-bedded to 
nodular, greenish-grey mudstone to ribbon dolostone, and finally into massive, burrow-churned 
dolo- mudstone/ dolo-wackestone. The more argillaceous intervals commonly contain networks 
of unbranched burrows of the Gordia trace fossil type (fig. 4B) and hummocky cross stratification. 
At ca. 56 m above the base of the Nordporten Member (PS section 254 m), a ca. 0.4 m thick 
intraclastic conglomerate bed marks the base of a gradual facies transition towards more massive 
dolostones with common intraclast horizons, grainstone, and packstone layers. At ca. 65 m above 
the base of the member (PS section 263 m), a ca. 1.5 m thick pair of brachiopod-rich (Hespero-

nomia sp.) grain-packstone layers forms a marker horizon, which can be seen as the climax of 
this intraclast-rich succession. The most pronounced erosional surface cuts with a relief of more 
than 1 m into an underlying dolo-packstone/dolo-grainstone lithology at 79 m above the base of 

FIGURE 8. Field photographs of discontinuity surfaces within the Nordporten Member, Kirtonryggen Forma-
tion, Floian, Ordovician, adjacent to Hinlopenstretet, Ny Friesland, Spitsbergen. A, at Profilstranda (PS) sec-
tion 219 m; B, at PS section 277 m.
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the member (PS section 277 m; figs. 7, 8B). The 
uppermost of these discontinuity-capped pack-
stone/grainstone layers occurs at 116 m above the 
base of the Nordporten (PS section 314 m) within 
a ca. 50 m succession very rich in chert nodules. 
The top of a gradual facies change is marked by a 
prominent hardground at 162 m above the base of 
the Nordporten Member (PS section 360 m) lead-
ing to ca. 60 m of very massive, grey-weathering, 
nodular, heavily bioturbated mudstone/wackestone 
lithologies with common discontinuity surfaces and 
hardgrounds that are most densely concentrated 
near the top of the member. The top 3 m of the 
formation are very rich in cephalopods and gradu-
ally change toward darker, more argillaceous mud-
stone lithologies.

Valhallfonna Formation

Olenidsletta Member

General: The Olenidsletta Member comprises 
a succession of dark limestone and black mud-
stone with a transitional lithology at its lower 
boundary. At Profilstranda the thickness of the 
Olenidsletta Member is approximately 160 m (fig. 
9). A precise thickness specification is impossible 
for the Profilstranda section because the upper-
most part is locally covered and the boundary 
interval crops out only a few hundred meters SW 
in the Profilbekken River section. We placed the 
base of the Olenidsletta Member 3 m within the 
cephalopod-rich limestone that marks the transi-
tion interval from the Nordporten to the Olenids-
letta Member (79°51′02.9″N/017°41′24.0″E.). This 
boundary bed marks the top of the underlying 
massive, hardground-rich limestone unit of the 
Nordporten Member and is 6 m below the upper-
most cephalopod occurrence within the transi-

1, after Fortey (1980); 

2, after Lehnert et al. (2013); 

3,  after Cooper and Fortey (1982).
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tional interval. The top of the member is not now exposed at Profilstranda, but at the nearby 
Profilbekken River, where it can be traced in several places across repeating fold sections (see 
below). Lithologically, the Olenidsletta Member can be roughly subdivided into four transi-
tional intervals. The lowermost 5 m are predominantly composed of dark, massive, stylolithic, 
bioturbated lime-mudstone with cephalopod coquina/cephalopod packstone interlayers. The 
overlying ca. 87 m are an alternation of densely laminated, dark lime-mudstone and bitumi-
nous black shale with bedding thicknesses varying between 0.05 m and 0.3 m, which are inter-
mittently rich in graptolites. This shale-rich interval is overlain by a ca. 35 m interval of a more 
carbonaceous limestone/shale alternation with abundant hardgrounds and beds of burrow-
churned to nodular limestone, rich in trilobites, cephalopods, and inarticulate brachiopods. 
The upper ca. 30 m of the member are again dominated by black shale intervals. 

Details: The lower part of the Olenidsletta Member is characterized by a gradual dis-
appearance of bioturbated limestone horizons, an increase of black shale intervals and a 
gradual decrease in abundance of cephalopods and trilobites. A collection made at 1.5 m 
above the base of the member included the trilobites Tropidopyge alveus and Carolinites 

genacinaca nevadensis, confirming that this part of the section is in the lowermost inter-
val of the Olenidsletta Member (V1a of Fortey, 1980). At 11 m, trilobites of the overlying 
V1b interval (Balnibarbi ceryx, Psilocara patagiatum) were found. No cephalopods were 
found in any beds between 5 m to 97 m above the base of the member. A peak in grap-
tolite abundance occurs ca. 70–90 m above the base of the Olenidsletta Member. The 
presence of Balnibarbi pulvurea and Balnibarbi erugata at 73 m and B. pulvurea at 90 m 
above the base of the member indicates that this part of the section is in the V1c interval 
of Fortey (1980). A conspicuous flint layer that serves as a local marker horizon occurs 
at 87 m above the base of the member. A flat conspicuous hardground at 94.4 m above 
the base of the member caps a ca. 1.5 m bioturbated limestone interval with thickening 
up tendency. This hardground marks the onset of a succession of more than a dozen very 
similar repetitive units. Many of these units start with bituminous black shale rich in large 
inarticulate brachiopods, that grade into massive, nodular, bioturbated lime-mudstone 
lithologies containing abundant large trilobites and orthoconic cephalopods. At 99 m 
above the member base, the hard ground marking the top of one of the repetitive units 
is overlain by a thin intraclastic conglomerate. At 119 m, and 126–129 m, the limestone 
contains abundant flint nodules. The bituminous lower sections of the repetitive units are 
especially rich in large inarticulate brachiopods (mostly Ectenoglossa) in the interval 
95–110 m, and 123 m above the base of the member. This interval (V2a of Fortey, 1980) 
is also characterized by the large asaphid trilobite Gog catillus, the lowest occurrence of 
which was found at 103 m above the base of the member. The top layers of the repetitive 
units at 119 m, 121 m, and 128 m are exceptionally rich in cephalopods and trilobites and 
contain horizons with trilobite hash/cephalopod shell packstone. The orthoconic cepha-
lopod shells are current aligned (fig. 10A). We place the boundary between V2a and V2b 
of Fortey (1980) around 123 m above the base of the member (fig. 9) based on the occur-
rence of late-form Bienvillia stikta, late-form Symphysurus arcticus, and Hypermecaspis 



16 AMERICAN MUSEUM NOVITATES NO. 3882

sp. in the interval 123–125 m; this is supported by the occurrence of Ampyx porcus and 
Lyrapyge ebriosus (both V2a) at 120.3 m above the base of the member. The uppermost 
shale-rich part of the member begins above the hard ground at the top of one of the 
repetitive units at 128 m. The boundary between V2 and V3 is transitional (Fortey 1980), 
but we place it no higher than 129 m above the base of the member. In this part of the 
member, the bituminous black shale/limestone is especially rich in large olenid trilobites. 
The upper part of the member consists of repetitive units with thickness of up to 3 m, 
each topped by a massive decimeter-thick limestone bed, which is partly bioturbated and 
capped by a flat hardground. Small orthoconic cephalopods (less than 3 mm in diameter), 
trilobite fragments, and 3D preserved graptolites are common within the top limestone 
layers of each of the units (fig. 10C). 

Although not exposed along Profilstranda, the base of the Profilbekken Member is marked 
by an inarticulate brachiopod-rich phosphatic, skeletal packstone, which represents a thin hori-
zon covering the topmost of these repetitive units. This boundary layer is exposed in Profilbek-
ken and near promontory F in the Olenidsletta area south of Buldrebreen (fig. 1).

FIGURE 10. Field photographs of bedding surfaces of the Valhallfonna Formation, Floian-Darriwilian, Ordo-
vician, Basissletta area, adjacent to Hinlopenstretet, Ny Friesland, Spitsbergen. A, surface with masses of 
fragments of orthoconic cephalopods, current aligned, upper Olenidsletta Member, Profilbekken River (PR) 
section, bed correlates with bed at 128 m at Profilstranda-Olenidsletta Member (PO) section; B, flat 
hardground with small borings and ophiletid gastropod, Olenidsletta Member, at PO section 90 m; C, bedding 
surfaces with masses of minute orthoconic cephalopods and trilobite hash, uppermost Olenidsletta Member, 
PR section; D, endocerid cephalopod with microbial overgrowth on iron (limonitic) stained hardground in 
Profilbekken Member, at PR section 0 m.
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Profilbekken Member

General: The thickness and the lithology of the Profilbekken 
Member vary across the outcrop area. The complete section of 
the Profilbekken Member exposed along the F-promontory melt 
stream (section FP; fig. 11) is ca.157 m thick. The member is 
also well exposed at Profilbekken River, but difficult to mea-
sure, because of faulting and folding of the beds. A part of the 
middle Profilbekken Member could be measured at Profilbek-
ken River, but the correlation is problematic because of the lack 
of common distinct marker beds (fig. 12). At the FP section the 
Profilbekken Member largely consists of an alternation of well-
bedded, slightly silicified, yellowish-grey, banded lime-mud-
stone (fig. 13A) and wavy-bedded, bioturbated to nodular grey 
lime-mudstone, with a few prominent hardground horizons and 
more argillaceous greenish-grey intervals. In contrast, the sec-
tion at Profilbekken River is divided into distinct silty-glauco-
nitic beds and horizons dominated by intraclastic-skeletal 
grainstone and packstone lithologies. The upper boundary of 
the member is exposed only in the southern outcrop area, and 
at section FP it is drawn at the base of the gray-green siltstone-
shale unit that caps the massive limestone of the top Profilbek-
ken Member. The upper ca. 10 m of the Profilbekken Member 
are composed of a massive, light grey weathering, bioturbated 
lime-mudstone/lime-wackestone with abundant hardgrounds 
and omission surfaces. The top of the limestone succession is 
formed by a prominent hardground and/or erosional surface 
with a ca. 0.1 m relief. A greenish bed of siltstone-marl, rich in 
orthid brachiopods and pelmatozoan debris overlies this top 
hardground with an exposed thickness of 4 m and forms the 
youngest of the beds of the Valhallfonna Formation.

Details: The base of the member is a thin (few centimeters) 
skeletal packstone layer, rich in inarticulate brachiopod (obol-
ids) shell hash and trilobite cuticle fragments (Fortey and Bru-
ton, 1973). The horizon has been found at section FP and in 
several places along the Profilbekken River, where it was impos-
sible to reconstruct a coherent profile. At Profilbekken River it 
is evident that similar more or less phosphate-rich, thin, skeletal 
packstone beds exist in the top few meters of the Olenidsletta 
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FIGURE 11. F-promontory (FP) section, Profilbekken Member, Valhallfonna Formation, Dapingian–Darriwil-
ian, Ordovician, adjacent to Hinlopenstretet, Ny Friesland, Spitsbergen. Note that the thickness measure in 
meters counts downward. For explanation of symbols see figure 2.
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Member. These beds contain trilobite hash, brachiopod-
shell hash and small orthoconic cephalopods in a varying 
amount and are representative of the termination of indi-
vidual meter scale repetitive units with thickening-up lime-
stones at the top of the Olenidsletta Member (fig. 10C). At 
section FP (figure section FP; fig. 11), no such phosphate-
rich horizon exists above the base of the Profilbekken 
Member, but the dark, partly bituminous argillaceous-silty, 
laminated lime-mudstone, characteristic of the upper Ole-
nidsletta Member continues for ca. 3 m until it grades into 
a 21 m succession of well-bedded, grey lime-mudstone that 
is partly silicified and during weathering forms character-
istic yellowish-grey bands. Hardgrounds and discontinuity 
surfaces occur in some places in this banded limestone. A 
prominent hardground 11 m above the base of the member 
contains abundant large orthoconic endocerid cephalopods 
and trilobite hash. The particular limestone below the 
hardground is well bioturbated and irregularly bedded; 
directly above the hardground a thin intraclastic conglom-
erate occurs. A similar prominent hardground horizon 

occurs at 33 m above the member base. The monotonous alternation of banded silicified 
limestone and wavy-bedded bioturbated limestone at section FP is interrupted only by two 
more-argillaceous, greenish-weathering, partly flint, nodule-rich beds with transitional 
boundaries at 52–53 m and at 78–79 m from the base. It is questionable whether and how 
these two argillaceous limestone beds relate to the distinct glauconite intervals that occur 
at Profilbekken River. 

At Profilbekken River the lithology is much more variable in the middle part of the 
member with two prominent glauconite intervals that serve as local marker horizons (fig. 
12). The upper glauconite interval consists of three distinct up to 1.5 m glauconite-siltstone 
beds at 24 m, 29 m, and 31 m (fig. 13B). Each of the glauconite beds caps a prominent bored 
hardground on top of the respective underlying bioturbated massive limestone. The lower 
glauconite interval at 4 m is comprised of a succession of 4–5 glauconite silt beds, each with 
a thickness of ca. 0.1 m. The hardgrounds of the lower glauconite interval differ from those 
in the upper interval in being strongly iron stained (fig. 13B). Generally the lower glauconite 
interval appears to be very rich in dispersed pyrite. The lower glauconite interval also differs 
from the upper interval in containing abundant large orthoconic endocerid cephalopods, 
trilobites, gastropods (fig. 10D). Large monaxon sponge spicules and orthid brachiopods are 
common in the limestone beds between the two glauconite intervals. Crinoid ossicles are 
abundant throughout the measured Profilbekken section, but clearly increase in abundance 
toward the top, where several up to 2 m algal-pelmatozoan grainstone beds form the top of 
individual hardground-capped repetitive units.
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FIGURE 12. Profilbekken River 
(PR) section, Profilbekken Mem-
ber, Valhallfonna Formation, 
Dapingian–Darriwilian, Ordovi-
cian, adjacent to Hinlopenstretet, 
Ny Friesland, Spitsbergen. Sym-
bols: a = algae; Y = spiculae; for 
other symbols see figure 2.
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STRATIGRAPHICAL SUBDIVISION AND CORRELATION

Problems in Lithostratigraphic Subdivision

The lithostratigraphic subdivision of the sections described herein is based on units 
established by Gobbet and Wilson (1960), Harland et al. (1966), and Vallance and Fortey 
(1968). The formations and members are adopted without changes from Fortey and Bruton 
(1973). This is common practice in all publications about the Hinlopen Strait sections since 
the 1970s. Nonetheless, the thickness estimates given in the some of these publications vary 
dramatically. The most extreme differences exist between measurements of Kosteva and 
Teben’kov (2006) and Lehnert et al. (2013) with total thicknesses of the Kirtonryggen and 
Valhallfonna formations of 722 m and 1055 m, respectively. Our own measurement with 843 
m is nearly 100 m more than the thickness given in Fortey and Bruton (1973).

FIGURE 13. Field photographs of features of the Profilbekken Member, Valhallfonna Formation, Dapingian–
Darriwilian, Ordovician, adjacent to Hinlopenstretet, Ny Friesland, Spitsbergen. A, typical banded, silicified, 
lime-mudstone of the Profilbekken Member, at PR section ca. 10 m; B, iron (limonitic) stained hardground 
with prominent vertical borings, at PR section 0 m; C, upper glauconite bed, at PR section 32 m.
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The reason for these differences must not be sought for in dissenting practices of placing 
boundaries of the two formations because these two boundaries are unmistakably defined by Fortey 
and Bruton (1973). Instead, we assume that most of the discrepancies result from differences in the 
combination of sections from either the northern Profilbekken or the southern Olenidsletta outcrop 
area and/or from differences in ice conditions. During the 1971 expedition David Bruton recorded 
much ice in the sections and ice was also present in the sections during the 1967 expedition (D. 
Bruton, personal commun.). This is in contrast to our 2016 expedition with complete ice- and snow-
free conditions. Our combined section of the Profilbekken and Olenidsletta area is based on the 
combination of one more or less continuous outcrop in the northern area that starts at the Spora 
River in the north and continues south along the shore of the Profilbekken and a second one along 
the F-promontory melt stream in the southernmost part of the outcrop area. We did not find any 
major fault-related repetition or gap in these outcrops. But an additional short section of the Pro-
filbekken Member along the Profilbekken River illustrates the existence of significant lateral facies 
changes between the northern and the southern outcrop area in the Profilbekken Member with 
greatly reduced thickness in the northern outcrop area (fig. 14). The opposite trend seems to exist 
within the Olenidsletta Member: we measured a thickness of ca. 160 m in the northern area whereas 
Fortey and Bruton (1973) report a total thickness of 145 m based on measurements in the type area 
in the southern outcrop. We also found slightly different thicknesses than Fortey and Bruton (1973). 
Our data of the Olenidsletta Member are in general agreement with the biostratigraphy summarized 
at the end of the volume by Fortey (1980) in a pull-out chart that lists all trilobite species. The 
Olenidsletta Member trilobite range zones V1 and V2 are reported to have a thickness of 77 m and 
29 m, respectively, in Fortey (1980), measured at the Olenidsletta type section. These correspond to 
our thicknesses of 95 m and 34 m measured at Profilstranda (fig. 9). 

It continues to be impossible to create a combined section exclusively from either the northern 
or southern outcrop area. Hence, any combined section of the Hinlopen Strait Ordovician reflects 
an individual synthesis across a relatively large area with significant facies and thickness changes.

Additionally, it can be expected that discrepancies in the individual attempts to correlate 
between the sections led to differences in the composite log; for example, the largest difference 
between our measurement and that of Fortey and Bruton (1973) is within the Basissletta Member. 
We measured a total thickness of 289 m for the Basissletta Member whereas Fortey and Bruton 
(1973) measured 250 m at the same section. This difference is best explained by improved outcrop 
conditions since the 1970s due to less ice and snow coverage. In our section the Basissletta Member 
contains two intervals with stromatolites; one crops out at ca. 60–90 m above the base of the mem-
ber within the Spora River and another at ca. 140–150 m above the base along the Profilbekken 
shoreline. The Fortey and Bruton (1973) section contains only our lower stromatolite interval. But 
the Profilbekken shoreline, which was easily accessible to us, was difficult to access 44 years ago 
(Fortey and Bruton, 1973: 2232). We did not find any signs of a major tectonic repetition of the 
section and are confident that the Basissletta Member contains two stromatolite-rich intervals. In 
our opinion the discrepancy of ca. 40 m between the two measurements results from a missing 
middle part of the Basissletta Member in the Fortey and Bruton (1973) section.

A third source of discrepancies is the sometimes ambiguous placing of the member boundaries 
in section intervals with gradual lithology changes. The original description in Fortey and Bruton 
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(1973) is explicit, but did not prevent permissive reinterpretation by some authors. The base of the 
Nordporten Member, e.g., is defined as “a 10 m-thick, massive, fossiliferous gray limestone forming 
a small headland 2 km to the north of the Profilbekken” (Fortey and Bruton, 1973: 2232). But it 
appears that Lehnert et al. (2013) placed their Nordporten Member base at a position ca. 80 m lower 
in the section at a place some 100 m toward the north of this small headland.

It is important to have these discrepancies in mind when comparing individual fossil occur-
rences or lithologies from the different published composite sections. These discrepancies and dif-
fering practices in logging also set important constraints for high-resolution biostratigraphic and 
chronostratigraphic correlations.

Problems in Biostratigraphy and Correlation with Chronostratigraphy

The biostratigraphy of the Kirtonryggen and Valhallfonna formations is primarily based on 
trilobites, and was first established in great detail within the Valhallfonna Formation with nine suc-
cessive trilobite faunal (or assemblage) zones (Fortey, 1980). The list of trilobite faunal zones was 
completed for the Kirtonryggen Formation by Fortey and Bruton (2013). The conodont stratigraphy 
is based on Fortey and Barnes (1977), Lehnert et al. (2013), and a few samples discussed in Fortey 
and Bruton (2013). A graptolite-based stratigraphy was published only for the Olenidsletta Member 
(Archer and Fortey, 1974; Cooper and Fortey, 1982). 

Conflicting biostratigraphic data occur partly within the Kirtonryggen Formation. The Spora 
Member contains trilobites that have been correlated with the Laurentian Leiostegium-Tesselecauda 

trilobite zones of Ross et al. (1997), Stairsian Regional Stage, by Fortey and Bruton (2013). In con-
trast, the only productive conodont sample from the Spora Member, comes from the very top of 
the member and contains a fauna of the Laurentian Rossodus manitouensis conodont zone, Skull-
rockian-Stairsian regional stages (Lehnert et al., 2013). Currently no additional fossil data are avail-
able to further constrain the age of the Spora Member.

The biostratigraphy of the Basissletta Member is problematic, because the fossils are rare and 
endemic. Trilobites collected at the base of the lower stromatolite interval (ca. 60 m above the base 
of the Basissletta Member) and in fossil-poor dolo-mudstones ca. 104 m above the base of the 
Basissletta Member are interpreted to represent an interval that is not deposited elsewhere on Lau-
rentia (Fortey and Bruton, 2013). Conodonts recovered from the top of the lowermost stromatolite 
interval ± 90 m above the base of the member contain the index taxon of the Macerodus dianae 

conodont zone (sample BS122 of Lehnert et al., 2013). A sample from the topmost Basissletta Mem-
ber contains conodonts indicative of the Laurentian Oepikodus communis conodont zone (Fortey 
and Bruton, 2013: 9–10) and trilobites in the uppermost Basissletta–lowermost Nordporten Mem-
ber can be correlated with the Laurentian Benthamaspis rochmotis–Petigurus cullisoni trilobite zones 
interval (Fortey and Bruton, 2013: 14), which in turn correlates with the lower part of the Oepikodus 

communis conodont zone. Hence, the base of the Floian Stage can be expected within the upper 
part of, but not at the top of, the Basissletta Member.

The biostratigraphy of the Nordporten to lower Profilbekken members is well resolved and the 
trilobite, graptolite, and conodont data are consistent. But few data are available for the Profilbekken 
Member. Conodonts collected from a bed between the two main glauconite horizons at Profilbek-
ken River indicate a stratigraphic position within the Paroistodus originalis–Baltoniodus norrlandicus 
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conodont zones and within the Isograptus victoriae maximodivergens–Levisograptus graptolite zones 
(sample BS66 of Lehnert et al., 2013) near the Dapingian-Darriwilian stage boundary. The trilobites 
above a level of ca. 30 m in the Profilbekken Member section of Fortey and Bruton (1973) are 
considered to be correlative with the Whiterockian Orthidiella trilobite zone of Laurentia, but this 
level could not be located with confidence in our sections, and it is questionable whether it is below 
BS66 of Lehnert et al. (2013) at the position near the lowermost glauconitic horizons.

This short overview reveals that large intervals of the Kirtonryggen and Valhallfonna formations 
need a better biostratigraphic resolution, but with the current data the possibilities are limited. A 
higher biostratigraphic resolution of the sections is also crucial for a reliable interregional correlation 
of the depositional sequences of the Hinlopen sections.

Sequence Stratigraphy

The succession of the Kirtonryggen and Valhallfonna formations is in several aspects very 
similar to time-equivalent carbonate successions of the eastern paleomargin of Laurentia, and can 
be directly compared with the Early to early Middle Ordovician carbonates of the central Appala-
chian Basin (compare Pope and Read, 1998; Brezinski et al., 2012) and of western Newfoundland 
(compare Pratt and James, 1986, Knight and James, 1987; Knight et al., 2007). The Kirtonryggen 
Formation is mainly composed of fossiliferous bioturbated mud-wackestone, ribbon carbonate, 
intraclastic (predominately flat-pebble) conglomerate, grainstone and oolite, and microbial laminite. 
These lithologies form units that shallow up in parasequences on a scale of meters to tens of meters.

In comparison, the Lower Ordovician part of the Knox Group of the central Appalachians 
consists of a number of third-order depositional sequences that are composed of dozens of meter-
scale shallowing-upward peritidal parasequences with common flat-pebble conglomerates and 
oolites at their base, low domal stromatolites in their middle parts, and cryptal laminites at their 
top. The deeper depositional settings of this part of the Knox Group consists of subtidal ribbon 
carbonates and more massive microbial bioherms (Pope and Read, 1998). On western Newfound-
land the Lower Ordovician part of the St. George Group consists of peritidal carbonates that range 
from supratidal cryptalgal laminates, intertidal ribbon carbonates, and stromatolites to deeper sub-
tidal thrombolite mounds and fossiliferous wackestone (Pratt and James, 1986).

This general similarity of the carbonate successions of eastern Laurentia, including those of 
Spitsbergen, is even more compelling when considering their general change in sedimentation style 
toward the Middle and Late Ordovician. The uppermost parts of the Nordporten Member and 
Olenidsletta Member record a substantial rise in sea level accompanied by a change of the lithology 
toward dark, bituminous mud-wackestone and shale lithologies. At the top of the Olenidsletta 
Member and within the Profilbekken Member the sea level returned to levels comparable to that of 
the Nordporten Member, but the lithology does not return to a Kirtonryggen facies. Instead the 
Profilbekken lithologies are dominated by massive mud-wackestone, partly rich in dispersed silica 
and/or chert, skeletal pack-grainstone (rich in pelmatozoan ossicles and algal fragments), shale-
siltstone, and glauconite-rich beds. In the Profilbekken Member, the limestone forms parasequences 
with thicknesses of a few to tens of meters with shale-siltstone beds at their bases, mud-wackestone 
beds as main parts, and partly skeletal grain-packstone layers at their top. The parasequences are 
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capped by prominent hardgrounds, which are heavily bored on, and may be phosphate or iron 
encrusted. With the exception of the glauconite beds, this facies is very similar to the High Bridge 
and St. Paul Group of Kentucky and Virginia (Pope and Read, 1998). This Early to Late Ordovician 
facies change across eastern Laurentia has been interpreted as reflecting major climatic change dur-
ing the Ordovician (Pope and Read, 1998; Pope and Steffen, 2003).

Despite this general similarity in facies pattern it is difficult to correlate individual depositional 
sequences of the Kirtonryggen and Valhallfonna formations with that other regions of Laurentia. Five 
third-order depositional sequences can be distinguished within the Kirtonryggen and Valhallfonna 
formations (fig. 14). Generally, the five sequences can be interpreted as part of the Laurentian Sauk 
IIIB Supersequence (Morgan, 2012), which is sandwiched above the prominent basal Tremadocian 
Stonehenge transgression (Taylor et al. 1992) and below the Darriwilian base of the Tippecanoe 
Supersequence. The exact stratigraphic range of the hiatus at the base of the Kirtonryggen Formation 

485.4

470.0

Tr1

my

Oneotus costatus 
Acodus deltatus/ 

Oepikodus communis 

Histiodella altifrons

Periodon flabellum/

Tripodus laevis

Fort Cassin

Formation

Tribes Hill Fm.

LO
W

E
R

 O
R

D
O

V
IC

IA
N

M
ID

D
L

E
 O

R
D

.

Trema-

docian

Floian

Dap-
ingian

Providence 

Island Fm.

Conodonts

North America
New York/
VermontS

ta
g

e
S

lic
e

1

Stage

477.7

467.3

Darri-
wilian

Cordylodus angulatus

Iapetognatus fluctivagus

Reutterodus andinus 

Histiodella sinuosa

Histiodella holodentata

Rochdale Fm.Rochdale Fm.Tr2Tr2

Tr3

Fl1

Fl2

Fl3

Dp1Dp1

Dp2

Dp3

Dw1

Dw2
Phragmodus polonicus

Macerodus dianae Macerodus dianae 
Rossodus manitouensis Rossodus manitouensis 

Western
New-

foundland

Watts Bight 

Fm.2

C
a

to
ch

e
 F

m
.

Laignet Point
 Mbr.

Aguathuna Fm.

Table Head 

Group

Boat 

Harbour

 Fm.

Boat 

Harbour

 Fm.

Ny Friesland
Svalbard

?

Basissletta

Mbr.K
ir

to
n

ry
g

g
e

n
 F

m
. Nordporten

Mbr.

V
a

lh
a

ll
fo

n
n

a
 F

m
.

Olenidsletta

Mbr.

Profilbekken

Mbr.

?

E
p

o
ch

1 Stage slices of Bergström et al. (2009); 2 range according to Boyce et al. (2011).

FIGURE 15. Correlation of of the Ordovician adjacent to Hinlopenstretet, Ny Friesland, Spitsbergen with 
selected successions of eastern Laurentia (eastern United States and Canada). Based on Cooper et al. (2012); 
Landing et al. (2011), and Lavoie et al. (2012).



2017 KRÖGER ET AL.: ORDOVICIAN SUCCESSION, HINLOPENSTRETET 25

is not known, and the onset of sedimentation of the Spora Member was either during the latest 
Skullrockian or during the earliest Stairsian regional stages (see above). But it is clear that the fossil-
rich bioturbated dolostone of the Spora Member represents a deep setting that is not represented 
again until the upper part of the Basissletta Member. The interval between the Spora Member and 
the upper Basissletta Member contains two major shallowing events, both of which are Stairsian in 
age. Therefore, the Spora Member most likely represents the late part of the Stonehenge transgression, 
and the two successive lowstand intervals within the Basissletta Member can be interpreted as equiva-
lents of the widespread Laurentian early Stairsian unconformity (e.g., top Stonehenge Formation, 
central Appalachians; base Boat Harbor Formation, western Newfoundland; base Rochdale Forma-
tion, New York; Tule Valley lowstand, Utah; see Morgan, 2012), and late Stairsian unconformity (e.g., 
Rochdale/Fort Cassin formations unconformity, New York; Boat Harbor unconformity, western 
Newfoundland; see Morgan, 2012), respectively. Consequently, our sequence I would be roughly 
equivalent with the upper part of the lower Boat Harbour Formation in western Newfoundland, and 
our sequence II would be partly equivalent with the middle Boat Harbor Formation in western 
Newfoundland and the Rochdale Formation in New York (fig. 15). This correlation is consistent with 
the biostratigraphic data of the Basissletta Formation (Fortey and Bruton, 2013; Lehnert et al., 2013). 
A detailed correlation of the overlying sequence III is not possible with the available data, but the 
massive deepening at the topmost Nordporten Member/basal Olenidsletta Member can be confined 
with some confidence to a prominent early Floian Laurentian transgression around the O. 

communis/O. evae conodont zone boundary (e.g., Laignet Point Member, western Newfoundland; 
Fort Cassin Formation, New York; evae-transgression, northeast Greenland; see Morgan, 2012). The 
massive sea level drop at the lower Profilbekken Member is in accordance with the “basal widespread 
Whiterockian regression” and a succession of unconformities at the Floian/Dapingian boundary 
ultimately mark the top of the Laurentian SAUK supersequence (Morgan, 2012).

CONCLUSIONS

The Kirtonryggen and Valhallfonna formations comprise 843 m of mostly carbonaceous 
Early to early Middle Ordovician sediments. The sedimentary succession is in several aspects 
very similar to other successions of eastern Laurentia; its Tremadocian and early Floian part is 
composed of predominantly peritidal dolostones and limestones characterized by ribbon car-
bonates, intraclastic conglomerates, microbial laminites, and stromatolites, and its late Floian 
to Darriwilian part is composed of fossil-rich, bioturbated, cherty mud-wackestone, skeletal 
grainstone and shale, with local siltstone and glauconitic horizons. The succession would be 
consistent with a general trend of Early to Middle Ordovician climate cooling.

Lateral facies differentiation complicates the local correlation of the upper Valhallfonna For-
mation, especially in the absence of a high-resolution biostratigraphy on this part of the succes-
sion. The biostratigraphic resolution of the Kirtonryggen and Valhallfonna formations greatly 
varies, depending on the position within the succession. The more restricted, shallow peritidal 
carbonates of the Basissletta Member contain a sparse and endemic assemblage, which cannot be 
directly correlated with other Laurentian areas. A comparatively high-resolved biostratigraphy is 
possible within the graptolite rich shales and mud-limestones of the Olenidsletta Member.
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Within the Kirtonryggen and Valhallfonna formations, five third-order depositional 
sequences can be subdivided, and are interpreted as representing the SAUK IIIB Supersequence 
known from elsewhere on the Laurentian platform. A detailed correlation of the individual 
third-order sequences is currently difficult because of limited biostratigraphic control, but the 
available data suggest that especially the Stairsian and Middle Ordovician lowstand intervals 
are much more complete than in other Laurentian sections.
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