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Abstract 
 
Diversity and Evolution of Silurian Radiolarians 
Martin Tetard 
 
The three approaches followed herein aim to improve our understanding of the paleobiodiversity and 
evolution of Silurian radiolarians. The first approach provides an exhaustive taxonomic description of 
an entirely new radiolarian fauna recovered from two sections of the Cape Phillips Formation in the 
Canadian Arctic which accumulated in two different paleoenvironmental settings. The samples are dated 
by graptolites of the Gorstian Lobograptus progenitor Zone. The obtained radiolarian fauna includes 28 
species, of which 3 are new, and exhibits some of the best preserved Silurian radiolarians known so far. 
The stratigraphic range of several species was also extended. Then, in a second approach, a CT-Scan 
3D reconstruction of a specimen of Gyrosphaera cavea was conducted in order to resolve significant 
internal structure taxonomic issues. Higher level radiolarian classification is based on internal structures, 
and classical methods of observing these features repeatedly failed to uncover them. The 3D imaging 
revealed a «double» coiling of the specimen that has proved useful in understanding how it grew. 
Eventually, the third approach is a completion of published taxonomic works in the Silurian with the 
aim of providing diversity trends through analyses of these radiolarian occurrences. A biotic crisis can 
be observed in the Homerian, exhibiting both high extinction and low origination rates, and may be 
linked with enhanced marine productivity. 
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Populärvetenskaplig sammanfattning 
 
Diversitet och evolution hos siluriska radiolarier 
Martin Tetard 
 
De tre projekten som utvecklas här har som mål att fokusera på trender inom evolutionen och 
mångfalden av en grupp planktoniska mikroorganismer från Silur (från -443 till -419 Ma). I ett första 
projekt beskrivs en helt ny fauna radiolarier som hittats i två lokaliteter på de kanadensiska arktiska 
öarna, och som har deponerats i olika miljöförhållanden under Silur. Detta material daterades med hjälp 
av graptoliter, en grupp utdöda svalgsträngsdjur som är mycket användbara för paleozoiska dateringar, 
till en ålder överensstämmande med Gorstian (-427 till -425 Ma). Denna kanadensisk-arktiska fauna av 
radiolarier består av 28 arter (varav 3 är nya) och uppvisar några av de bäst bevarade fossilerna från 
Silur överhuvudtaget. Den stratigrafiska bredden, vilket är livstiden, av flera arter har också förlängts. 
Därefter, i ett andra projekt, skapades en 3D-rekonstruktion av ett exemplar av Gyrosphaera cavea med 
hjälp av mikrotomografi för att observera och beskriva komplexa interna strukturer. Faktum är att 
klassificeringen av Radiolaria består till stor del av analysen och beskrivningen av dessa interna 
strukturer och många klassiska metoder som har använts för att observera dem, såsom med hjälp av 
svepelektronmikroskop, har misslyckats konsekvent. 3D-avbildningen visade en komplex dubbel-
rullande av strukturen i exemplaret, som har visat sig vara användbart i sökandet för att förstå dennes 
utveckling. Det tredje projektet är slutförandet av en samling av samtliga publicerade arbeten rörande 
radiolarier från Silur med syfte att klargöra trender inom diversitet för hela perioden genom analyser av 
förekomsten av dessa radiolarier. Ett utdöende kan observeras under Homerian (-430 till -427 Ma), som 
troligen orsakades av frekventa utdöenden och en låg artbildningshastighet. 
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1. Introduction

Since their appearance in the lower Cambrian (Pouille et al., 2011), Polycystine radiolarians

diversified during the entire Phanerozoic (De Wever et al., 2001); they thus have the potential to give

us some insights for the plankton response to paleoclimatic and biogeochemical changes that took

place since the early Paleozoic (Tetard et al., 2014a). Thanks to their preservation in silica,

radiolarians allow us to understand the evolution and biodiversity trends of paleozoic plankton, in

environments where carbonate species are rare. The Silurian period has usually been considered for a

long time as a relatively stable period of the Phanerozoic both in terms of environmental and biotic

changes (Calner, 2008). The traditional view for the Silurian is that of a warm period in Earth history,

showing faunas gradually recovering from the Hirnantian glaciation and associated extinction.

However, recent studies have shown that it is likely that icehouse climate conditions lasted well into

the lower Silurian (Munnecke et al., 2003, 2010). Moreover, the Silurian marine biodiversity

underwent many changes, affecting numerous groups such as the graptolites, acritarchs, conodonts,

and chitinozoans. But very few is known about the radiolarian paleobiodiversity dynamics. Numerous

studies have been recently interested in the Cambrian and Ordovician radiolarian record, which are

indeed periods of much interest for the diversification of plankton, but no recent study has focused on

Silurian radiolarian diversity trends so far.

Three approaches developed herein contribute to an improved record and diversity analysis of

Silurian radiolarians. The first one focuses on the study of two very well-preserved Canadian Arctic

assemblages of Gorstian age, a neglected interval which has hardly been studied before, and for which

we have practically no information on radiolarians. The description and comparison of these

assemblages, located in either a proximal shelf setting or in a basinal position, and the taxonomic

revision of incorrectly described taxa are also discussed. This study will present a description and

comparison of two assemblages from the Canadian Arctic, as well as a taxonomic reassessment of

several species of Inaniguttidae. A second approach presents a non-destructive method of studying the

internal structure of radiolarians of much interest for taxonomic studies; image analysis based on CT-

Scan data will provide, in the long run, a reliable tool for the systematic study of spherical Silurian

radiolarians, difficult to be understood only from their external characters. The cross section can be of

importance in study of radiolarians, such as species of the Gyrosphaera genus of which the description

of the arrangement of the internal layers depends on the section (i.e. concentric or spiraliform).

Finally, a compilation of all radiolarian data published for the Silurian was created; their

macroevolutionary analysis in terms of speciation or extinction events, as well as other proxies of

paleobiodiversity dynamics, are studied in a third approach.
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1.1. Aim

This report attempts to improve our current understanding of Silurian radiolarian biodiversity and to

explore their evolution through three different approaches. The first one focuses on the study of a new

radiolarian fauna of great significance, recovered from Canadian Arctic samples of the Cape Phillips

Formation, Nunavut, Canada. These samples, collected by Prof. Paula Noble, are relevant for two

main reasons: first, their stratigraphic position is well-calibrated based on abundant graptolites of the

Canadian Arctic Gorstian Lobograptus progenitor biozone. This interval is a very poorly studied part

of the upper Silurian (Furutani, 1990; Amon et al., 1995); however, its study is essential to understand

the radiolarian biotic response of faunal recovery succeeding the lundgreni Homerian extinction event.

Moreover, the Canadian Arctic assemblages described herein show that the inaniguttid classification

established by Nazarov & Ormiston (1993) require a sharp revision as they contain numerous

transitional forms of species of Inanihella. The second principal reason of interest of this study lies

with the possibility to conduct radiolarian faunal comparisons preserved in sediments which

accumulated in two distinct paleoenvironmental settings of a continental margin, namely one at a

basinal position, rich in graptolites, and another from an inner position of a carbonate platform, with

conodonts, scolecodonts, and chitinozoans. This comparison was made in order to examine whether

there are lateral faunal variations linked possibly with environmental factors.

Silurian radiolarian species can exhibit a highly complex skeleton such as species

Gyrosphaera cavea described in 2006 by Jones & Noble, which can bias diversity analyses by

taxonomic concepts and accurate estimate of species richness. Following a second approach, and in

order to try reviewing the systematic description of this species, I decided to test the new

Computerized Tomography Scanner recently installed in the University of Lille 1 and understand how

this technology can be useful in studying radiolarians. Indeed, the relevance of the whole genus is still

debated even thought it was synonymized with Haplotaeniatum (MacDonald, 2006a), and new

methods were needed in order to observe and describe internal structures, hardly visible in SEM

images or in thin sections, and thus largely presumed (e.g. Haplotaeniatum's spicule in Umeda &

Suzuki, 2005). This microtomograph method is very interesting to freely manipulate and observe its

3D reconstruction and especially to potentially create any virtual slicing in order to get a better

understanding of any structure, no matter how complex it is. In addition, this method being non-

destructive and non-invasive (Monnet et al., 2009), the entire specimen can be recovered for further

analyses.

After having described a new fauna enriching the occurrence data for Silurian radiolarians,

and tested a new method for reducing biases in diversity, a last approach focused on producing and

describing a long term signal of changes that took place in Silurian radiolarian communities. This

study is based on biodiversity curves; it is supported by the calculation of several indices, such as the
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origination, extinction, cross-over, and turnover rates, so as to get a better understanding of the

underlying biotic changes influencing this diversity and evolutionary dynamics. This analysis also

aims to understand the planktic response to oceanic and climatic changes that took place during the

Silurian and to identify global environmental factors responsible for radiolarian extinctions.

1.2. State of the art

Radiolarians are nowadays considered to be very useful micro-organisms for biostratigraphic studies.

Even though they are relatively poorly studied for the Silurian period, several studies established and

attempted to improve a Silurian radiolarian global biozonation (e.g. Nazarov & Ormiston, 1993; Noble

& Aitchison, 2000; MacDonald, 2006b). They have a significant potential for global correlations as

the worldwide distribution of Silurian radiolarians was demonstrated in recent papers (Noble &

Aitchison, 2000; Jones & Noble, 2006; Tetard et al., 2014a). However, Silurian radiolarian

biostratigraphy is still in its infancy as several time intervals lack data or existing data are based on

relatively old studies in need of revision. Canadian Arctic is probably the best area for studying

Silurian radiolarians as sedimentary successions in the area contain abundant specimens with

exceptional preservation considering their age (Goodbody, 1986; Renz, 1988; MacDonald, 1998,

2004, 2006a; Jones & Noble, 2006; Noble & Lenz, 2007). However, the Homerian and Gorstian parts

have never been studied in detail yet. 

X-ray microtomography is a method used to describe microfossils (Görög et al., 2012) as well

as other micrometric objects at very high resolution (Monnet et al., 2009). External and internal

structures can be observed through radiographies and orthoslices (Monnet et al., 2009), however, the

main advantage of this method is the direct and free seizing of 3-dimensional reconstructions of the

internal framework (Monnet et al., 2009; Görög et al., 2012). In this way, by using the computer

processing of acquired data, it is easy to move the view through the reconstructed specimen so as to

see and describe accurately every part, no matter how small, of its internal framework. The advantage

is high compared to a single SEM image that only shows a single external view of the specimen. This

approach is new concerning the description of radiolarian internal features. 

Eventually, few works so far have studied radiolarian diversity trends through geological time,

but have mainly focused on particular time intervals such as the Permian / Triassic, or the Cretaceous /

Tertiary boundary mass extinctions, or the middle Jurassic to lower Cretaceous interval of the Tethys

ocean (Danelian & Johnson, 2001; De Wever et al., 2003). Consequently, I decided to focus on the

entire Silurian, which had never been investigated before with respect to the radiolarian

paleobiodiversity dynamics. This period had been thought for a long time to be relatively «calm», with

marine communities progressively recovering from the Hirnantian mass extinction (Calner, 2008;

Munnecke et al., 2010). However, recent studies suggest that the Silurian also records numerous biotic

3



events highly comparable to major extinctions (Calner, 2008; Munnecke et al., 2010), affecting well-

established groups, with different modes of life: benthic (brachiopods, trilobites), nektonic

(conodonts), and planktic (acritarchs, graptolites), and thus, radiolarian communities.

1.3. Geological and stratigraphic background

The Franklinian Basin represents an euxinic deep water province located near an equatorial position

during the lower Paleozoic. The Cape Phillips Formation was deposited during a rapid trangressive

event linked with a subsidence pulse of part of the Franklinian shelf (Noble et al., 2012). This

formation is a calcareous, shaly stratigraphic unit containing abundant graptolites. It is composed of

three members (A, B, and C), ranging from the Upper Ordovician to the Lower Devonian. My samples

come from Member C, which is upper Llandovery to Lower Devonian in age. Sediments accumulated

on the platform consist of argillaceous lime siltstone and mudstone, as well as calcareous shale, while

silty and dolomitic rocks containing calcareous concretions accumulated in a basinal setting (Lenz,

1990; Lenz & Melchin, 1991; Noble et al., 2012).

The Cape Phillips Formation crops out in numerous localities of the Canadian Arctic (Jones &

Noble, 2006), such as the Cornwallis Island (Snowblind Creek, Rookery Creek, Cape Manning,

Abbott River and Cape Phillips), Bathurst Island (Twilight Creek, Grant Point), Devon and Baillie

Hamilton Islands (Fig .1). Basinal facies crops out in the northwest, while the corresponding platform

facies occurs eastwards (Fig. 1). Snowblind Creek is located on Cornwallis Island (Fig. 1) and displays

a carbonate platform facies, which accumulated in a shallower shelf environment by comparison with

the Twilight Creek section. The Snowblind Creek section crops out along a small stream cut along a

tributary; it exposes 20 m of calcareous shale to shaley limestone lithologies with concretions (Noble,

personal commun.), and is Gorstian in age (member C). The Twilight Creek section on the other hand,

is located on Bathurst Island (N76°11'36'' / W99°10'58'') and shows a basinal and graptolitic facies

reflecting an open marine environment (Noble et al., 2005). This section is located 100 km westward

of the shelf break separating the basinal from the platform facies (Fig. 1). Abundant graptolites

suggest an upper Llandovery to upper Ludlow age (Noble et al., 2012). The section consists of a 250

m long outcrop located on the northern part of an anticline, where calcareous shales with concretions

crop out (Noble, personal commun.).
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Figure 1: Map showing the distribution of the two studied localities within the Arctic Islands. Dashed line
represents the shelf break separating the basinal graptolitic facies from the platform one (modified from Noble et
al., 2005).



2. Material and methods

2.1. An undescribed Canadian Arctic fauna

Four samples were analysed during the study of the new Gorstian assemblages (Fig. 2), one of them

comes from the Twilight Creek section that crops out on Bathurst Island (sample 98 TWC 141m),

while three others (samples 99 SB3 1m, 99 SB3 4m, and 99 SB3 16m) come from the Snowblind

Creek section that crops out on the Cornwallis Island. Both localities are very well dated by Lenz

(1990) and Lenz & Melchin (1991) thanks to numerous and well-preserved graptolites (Lenz, 1990;

Lenz and Melchin, 1991; Lenz and Kozlowska-Dawidziuk, 2004). All samples studied for radiolarians

come from the regional Lobograptus progenitor graptolite Zone, the base of which is defined by the

First Occurrences (FOs) of L. progenitor and / or of Bohemograptus bohemicus bohemicus, and the

top by the FO of Lobograptus scanicus. This regional zone corresponds to the Neodiversograptus

nilssoni defined worldwide (Noble et al., 2012), and is lower Gorstian in age.

Sample 98 TWC 141m comes from the Twilight Creek section. It was recovered from dark

grey-blackish, cm-thick calcareous platey shale. This level is also rich in concretions and graptolites.

Samples 99 SB3 1m, 99 SB3 4m, and 99 SB3 16m come from the Snowblind Creek section. Samples

were first placed in plastic beakers containing diluted HCl (~5 %) and were left in the acid until no

more bubbling could be observed; they were then washed in 63 µm, 200 µm, and 630 µm sieves. The

fine (63 µm) and coarse (200 µm) fractions were rinsed with distilled water and oven-dried, while the

630 µm fraction was left again in fresh HCl for further dissolution. Some residues (i.e. samples 99

SB3 1m, 99 SB3 4m, and 99 SB3 16m) were heated in 30 % H2O2 during 7 minutes, in order to

remove organic clots, and also in hot 30 % HCl for 12 minutes so as to remove the calcareous silt

encrustations. Eventually, every residue was rinsed with clear water, then distilled water, and finally

with ethanol in order to clean them from oil bubbles formed during the procedure.

 These residues were then examined under a binocular microscope, radiolarians were then

picked out, mounted on stubs, metal coated, and observed with a Scanning Electron Microscope. The

identification of species presented herein is mainly based on SEM images, however, because

identification also depends on the internal structure, a slicing technique was used (Jones & Noble,

2006). It consists in slicing a radiolarian shell and observing it with a transmitted light microscope. To

this aim, a fragment of Aroclor was placed on a glass slide, and heated until it melted. Then, a

specimen was placed on the Aroclor lense and heated again until it sinked into the melted medium.

When the medium was solidified, a razor blade was used under a binocular microscope in order to

gradually eliminate the surface of the drop of Aroclor and reach the internal structure of the specimen.

Finally, the slide was heated for a last time during few seconds to smooth out the scratched surface.

Then, the structure was able to be observed through a transmitted light microscope.
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2.2. MicroCT-Scan analysis

The material selected for the CT-scan analysis was provided by Paula Noble and was already

described in the literature (Jones & Noble, 2006), more precisely, the provided radiolarians came from

the sample 12.5, a sample rich in specimens of Gyrosphaera cavea. This sample as well as the entire

01-RC3c section, came from the C. perneri – M. opimus graptolite Zone (upper Sheinwoodian;

Wenlock; lower Silurian) of Rookery Creek, Cornwallis Island (Cape Phillips Formation, Nunavut,

Canada; Jones & Noble, 2006).
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Figure 2: Stratigraphic logs of the Twilight Creek and Snowblind Creek sections, and their relative positions on
the margin (modified from Noble, personal commun., 2014).



The Arctic Islands are famous for their beautifully preserved Silurian fossils and radiolarians

are no exception, the best preserved specimens for this period were recovered from Canadian sections

(e.g. Goodbody, 1986; Renz, 1988; MacDonald, 1998, 2004, 2006a; Jones & Noble, 2006; Noble &

Lenz, 2007). Indeed a decent preservation was required to use the full potential of the microCT-Scan,

and to be able to observe internal remains. These radiolarians were recovered from calcareous

concretions, found in a calcareous fine-grained shale rich deposited in the Cape Phillips Basin,

following the procedure described in 2.1.

The Micro-Computerized Tomography is an imaging technique aiming to a 3D reconstruction

of the scanned object (Görög et al., 2012). The microtomograph (Ultratom RX Solution, from the ISIS

4D platform, Fig. 3) is composed of a X-ray source (Nano-foyer Hamamatsu 160 kW, filament LaB6

+ W target) generating X-rays which penetrate the object, are partly absorbed by its constituting

material and end up on the X-ray detector panel (CCD Camera) recording a 2D radiography

representing the two-dimensional projection of the object on the panel (Abel et al., 2012). The

specimen was mounted on a rod (Fig. 3) and held by using varnish. Then, the rod is placed on a

turntable which can rotate through 360°, and radiographies are taken (Fig. 4) for each angular steps

(here: 1600 images for 360°; Abel et al., 2012). All these radiographies are then informatically stacked

in a radial pattern in order to create a CT volume of the specimen (Monnet et al., 2009; Abel et al.,

2012). A reconstruction algorithm (inverse Radon transform) allow us to reconstruct 2D slices of the

specimen (along the X, Y, or Z axis). These slices (orthoslices, Fig. 4) are 2D grey-scaled which allow

us to observe the internal structure of the specimen, and above all can be processed with a specific

software (Avizo v.8) so as to be stacked and used to create a 3D volume of the microfossil (Abel et al.,

2012).

8

Figure 3 Ultratom RX-Solution in the LML in Lille 1. A: X-ray source; B: Detector panel; C: Rod; D: Turn-
table.



In this study, the process lasted roughly 7 hours (25600 seconds), with 1600 images resulting

from 8 averaging images (each one of the 1600 images is the result of an average of 8 images), taken

with an exposure time of 2 seconds, and a voxel resolution of about 0.4 µm. The X-ray beam was set

at 80 kW and 77 µA. The resulting file has a size of about 10 Gb with 1100x1100 pixels

radiographies. From these radiographies, 877 orthoslices along the Y axis were produced with a

resolution of 1100 x 1100 pixels in a file of about 2 Gb.

2.3. Silurian radiolarian database and patterns of diversity

The methodology used for the elaboration of a biostratigraphic range chart, and diversity curves for

the Silurian radiolarians species is here detailed. The biostratigraphic chart is a very useful tool to

analyse the occurrence and evolution of species all along the Silurian period by detecting turnover,

extinction and speciation events responsible for faunal changes. On such a chart can also be observed

biases due to insufficient sampling or poorly studied intervals. The diversity curves are very useful for

observing the evolution, diversification and extinction patterns during the studied interval. Biotic

events as well as their relevance can be discussed.

2.3.1.Biostratigraphic chart

The first step consists in establishing a dataset in which the Silurian chronostratigraphic framework

(with periods, epochs, stages and ages in Myr) and useful biozones (i.e. graptolite biozones) are

detailed. To this biochronostratigraphic framework are added the global curve of sea level changes, as

well as known biotic events. This kind of information was here reported from Gradstein et al. (2004)

(not Gradstein et al., 2012, thus the age constraints of the results and discussion part might be very

slightly differents by comparison with the latest Geological Time Scale) and Calner (2008). On this

template were then reported all the publications dealing with Silurian radiolarians as well as their

occurrences. The samples mentioned in the papers were usually dated by other microfossils than

9
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radiolarians (e.g. graptolites are commonly used for Silurian studies) or by isotopic dating (e.g. U/Pb

SHRIMP; Aitchison et al., 1996; Nuramkhaan et al., 2013a) and came from various regions (Canada,

Alaska, Nevada, France, Germany, Urals, Japan). The species were first listed for every paper in order

to correlate and group synonymies together, so as to avoid multiple occurrences for a same species and

miscalculation in diversity. Then, the species were classified according to their family, and reported on

the chart according to the following order: species which first occurred; then species which first

became extinct; and finally, if some species occurred and disappeared at the same time, in alphabetical

order. Thus, the stratigraphic distribution of a large number of species (i.e. 195) reported from a large

number of samples from not less than 24 publications were determined by an examination of their

occurrences (and First Occurrences and Last Occurrences) in the literature, and compiled (according to

synonymies) in a consequent dataset so as to report the stratigraphical range of each taxa on a

biostratigraphic scale. However, most of the FOs and LOs cannot actually be interpreted as biotic

events, and are usually due to sampling and taphonomic artefacts (Danelian & Johnson, 2001).

Concerning assemblages of uncertain age (e.g. Furutani, 1990, where the age of the Spongocoelia

parvus – S. kamitakarensis is supposed to be upper Ludlow in the abstract, then lower Ludlow in the

discussion part, mid-Ludlow in Noble [1994], and upper Ludlow in Nuramkhaan et al. [2013a]), the

retained age is that of the most recent paper, if the explanation is convincing. Thus, the age of some

assemblages can be different from the one originally attributed in the publication which defined it, but

this discrepancy is justified by later corrections (e.g. in Furutani, 1990; Umeda, 1997, 1998a, 1998b;

Noble et al., 1998). Some other samples and assemblages, and/or references, were approximately

placed on the scale when they could not be dated up to the biozone level but to the stage level (e.g. in

Furutani, 1990; Noble, 1994; Noble et al., 1998; Kurihara & Sashida, 2000a; Won et al., 2002;

Kurihara, 2007) which was still sufficient for the analysis conducted herein. When the age range was

too large, the samples and/or assemblages were put on another scale, not used for the diversity analysis

due to their too-uncertain age (e.g. in Nazarov & Ormiston, 1993; Umeda 1997, 1998a, 1998b). Some

other papers were not included when most of the specimens were not identified to the species level

(e.g. in Wakamatsu, 1990; Gorka, 1994; Aitchison et al., 1996; Kurihara & Sashida, 2000b). Finally,

when a paper exhibited numerous and well dated samples, so as to prevent information overload on

the scale, and thus loss of clarity, gatherings were carried out (e.g. in Goodbody, 1986; Renz, 1988;

Noble, 1994; MacDonald, 2004, 2006a, 2006b; Noble & Lenz, 2007).

Concerning synonymies, they could not be detailed here due to space issue, however they

were all checked for the entire Silurian period and the species name chosen by the most recent paper

was retained. Thus if a species does not show up on the biostratigraphic scale, it was probably

synonymized later on (e.g. Palaeoephippium reteforme and P. ramipendentes described by Goodbody

[1986], cannot be found on the scale because their were synonymized with P. radices by MacDonald

[2004], thus, only the latter is reported).
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2.3.2. Paleobiodiversity analysis

Every Silurian radiolarian occurrence was then reported in an Excel spreadsheet for each reference so

as to create a substantial dataset containing numerous columns: References; Species state; Species

name; Genus state; Genus name; Family name, Country, Region, Period, Epoch, Stage, Graptolite

biozone, and Counts. The state columns are used to specify the taxonomic state of species described in

open nomenclature (i.e. «?», «aff.», or «cf.») which can be found in the literature. If a specimen is not

identified at species level («sp.» or «spp.») these state colums as well as the “Species name” column

remain blank. In order to conduct a time-accurate analysis, a second table is used to specify the

beginning and duration of each period, epoch, stage and biozone. Eventually, the analysis which aims

to calculate and then display several indices of taxonomic diversity, was realised by Claude Monnet. 

This automatised analysis is based on presence / absence of taxa, and is carried out on a

customised program using the statistical environment R (version 3.0.2) and provide taxonomic

diversity indices (Fig. 8A: the Dnorm curve expresses a normalized diversity including the species that

range from the interval below, to the interval above (cross-over species), as well as half the species

that originate and disappear within the interval, and half the species that are only present within the

interval. The RTwS curve comprises the total diversity with singletons and inferred species. The

Dover curve shows the diversity of the cross-over species which were present before, after and during

the interval. The Sgl curve shows the variation of diversity of the singletons, which are species

originating and disappearing within a single interval).

As the duration of Silurian stages may vary from 1.6 Myr (Gorstian stage) to 7.8 Myr

(Telychian stage; Gradstein et al., 2004), diversity biases are expected with more species in longer

stages. In order to take into account this possible bias, taxonomic diversity changes (per million year)

were also calculated (Fig. 8B: rate of extinction (number of species which disappeared between two

samples), rate of origination (number of new species between two samples), crossover species

(numbers of species in common between the current sample, the previous, and the next one), turnover

species (rate of origination + rate of extinction)), Poly-Cohort analyses (not used here, usually used on

longer time scales with more data), and influence of authorship on taxonomic diversity (Fig. 8c).

Finally, the results are exported into an HTML file containing the figures, legends and indications

concerning the different analyses. As this analysis was programmed by Claude Monnet, and is still at a

development stage, no futher detail can be provided for now.
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3. Results

3.1. Description of the Canadian Arctic samples

The samples from Bathurst and Cornwallis Islands show two different sedimentary textures. Almost

half of the fine fraction from Twilight Creek (98 TWC 141m) residues are radiolarian shells, while the

other half consists of pyrite crystals. Concerning the coarse fraction, it is nearly only composed of

radiolarians. Numerous specimens bear pyrite crystals, but a significant part is devoid of any and was

therefore preferentially picked up for a taxonomic study. I could also notice the presence of brown

argillaceous silt grains and very simple forms of siliceous sponge spicules. The samples from the

Snowblind Creek section (99 SB 1m, 99 SB 4m, and 99 SB 16m) also show numerous radiolarians but

they are less abundant than in the Twilight Creek section. Samples 4m and 16m delivered numerous

and well-preserved radiolarian specimens, while sample 1m contains significantly fewer specimens,

commonly broken and encrusted. These Snowblind Creek samples possess abundant and diverse

forms of complex siliceous sponge spicules, which outnumber the radiolarian specimens as well as

several conodont, scolecodont and chitinozoan species (Pl. 2). Pyrite crystals are very rare in this

locality.

The detailed occurrence of radiolarians in the four studied samples is given in Table 1,

Altogether, these four samples contain 28 species and 19 genera of radiolarians. The recovered

assemblages are composed of albaillellarian radiolarians which belong to the family Ceratoikiscidae,

and also of representatives of the entactinarian families Palaeoscenidiidae and Entactiniidae and of the

spumellarian families Haplotaeniatidae, Inaniguttidae and “Sponguridae”. Some of the encountered

forms could not be assigned to a known family (e.g. Spumellarian fam., gen., et sp. indet.). It should

be noted that only two specimens of Secuicollacta (belonging to the archaeospicularian family

Secuicollactidae, usually abundant in Silurian assemblages [MacDonald, 1998; Won et al., 2002]) was

found in my material.
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Table 1 Occurrence table of Gorstian Canadian Arctic radiolarians from Twilight Creek and Snowblind Creek
sections.

Samples 99 SB3 1m 99 SB3 4m 99 SB3 16m 98 TWC 141m

Ceratoikiscum lenoides 1 1 1 1

?Entactiniidae fam., gen., et sp. indet. 0 1 0 0

Fusalfanus bilateralis n. sp. 0 0 0 1

Fusalfanus osobudaniensis 0 1 1 0

Fusalfanus tarangulica sensu lato 1 1 1 1

Futobari morishitai 0 0 1 0

Goodbodium flammatum 0 1 0 1

Gyrosphaera cavea 1 0 1 1

Inanihella sagena 0 1 1 0

Insolitignum dissimile 0 0 0 1

Labyrinthosphaera lancia 0 0 0 1

Magnentactinia marathonensis 0 0 0 1

Maletzella sp. cf. M. tricae 1 0 1 1

Oriundogutta? kingi 0 1 0 1

Palaeoephippium bifurcum 0 1 1 1

Palaeoephippium echinatum 0 1 1 1

Palaeoephippium pariradiatum 0 0 0 1

Palaeoephippium pariramosum 0 1 1 0

Palaeoephippium radices 0 0 1 1

Palaeopyramidium arcuatum 0 0 0 1

Praesaturnalis octoacuelatus 0 0 0 1

Pseudospongoprunum parvispina n. sp. 0 0 0 1

Secuicollacta spp. 0 0 0 1

Spumellarian fam., gen., et sp. indet. 1 0 1 1

Zadrappolus hitoeganensis 0 1 1 0

Zadrappolus spinosus 1 1 1 1

Zadrappolus yoshikiensis 1 0 0 1

Zadrappolus sp. 1 0 0 1

3.2. 3D model of Gyrosphaera cavea

A single specimen of Gyrosphaera cavea was carefully chosen, among the material provided by Paula

Noble and described in 2006 (Jones & Noble, 2006), for a microtomographic investigation and

observed on a 3D stereoscopic reconstruction (Fig. 5). The whole processing was successful and the

specimen could be accurately observed and described thanks to a reliable and accurate 3D model
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whose reconstruction was facilitated by a very well preserved specimen. The latter's internal parts

were not encrusted anymore and not broken. The use of Avizo Fire 8 software also enabled me to

remove a thin layer of varnish visible on the reconstruction, and to color five siliceous concretions

precipitated on the specimen in order to distinguish them from the shell. Moreover, the observation of

the 3D stereoscopic model as well as several slices throughout this reconstruction enable me to review

the description of the species Gyrosphaera cavea established by Jones & Noble (2006) as well as

several characters developed in Umeda & Suzuki (2005).
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Figure 5 3D stereoscopic reconstruction of a specimen of Gyrosphaera cavea Jones & Noble, 2006, with an ob-
servable inversion of the coiling from the left to the right side.



The 3D reconstruction enabled me to observe several features undescribed in the literature.

The first one is a jerky, erratic coiling, where spines appear as pillars supporting the different layers of

the meshwork, and with «jumps» inside layers at the level of spines. This jerky coiling can be

observed on Figure 5, along the spine pointing downward. A second new feature, clearly visible in

Figure 5, is a change of layer structure along the coiling. Indeed, the innermost part of the shell in the

center, is a kind of microsphere, with a delicate and loose labyrinthine framework, which is also the

base of numerous spines. The second layer coiling around it is relatively dense with a thick and

irregular poreframe and small pores. The other surrounding layers are still irregularly porous but more

delicate and broken in several parts. It has to be noted that several spines settle on the innermost

labyrinthine structure (approximately less than 10), while some others start on the second and thick

layer and have similar size and thickness. Finally the last ones start to grow on the thin layers and are

sometimes shorter and thinner.

3.3. Diversity trends for the Silurian Period

3.3.1. Biostratigraphic chart

Two biostratigraphic charts were produced, the first one (Fig. 6) contains 33 accurately-placed

occurrences (which could be samples, assemblages in a publication, or even a complete publication),

dated up to the graptolite Zone or at least to the stage level, and 195 species / morphotypes divided in

11 families (Haplotaeniatidae, Secuicollactidae, Palaeoscenidiidae, Ceratoikiscidae, Inaniguttidae,

Haplentactinidae, Entactinidae, Palaeoactinosphaeridae, “Sponguridae”, Incertae sedis, and “Family

uncertain”). Even though the families Palaeoscenidiidae and Ceratoikiscidae belong to distinct orders,

they were grouped together because they are often studied together in the literature. The second chart

shows 3 assemblages, one for the lower and two for the upper Silurian, unfortunately very poorly

dated, and not presented herein. This second chart, due to the large possible age range for the

assemblages could not be used for the diversity analysis. The first chart (Fig. 6) shows that some

intervals are well documented, such as the lower Wenlock with 8 occurrences (in terms of references),

or the Pridoli epoch with 5 occurrences, while some other intervals are very poorly studied such as the

Rhuddanian stage with 2 occurrences, the Aeronian stage with 3 occurrences, or the Gorstian with 2

occurrences. 
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Figure 6 Biostratigraphic chart for the well-dated Silurian radiolarian occurrences.



This observation clearly shows the interest of sampling these lower Llandovery (Tetard et al.,

2014a; 2014b) and lower Ludlow (this study: new Gorstian fauna) intervals in order to get a better

understanding of the diversity and evolution of Silurian radiolarians. These two figures also show that

numerous species occurred several times while others only occurred one time (called singletons).

Abundant singletons in a study can suggest that an author might have described too many species and

thus induced too much diversity (e.g. MacDonald in 1998 might have created too many species of

Secuicollacta). Both charts exhibit the evolution of the Silurian radiolarian families (even though I

concentrated on the Figure 6 due to more numerous and accurate occurrences) and we can see that the

base of the Llandovery is clearly depleted in radiolarians and the post-Hirnantian (end-Ordovician

major extinction event) faunas only show few species of Haplotaeniatidae (Haplotaeniatum

aperturatum, H. fissura, H. nunavutensis, H. labyrintheum?, H. sp., Orbiculopylorum adobensis, O.

marginatum, O. splendens, O. sp.), Secuicollactidae (Diparvapila fleischerorum, Secuicollacta sp.,

Secuicollacta spp., Pseudorotasphaera? sp.), and Haplentactinidae (Syntagentactinia afflicta, S. sp. A,

S.? sp.). During the lower Silurian, the family Haplotaeniatidae seems to rapidly diversify and become

one of the main families of the Llandovery. The same holds true for the families Secuicollactidae and

Palaeoscenidiidae which are also well represented by the upper Silurian. Concerning the families

Inaniguttidae, Entactiniidae, Palaeoactinosphaeridae, “Sponguridae”, and Incertae sedis, they

diversified during the upper Silurian. Eventually, the families Secuicollactidae, Palaeoscenidiidae and

Inaniguttidae, well represented during the Silurian period, seems to show a interval devoid of any

representative, or at least showing a very low diversity during the Homerian stage, and a faunal

turnover between the lower and upper Silurian is also visible. The family Haplotaeniatidae seems to

nearly go extinct just before this same stage, and the families Palaeoactinosphaeridae and

“Sponguridae” seem to appear right after this period of low diversity.

3.3.2.Paleobiodiversity analysis

Figure 7 is the first figure presented in the report of the biodiversity analysis. Even if details are not

visible, this figure shows species retained for the analysis (152 species, only the ones identified to the

species-level) along the 8 stages composing the Silurian period (this analysis was realised at the stage

level, dividing here the Silurian period into 8 sub-intervals, and not at the biozone-level, in order to

avoid sampling artefacts). Very few presences of species were inferred (red squares in Fig. 7) which

means that their range is relatively consistent and that very few assumptions were made by the

software in the calculation of diversity indices.

Figure 8a shows the trend of some diversity indices all along the Silurian period. Only ratios

(per Myr) will be commented herein, because raw results are largely influenced by the duration of

stages which can exhibit significant discrepancies (7.8 Myr for the Telychian stage, while Gorstian
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only lasted 1.6 Myr), thus it is logical that longer stages show more species, explaining why diversity

in ratios is calculated per Myr (remember this analysis was realised with the time scale of Gradstein et

al., 2004). The Dnorm curve tends to underestimate the real diversity while the RTwS curve tends to

overestimate it, thus, I decided to look at the grey interval between them. The Rhuddanian is a stage

exhibiting a very low diversity, just after the Hirnantian biotic crisis, however this diversity gradually

increased all along the Llandovery to reach a maximum by the Sheinwoodian (-428.2 Ma to -426.2

Ma). This diversity dramatically decreased during the Homerian to reached a minimum (-426.2 Ma to

-422.9 Ma). By the Gorstian stage, the diversity underwent a new pulse and suddenly rose again to

reached a maximum during the Ludfordian (-421.3 Ma to -418.7 Ma), before slightly decreasing by

the Pridoli epoch. The same pattern is also visible with the Dover curve, but to a lesser extent. This

curve shows a relatively low diversity with few variations during the Aeronian and Telychian stages,

then it quickly reached a maximum by the Sheinwoodian interval before rapidly decreasing during the

Homerian and reached a new peak by the Gorstian stage. We can clearly see that the Sgl curve

exhibits the same pattern as the other curves, meaning that these singletons were not «over created»

and that the peaks of diversity for this curve does not result from to many species identified for

concerned intervals.

Figure 8b shows the evolution of diversity in a different way than the previous figure. Here,

the origination (sum of new species during an interval), extinction (sum of extinct species during an

interval), and turnover (sum of originations and extinctions) rates are analysed. These rates are likely

to be more accurate for studying the evolution of diversity through time than the previously described

diversity patterns (Roth, 1987; Danelian & Johnson, 2001). The lower Silurian is an interval where

relatively few species went extinct. The global trend for the Silurian period is a pattern where few
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Figure 7 Taxa range chart showing the absence, presence, and inferred presence of Silurian species. 



variations are visible, however extinctions gradually increased and reached a maximum by the

Ludfordian. The Aeronian was a stage when numerous species first occurred, the situation is probably

the same for the Rhuddanian, even though data is not available (data from the Ordovician is needed in

order to calculate the rate of first occurrences for the Rhuddanian). These originations slowly

decreased from the Aeronian to the Homerian and then underwent a pulse during the Gorstian before

dramatically decreasing during the Ludfordian and Pridoli. Eventually, the turnover rate was high

during the Aeronian stage, and decreased until the Telychian to reach a minimum. This rate slowly

increased during the Sheinwoodian and Homerian, and suddenly reached a peak during the Gorstian

stage before slightly decreasing by the Ludfordian.
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Figure 8 a, taxonomic diversity indices. b, taxonomic diversity changes. c, number of references per stage. d,
correlation between authorship and diversity.



4. Systematic Classification

Infrakingdom RHIZARIA Cavalier-Smith, 2002, sensu Cavalier-Smith, 2003

Phylum RETARIA Cavalier-Smith, 1999

Class POLYCYSTINA Ehrenberg, 1839

Order SPUMELLARIA Ehrenberg, 1876

Family HAPLOTAENIATIDAE Won, Blodgett & Nestor, 2002 emend. Maletz, 2011

Genus GYROSPHAERA Noble & Maletz, 2000 emend. Jones & Noble, 2006

Type species. Gyrosphaera raneatela Noble & Maletz, 2000

Gyrosphaera cavea Jones & Noble, 2006

(Pl. 1, fig. 1; Pl. 3, fig. 5)

Gyrosphaera cavea Jones & Noble, 2006: p. 304, 306, pl. 4, figs 2-7, pl. 6, figs 7-9.

Material. Fifty-four specimens.

Occurrence. Upper Sheinwoodian, Cape Phillips Formation, Cornwallis Island, Canadian Arctic

(Jones & Noble, 2006); lower Gorstian, Cape Phillips Formation, Cornwallis Island, Bathurst Island,

Canadian Arctic (1m, 16m, 141m).

Remarks. The specimens show a significant intraspecific variability: half have a relatively large shell

(between 200 and 300µm), with relatively thick spines, tapered at the base of the outermost layer,

while the other half have a smaller shell (150-200 µm) with thinner spines slightly tapered at the base.

The inner meshwork is composed of a succession of layers (Pl. 3, fig. 5) which can appear to be

concentric or spiral in cross section. Pores are of various sizes.

Genus LABYRINTHOSPHAERA Noble & Maletz, 2000 emend. Jones & Noble, 2006

Type species. Labyrinthosphaera macdonaldi Noble & Maletz, 2000
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Labyrinthosphaera lancia Jones & Noble, 2006

(Pl. 1, fig. 2)

Unnamed radiolarians with three-bladed spines, Amon et al., 1995: p. 10-11, pl. 2, figs 6-7, text-figs

18-19.

Labyrinthosphaera lancia Jones & Noble, 2006: p. 299-300, pl. 3, figs 6-9, pl. 6, figs 10-11.

Material. Three specimens.

Occurrence. Upper Sheinwoodian, Cape Phillips Formation, Cornwallis Island, Canadian Arctic

(Jones & Noble, 2006); lower Gorstian, Cape Phillips Formation, Bathurst Island, Canadian Arctic

(141m); upper Gorstian, Sakmarian Zone, Southern Urals, Kazakhstan (Amon et al., 1995).

Remarks. “Unnamed radiolarians with threebladed spines” described by Amon et al. (1995), is

synonymized with Labyrinthosphaera lancia herein, based on identical appearance and description.

Family INANIGUTTIDAE Nazarov & Ormiston, 1984, sensu Noble, 1994

Genus FUSALFANUS Furutani, 1990, sensu

Type species. Fusalfanus osobudaniensis Furutani, 1990

Emended diagnosis. This genus is characterized by a double latticed medullary shell, a thick and

spongy cortical shell which may have a poorly developed second delicate cortical shell, and highly

tapered spines. The last significant feature, which is the presence of a pylome, is now emended as an

unstable feature that is variably present.

Remarks. Furutani assigned I. tarangulica to this genus, largely based on the morphology of the

paratype (Nazarov & Ormiston 1984, pl. 4, fig 4).

Fusalfanus tarangulica (Nazarov & Ormiston, 1984) sensu lato new combination

(Pl. 1, figs 3-5; Pl. 3, figs 2-4)
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Inanihella tarangulica Nazarov & Ormiston, 1984: p. 73, pl. 4, figs 3-4; Amon, Braun, & Ivanov,

1995: p. 9, pl. 1, fig. 7, text-figs 15-17.

Inanihella legiuncula Nazarov & Ormiston, 1993: p. 38, pl. 3, figs 5-6.

Inanihella duroacus Nazarov & Ormiston, 1993: p. 37-38, pl. 2, figs 9, 12.

Inanihella perarmata Nazarov & Ormiston, 1993: p. 38, pl. 3, figs 4, 7.

Description. Single cortical shell irregularly porous, diameter around 180 / 200 µm, rarely a second

delicate cortical shell may be present. Medullary shell is doubled. Numerous spines (around 15 / 20

spines per hemisphere) which can be relatively thin or thick, always long when not broken, sometimes

curved, and showing a well tapered and grooved base.

Material. One hundred and three specimens.

Occurrence. Lower Gorstian, Cape Phillips Formation, Cornwallis Island, Bathurst Island, Canadian

Arctic (1m, 4m, 16m, 141m); upper Gorstian, Sakmarian Zone, Southern Urals, Kazakhstan (Amon et

al., 1995); upper Silurian, Southern Urals, Kazakhstan (Nazarov & Ormiston, 1984, 1993).

Remarks. The assemblage described herein pinpoints some problems in Nazarov's taxonomy of

Tarangul inaniguttid taxa. A significant part of my inaniguttid fauna shows intermediate features

between the four species mentioned above, with a huge gradation as only a few end-member

specimens are assignable to I. duroacus, I. legiuncula, I. perarmata and I. tarangulica. Moreover

several features described by Nazarov & Ormiston (1993) are not observable in their SEM images.

Another issue is that the holotype used for I. tarangulica in Nazarov & Ormiston (1984) is used again

in Nazarov & Ormiston (1993) to illustrate the paratype of I. legiuncula. The lack of valid characters

and descriptions, coupled with the gradational nature of the fauna has led me to consider these four

species as part of a single morphologically variable species referred to as I. tarangulica sensu lato.

Another issue raised is in relation to the number of cortical shells present. The Arctic material

contains specimens externally identical to Inanihella duroacus, I. legiuncula and I. perarmata

described by Nazarov & Ormiston (1993); however, the specimens present in my material possess a

single large cortical shell (Pl. 3, figs 2-4), with sometimes a delicate second cortical shell (such as the

genus Fusalfanus). The same kind of observation was also made by Amon et al. (1995) in the

topotypic Tarangul material. These taxa are supposed to possess two cortical shells according to

Nazarov & Ormiston (1993), but it is very unlikely that the material described by Nazarov & Ormiston

possesses two shells, while the lectotype material from Amon et al. (1995) and also the Canadian

Arctic material lacks two cortical shells. Thus, the probability for these species and my specimens

being equivalent is very high. These Inanihella species were incorrectly described as always having

two cortical shells; therefore, their assignment to genus Inanihella is incorrect. Of all of the species in
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this closely related group of Silurian inaniguttids, only a single SEM image of Inanihella tarangulica,

designating the paratype (Nazarov & Ormiston, 1993: pl. 3, fig. 8) shows two cortical shells. This

species was proposed to be reassigned to Fusalfanus, a genus that may variably possess one or two

cortical shells (Furutani, 1990). Following the suggestions of Furutani (1990) and Noble (1994), these

species (I. duroacus, I. legiuncula, I. perarmata and I. tarangulica) are now reassigned to Fusalfanus,

and are seen to possess a single cortical shell (sometimes with a delicate second cortical shell), a

double medullary shell, highly tapered spines, sometimes a pylome.

Fusalfanus bilateralis n. sp.

(Pl. 1, figs 6-8; Pl. 3, fig. 1)

Etymology. Latin bi, lateralis: double sided. Adjective

Diagnosis. Large Fusalfanus species (more than 210 μm in diameter) showing a gradation in spines.

One hemisphere shows long, thick and well-tapered spines, while the other shows thin, short and more

numerous spines. A pylome may be present at the center of the thin-spined hemisphere.

Description. This species is characterized by a single (Pl. 3, fig. 1) large cortical shell (no second

cortical shell was observed in my material), a double medullary shell and numerous spines. A special

feature is that the shell shows a clear gradation in spines length, from very short (around 30 µm) to

very long and thick ones (up to 160 µm). A pylome can be easily recognized at the center of the thin-

spined hemisphere.

Material. Thirteen specimens.

Type Material. Sample 98 TWC 141m. Holotype: USTL 3052-18, plate 1, fig. 6. Paratypes: USTL

3052-12, plate 1, fig. 7; USTL 3052-19, plate 1, fig. 8. 

Measurements. Cortical shell diameter: 210-226 µm; Medullary shell diameter: around 85 µm;

Cortical shell thickness: up to 14 µm; Spine length: up to 28 µm for the unbroken shorter ones (those

around pylome), up to 160 µm for the longer ones.

Occurrence. Lower Gorstian, Cape Phillips Formation, Bathurst Island, Canadian Arctic (141m).

Remarks. This species is similar to Fusalfanus tarangulica sensu lato (doubled medullary and

relatively large single cortical shell) except for the spines.

Fusalfanus osobudaniensis Furutani, 1990

(Pl. 1, fig. 9)
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Fusalfanus osobudaniensis Furutani, 1990: p. 38, 39, pl. 5, figs 2-5; Noble, 1994: p. 31, pl. 5, figs 15,

17, 18, pl. 9, fig. 1.

Aciferopylorum admirandum, Nazarov and Ormiston, 1990, p. 22, pl. 1, fig. 7; Nazarov and Ormiston,

1993: p. 43, pl. 4, figs 9, 10.

Material. Thirteen specimens.

Occurrence. Lower Gorstian, Cape Phillips Formation, Cornwallis Island, Canadian Arctic (4m, 16m);

lower Gorstian to upper Ludfordian, Caballos Novaculite, Marathon Uplift, West Texas (Noble,

1994); upper Gorstian, Fukuji Area, Hitoegane Formation, Japan (Furutani, 1990).

Remarks. The trident shape of the spines is suggested in some specimens, but not clearly observed in

any of the Arctic ones. This feature is likely not to be a stable character because some of Furutani’s

specimens also lack the feature (Furutani, 1990: pl. 5, figs 2a and 2b). A. admirandum Nazarov &

Ormiston, 1993 is likely to be a junior synonym of F. osobudaniensis; the differences seen between

the Urals, Arctic and Japanese material are mainly controlled by differential preservation in chert

versus carbonate concretions.

Genus FUTOBARI Furutani, 1990

Type species. Futobari solidus Furutani, 1990

Futobari morishitai Furutani, 1990

(Pl. 1, fig. 10)

Futobari morishitai Furutani, 1990, p. 35, pl. 1, fig. 5, pl. 2, figs 1–3; Umeda, 1997: p. 421–422, pl. 2,

fig. 16; pl. 4, fig. 13; Umeda, 1998: fig. 9.6; Kurihara & Sashida, 2000a: p.58, pl. 1, fig. 7; Kurihara,

2007, p. 231, pl. 2, figs 22, 23; Nuramkhaan, Horie & Tsukada, 2013a: p. 238, figs 11 L, M, figs 13 O,

P.

Material. Two specimens.

Occurrence. Lower Gorstian, Cape Phillips Formation, Cornwallis Island, Canadian Arctic (16m);

upper Ludfordian, Yoshiki Formation, Hida Gaien Belt, Japan (Nuramkhaan et al., 2013a); upper

Pridoli, Fukuji Area, Hida Gaien Belt, Japan (Furutani, 1990); upper Pridoli, Fukuji Area, Hida Gaien
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Belt, Japan (Kurihara & Sashida, 2000a); upper Pridoli, Hitoegane Area, Hida Gaien Belt, Japan

(Kurihara, 2007).

Genus INANIHELLA Nazarov & Ormiston, 1984

Type species. Helioentactinia? bakanasensis Nazarov, 1975

Inanihella sagena Siveter et al., 2007

(Pl. 1, fig. 11)

Inanihella sagena Siveter et al., 2007: p. 89, 91, pl. 1, figs 1-7.

Material. Eight specimens.

Occurrence. Lower Homerian, Wenlock Series of Herefordshire, England (Siveter et al., 2007); lower

Gorstian, Cape Phillips Formation, Cornwallis Island, Canadian Arctic (4m, 16m).

Genus ORIUNDOGUTTA Nazarov, 1988

Type species. Astroentactinia ramificans Nazarov, 1975

Oriundogutta(?) kingi Noble, 1994

(Pl. 1, fig. 12)

Inanihella macroacantha (Rust, 1892), Nazarov, 1988: p. 209, pl. XII, fig. 1.

Inanihella macroacantha? (Rust 1892), Nazarov & Ormiston, 1993: p. 37, pl. 2, figs 6–8.

Oriundogutta(?) kingi Noble, 1994: p. 31, pl. 6, figs 1, 4; Kurihara & Sashida, 2000a: p. 58, pl. 1, figs

5, 6; Kurihara, 2007: p. 229, pl. 1, figs 15–18; Nuramkhaan, Horie, & Tsukada, 2013a: p. 231, fig. 11

A.
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Oriundogutta? sp. cf. O. kingi Noble, 1994, Aitchison, Hada, Ireland, & Yoshikura, 1996: p. 67, pl. 2,

fig. 15.

Material. Seven specimens.

Occurrence. Lower Gorstian, Cape Phillips Formation, Cornwallis Island, Bathurst Island, Canadian

Arctic (4m, 141m); upper Ludfordian to lower Pridoli, Caballos Novaculite, Marathon Uplift, West

Texas (Noble, 1994); upper Ludfordian, Yoshiki Formation, Hida Gaien Belt, Japan (Nuramkhaan et

al., 2013a); lower Pridoli, Hitoegane Area, Hida Gaien Belt, Japan (Kurihara, 2007); upper Pridoli,

Kuzuryu Lake, Shibasudani Formation, Hida Gaien Belt, Japan (Kurihara & Sashida, 2000a).

Genus ZADRAPPOLUS Furutani, 1990

Type species. Zadrappolus yoshikiensis Furutani, 1990

Zadrappolus hitoeganensis Furutani, 1990

(Pl. 1, fig. 13)

Zadrappolus? hitoeganensis Furutani, 1990: p. 37, 38, pl. 4, figs 5, 6; pl. 5, fig. 1.

Zadrappolus hitoeganensis Kurihara, 2007: p. 230, pl. 2, figs 5–7; Nuramkhaan, Horie, & Tsukada,

2013a: p. 234, fig. 12 Q.

Material. Ten specimens.

Occurrence. Lower Gorstian, Cape Phillips Formation, Cornwallis Island, Bathurst Island, Canadian

Arctic (4m, 16m, 141m); lower Ludfordian, Fukuji Area, Hida Gaien Belt, Japan (Furutani, 1990);

upper Ludfordian, Yoshiki Formation, Hida Gaien Belt, Japan (Nuramkhaan et al., 2013a); lower to

upper Pridoli, Hitoegane Area, Hida Gaien Belt, Japan (Kurihara, 2007).

Zadrappolus spinosus Furutani, 1990

(Pl. 1, fig. 14)
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Zadrappolus spinosus Furutani, 1990: p. 37, pl. 4, figs 1-4; Noble 1994, p. 32, pl. 6, fig. 6; pl. 9, figs

9, 11; Kurihara, 2007: p. 230, pl. 2, figs 1-4.

Zadrappolus aff. spinosus Furutani 1990; Kurihara & Sashida 2000a: p. 58, pl. 1, fig. 4.

Material. Twenty four specimens.

Occurrence. Lower Gorstian, Cape Phillips Formation, Cornwallis Island, Bathurst Island, Canadian

Arctic (1m, 4m, 16m, 141m); lower Gorstian to upper Ludfordian, Caballos Novaculite, Marathon

Uplift, West Texas (Noble, 1994); lower Ludfordian, Fukuji Area, Hida Gaien Belt, Japan (Furutani,

1990); lower Pridoli, Hitoegane Area, Hida Gaien Belt, Japan (Kurihara, 2007); upper Pridoli,

Kuzuryu Lake, Shibasudani Formation, Hida Gaien Belt, Japan (Kurihara & Sashida, 2000a).

Zadrappolus yoshikiensis Furutani, 1990

(Pl. 1, fig. 15)

Zadrappolus yoshikiensis Furutani, 1990: p. 35, 36, pl. 2, figs 4–6; pl. 3, figs 1, 2; Noble, 1994: p. 32,

pl. 6, figs 14–16; Umeda, 1997: p. 421, pl. 4, fig. 10; Kurihara & Sashida, 2000a: p. 58, pl. 1, figs 1, 2;

Kurihara, 2007: p. 229, pl. 1, figs 21–24; Nuramkhaan, Horie, & Tsukada, 2013a: p. 229-230, figs 11

N-R, 12 A-D.

Material. Three specimens.

Occurrence. Lower Gorstian, Cape Phillips Formation, Cornwallis Island, Bathurst Island, Canadian

Arctic (1m, 141m); upper Ludfordian to lower Pridoli, Caballos Novaculite, Marathon Uplift, West

Texas (Noble, 1994); upper Ludfordian, Yoshiki Formation, Hida Gaien Belt, Japan (Nuramkhaan et

al., 2013a); lower to upper Pridoli, Hitoegane Area, Hida Gaien Belt, Japan (Kurihara, 2007); upper

Pridoli, Fukuji Area, Hida Gaien Belt, Japan (Furutani, 1990); upper Pridoli, Shibasudani Formation,

Kuzuryu Lake, Hida Gaien Belt, Japan (Kurihara & Sashida, 2000a).

Family SPONGURIDAE Haeckel, 1862 sensu Noble, 1994

Genus PSEUDOSPONGOPRUNUM Wakamatsu, Sugiyama, & Furutani, 1990

Type species. Pseudospongoprunum tazukawaensis Wakamatsu, Sugiyama & Furutani, 1990 
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Pseudospongoprunum parvispina n.sp.

(Pl. 1, figs 16-18; Pl. 3, fig. 6)

Etymology. Latin parvus, spina: small spine. Noun.

Diagnosis. Pseudospongoprunum species with a large and slightly ellipsoidal shell, characterized by

two very small polar and conical spines measuring less than a quarter of the shell length, sometimes

showing heteropolarity.

Description. This species shows a large subspherical shell and two relatively short and conical to rod-

like polar spines in comparison with other species of this genus. Spines can show different lengths

within the same specimen. The shell exhibits pores of various size and shape. The inner meshwork is

spongy (Pl. 3, fig. 6) and seems to be composed of 5 to 6 weakly developed layers. An equatorial

spine is rarely visible, and polar spines take root in the inner meshwork (Pl. 1, fig. 16).

Material. Eight specimens.

Type Material. Sample 98 TWC 141m. Holotype: USTL 3052-28, plate 1, fig. 17. Paratypes: USTL

3052-31, plate 1, fig. 18; USTL 3052-32, plate 1, fig. 16.

Measurements. Shell length: 184-220 µm; Shell width: 159-195 µm; Spine length: 35-48 µm.

Occurrence. Lower Gorstian, Cape Phillips Formation, Bathurst Island, Canadian Arctic (141m).

Remarks. This species is distinguished from Pseudospongoprunum tazukawaensis by smaller spines

(spines length almost half of the shell in the latter, while only a quarter in P. parvispina). It also differs

from Pseudospongoprunum sagittatum by a more rounded shell.

Order ARCHAEOSPICULARIA Dumitrica, Caridroit & De Wever, 2000

Family SECUICOLLACTIDAE Nazarov & Ormiston, 1984

Genus SECUICOLLACTA Nazarov & Ormiston, 1984

Secuicollacta spp.

Material. Two specimens

Description. Shell spherical, relatively small (~150 µm diameter) with 6-7 primary spine units, and

variably developed thin hispid, secondary spines.
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Order ALBAILLELLARIA Deflandre, 1953, emend. Holdsworth, 1969

Family CERATOIKISCIDAE Holdsworth, 1969, emend. Wakamatsu et al., 1990

Genus CERATOIKISCUM Deflandre, 1953 

Type species. Ceratoikiscum avimexpectans Deflandre, 1953

Ceratoikiscum lenoides Renz, 1988

(Pl. 2, fig. 1)

Ceratoikiscum lenoides Renz, 1988: p. 264, pl. 2, figs 1-6; Li, 1994: p.264, pl. 2, figs 1, 3.

Ceratoikiscum octopleura Renz, 1988: p. 264, pl. 2, figs 7, 8; pl. 3, figs 1-4. 

Ceratoikiscum armiger Furutani, 1990: p. 51-52, pl. 12, figs 1-4; Amon, Braun, & Ivanov, 1995: p. 4,

pl. 1, figs 1, 2; Umeda, 1997: pl. 3, figs 15-17; Umeda, 1998: fig. 9-9; Kurihara & Sashida, 2000a: p.

63, pl. 1, figs 12-13; Kurihara, 2007: p. 232, pl. 2, fig. 29; Noble & Lenz, 2007: p. 1045, figs 4.1-4.7,

6.1, 6.2; Nuramkhaan, Horie, & Tsukada, 2013a: p. 238, fig. 13R.

Material. Twelve specimens.

Occurrence. Upper Sheinwoodian to lower Homerian, Cape Phillips Formation, Cornwallis Island,

Canadian Arctic (Renz, 1988); lower Homerian, Cape Phillips Formation, Cornwallis Island, Canadian

Arctic (Noble & Lenz, 2007); middle Wenlockian, Keerhada, West Junggar Area, Xinjiang, China (Li,

1994); lower Gorstian, Cape Phillips Formation, Cornwallis Island, Bathurst Island, Canadian Arctic

(1m, 4m, 16m, 141m); upper Gorstian, Fukuji Area, Hida Gaien Belt, Japan (Furutani, 1990); upper

Gorstian, Sakmarian Zone, Southern Urals, Kazakhstan (Amon et al., 1995); upper Ludfordian,

Yoshiki Formation, Hida Gaien Belt, Japan (Nuramkhaan et al., 2013a); upper Pridoli, Shibasudani

Formation, Kuzuryu Lake, Hida Gaien Belt, Japan (Kurihara & Sashida, 2000a); upper Pridoli,

Hitoegane Area, Hida Gaien Belt, Japan (Kurihara, 2007).

Remarks. The specimens are very similar to the ones described by Renz (1988) and Noble & Lenz

(2007). All ribs are thin caveal ribs, no extratriangular ribs were found. However, one specimen shows

long spinules on the intersectors, such as Ceratoikiscum extratriangulatum and some other ones show

several spinules on all spines, such as Ceratoikiscum supratriangulatum.

Order ENTACTINARIA Kozur & Mostler, 1982
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Family ENTACTINIDAE Riedel, 1967 sensu Won, 1997

? Entactiniidae fam., gen., et sp. indet.

(Pl. 2, fig. 2)

Material. One specimen.

Occurrence. Lower Gorstian, Cape Phillips Formation, Cornwallis Island, Canadian Arctic (4m).

Remarks. This specimen is similar to Entactinosphaera elegans shown in Furutani, 1990, with a shell

consisting of a delicate framework which seems to be 3-dimensional, with half-formed pores. An inner

spicule seems to be visible, and the shell probably shows six spines. However, no more specimens

were found for further identification.

Genus MAGNENTACTINIA Won, 1997

Type species. Magnentactinia fragilis Won, 1997

Magnentactinia marathonensis (Riedel in Nitecki, 1963) new combination

(Pl. 2, fig. 3)

Cenosphaera hexagonalis [a primary junior homonym of Haeckel's 1887] Aberdeen, 1940: p. 133, pl.

20, figs 12, 13.

Cenosphaera marathonensis Riedel, nom. nov. Nitecki, 1963: p 165.

Cenosphaera aberdeenae Furutani, 1990: p. 51, pl. 11, fig.8; pl. 12, fig. 9.

Cenosphaera hexagonalis Noble, 1994: p. 38, pl. 5, fig. 10; pl. 9, fig. 2.

Material. One broken specimen.

Occurrence. Lower Gorstian to lower Pridoli, Caballos Novaculite, Marathon Uplift, West Texas

(Noble, 1994); lower Gorstian, Cape Phillips Formation, Bathurst Island, Canadian Arctic (141m);

upper Gorstian, Fukuji Area, Japan (Furutani, 1990).
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Remarks. The genus transfer is based on the observation of an internal spicule in Homerian specimens

(Noble, personal commun.) and this species is now reassigned to Magnentactinia.

Family PALAEOSCENIDIIDAE Riedel, 1967 sensu MacDonald, 2004

Genus GOODBODIUM Furutani, 1990 sensu MacDonald, 2004

Type species. Palaeoscenidium flammatum Goodbody, 1986

Goodbodium flammatum (Goodbody, 1986)

(Pl. 2, fig. 4)

Palaeoscenidium flammatum Goodbody, 1986: p. 152, pl. 1, figs 1–4; Li, 1994: p. 265, pl. 2, fig. 4;

Amon, Braun, & Ivanov, 1995: p. 7, text-fig. 10, pl. 2, fig. 5.

Goodbodium elegans Furutani, 1990: p. 43, pl. 7, fig. 10; pl. 8, figs 1–3.

Goodbodium flammatum (Goodbody) MacDonald, 2004: p. 260-261, figs 2.1-2.2, 2.6; Kurihara, 2007:

pl. 2, fig. 28.

Material. One specimen.

Occurrence. Middle Telychian to upper Sheinwoodian, Cape Phillips Formation, Cornwallis Island,

Canadian Arctic (MacDonald, 2004); Sheinwoodian to lower Homerian, Cape Phillips Formation,

Cornwallis Island, Baillie-Hamilton Island, Canadian Arctic (Goodbody, 1986); middle Wenlockian,

Keerhada, West Junggar Area, Xinjiang, China (Li, 1994); lower Gorstian, Cape Phillips Formation,

Cornwallis Island, Canadian Arctic (4m); upper Gorstian, Fukuji Area, Hida Gaien Belt, Japan

(Furutani, 1990); upper Gorstian, Sakmarian Zone, Southern Urals, Kazakhstan (Amon et al., 1995);

upper Pridoli, Hitoegane Area, Hida Gaien Belt, Japan (Kurihara, 2007).

Genus INSOLITIGNUM MacDonald, 1999 sensu MacDonald, 2004

Type species. Palaeoephippium dissimile Goodbody, 1986
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Insolitignum dissimile (Goodbody, 1986) sensu MacDonald, 2004

(Pl. 2, fig. 5)

Palaeoephippium dissimile Goodbody, 1986: p. 140, pl. 3, figs 10–12.

Insolitignum dissimile (Goodbody) Macdonald, 1999: p. 2053, pl. 1, figs 2, 3; pl. 2, fig. 1; Noble &

Maletz, 2000, p. 272, pl. 1, fig. 12; MacDonald, 2004: p. 264, 266, 268, figs 4.1–4.3, 6.4, 6.7, 6.10–

6.12; Umeda & Suzuki, 2005: p. 84, pl. 1, fig. 1.

Insolitignum peranima Macdonald, 1999: p. 2054, pl. 1, fig. 4; pl. 2, figs 2, 4.

Material. Two specimens.

Occurrence. Middle Aeronian, Kallholn Formation, Siljan district, Sweden (Umeda & Suzuki, 2005);

lower Telychian, Dalarna, Sweden (Noble & Maletz, 2000); lower Telychian to upper Sheinwoodian,

Cape Phillips Formation, Cornwallis Island, Canadian Arctic (MacDonald, 2004); upper Telychian to

lower Homerian, Cape Phillips Formation, Cornwallis Island, Canadian Arctic (Goodbody, 1986);

lower Gorstian, Cape Phillips Formation, Bathurst Island, Canadian Arctic (141m).

Genus PALAEOEPHIPPIUM Goodbody, 1986 sensu MacDonald, 2004

Type species. Palaeoephippium bifurcum Goodbody, 1986

Palaeoephippium bifurcum Goodbody, 1986 sensu MacDonald, 2004

(Pl. 2, fig. 6)

Palaeoephippium bifurcum Goodbody, 1986: p. 139, pl. 4, figs 1–4; MacDonald, 2004: p. 270-271,

figs 4.11–4.13, 7.5, 7.7, 7.8.

Palaeoephippium aranea Goodbody, 1986: p. 138, pl. 4, figs 5–8.

Palaeoephippium ?aranea Goodbody; Amon, Braun & Ivanov, 1995: p. 5, text-fig. 4, pl. 2, fig. 4.

Material. Eleven specimens.
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Plate 1 fig. 1. Gyrosphaera cavea Jones & Noble, 2006. fig. 2. Labyrinthosphaera lancia Jones & Noble, 2006.
figs 3-5. Fusalfanus tarangulica sensu lato (Nazarov & Ormiston, 1984). 3 is morphotype duroacus, 4,
morphotype legiuncula, and 5, morphotype perarmata. figs 6-8. Fusalfanus bilateralis n. sp. figs 9. Fusalfanus
osobudaniensis Furutani, 1990. fig. 10. Futobari morishitai Furutani, 1990. fig. 11. Inanihella sagena Siveter et
al., 2007. fig. 12. Oriundogutta? kingi Noble, 1994. fig. 13. Zadrappolus hitoeganensis Furutani, 1990. fig. 14.
Zadrappolus spinosus Furutani, 1990. fig. 15. Zadrappolus yoshikiensis Furutani, 1990. figs 16-18. Pseudospon-
goprunum parvispina n. sp. fig. 19. Spumellarian fam., gen., et sp. indet. fig. 20. Maletzella sp. cf. M. tricae
(Jones & Noble, 2006).



Occurrence. Lower Telychian to upper Sheinwoodian, Cape Phillips Formation, Cornwallis Island,

Canadian Arctic (MacDonald, 2004); upper Telychian to lower Homerian, Cape Phillips Formation,

Cornwallis Island, Canadian Arctic (Goodbody, 1986); lower Gorstian, Cape Phillips Formation,

Cornwallis Island, Bathurst Island, Canadian Arctic (4m, 16m, 141m); upper Gorstian, Sakmarian

Zone, Southern Urals, Kazakhstan (Amon et al., 1995).

? Palaeoephippium echinatum Goodbody, 1986

(Pl. 2, fig. 7)

? Palaeoephippium echinatum Goodbody, 1986: p. 140-142, pl. 6, figs 9-11; pl. 7, figs 1-3; Amon,

Braun, & Ivanov, 1995: p.5, pl. 2, fig. 3, text-figs 5-6; Noble & Maletz, 2000: p. 272, pl. 1, figs 10-11;

Umeda & Suzuki, 2005: p. 85, pl. 1, fig. 3-8.

Material. Five specimens.

Remarks. The ontogenetic sequence is not observed in the specimens, only exhibiting “less

developed” forms, even though the specimen found in sample 4m is similar to an adult form. This

specimen is also very similar to Polyentactinia sp. described by Furutani (1990). For this reason, the

identification remains uncertain.

Palaeoephippium pariradiatum Goodbody, 1986

(Pl. 2, fig. 8)

Palaeoephippium pariradiatum Goodbody, 1986: p. 143, pl. 5, figs 7-8.

Material. One specimen.

Occurrence. Upper Telychian, Cape Phillips Formation, Cornwallis Island, Canadian Arctic

(Goodbody, 1986); lower Gorstian, Cape Phillips Formation, Bathurst Island, Canadian Arctic (141m).

Palaeoephippium pariramosum Goodbody, 1986

(Pl. 2, fig. 9)
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Palaeoephippium pariramosum Goodbody, 1986: p. 143-144, pl. 6, figs 5-6; Li, 1994: p. 266, pl. 2,

fig. 21.

Material. Two specimens.

Occurrence. Lower Homerian, Cape Phillips Formation, Cornwallis Island, Canadian Arctic

(Goodbody, 1986); middle Wenlockian, Keerhada, West Junggar Area, Xinjiang, China (Li, 1994);

lower Gorstian, Cape Phillips Formation, Cornwallis Island, Canadian Arctic (4m, 16m).

Palaeoephippium radices Goodbody, 1986

(Pl. 2, fig. 10)

Palaeoephippium radices Goodbody, 1986, p. 144, pl. 4, figs 9–12; Li, 1994: p. 266, pl. 2, fig. 21;

Amon, Braun, & Ivanov, 1995, p. 6, text-fig. 7; MacDonald, 2004: p. 2071, figs 5.1–5.4, 8.1–8.5; 

Palaeoephippium ramipendentes Goodbody, 1986, p. 146, pl. 5, fig. 6.

Palaeoephippium reteforme Goodbody, 1986, p. 146, pl. 5, figs 9–12.

Material. Two specimens.

Occurrence. Middle Aeronian, Kallholn Formation, Siljan district, Sweden (Umeda & Suzuki, 2005);

lower Telychian to upper Sheinwoodian, Cape Phillips Formation, Cornwallis Island, Canadian Arctic

(MacDonald, 2004); lower Homerian, Cape Phillips Formation, Cornwallis Island, Canadian Arctic

(Goodbody, 1986); middle Wenlockian, Keerhada, West Junggar Area, Xinjiang, China (Li, 1994);

lower Gorstian, Cape Phillips Formation, Cornwallis Island, Bathurst Island, Canadian Arctic (16m,

141m); upper Gorstian, Sakmarian Zone, Southern Urals, Kazakhstan (Amon et al., 1995).

Genus PALAEOPYRAMIDIUM Goodbody, 1986

Type species. Palaeopyramidium spinosum Goodbody, 1986

Palaeopyramidium arcuatum Amon, Braun, & Ivanov, 1995

(Pl. 2, fig. 11)
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Plate 2 fig. 1. Ceratoikiscum lenoides Renz, 1988. fig. 2. ? Entactiniidae fam., gen., et sp. indet. fig. 3.
Magnentactinia hexagonalis (Riedel in Nitecki, 1963 ). fig. 4. Goodbodium flammatum (Goodbody, 1986). fig. 5.
Insolitignum dissimile (Goodbody, 1986). fig. 6. Palaeoephippium bifurcum Goodbody, 1986. fig. 7. ?
Palaeoephippium echinatum Goodbody, 1986. fig. 8. Palaeoephippium pariradiatum Goodbody, 1986. fig. 9.
Palaeoephippium pariramosum Goodbody, 1986. fig. 10. Palaeoephippium radices Goodbody, 1986. fig. 11.
Palaeopyramidium arcuatum Amon et al., 1995 fig. 12. Praesaturnalis octoaculeatus Li, 1994. fig. 13.
Chitinozoan from SB section. figs 14-16. Conodonts and scolecodonts from SB section. fig. 17-19. Siliceous
sponge spicules from SB section. fig. 20. Siliceous sponge spicule from TWC section.



Xiphocladiella sp.? Nazarov, 1988: pl. 7, fig. 2; pl.12, fig. 7 (fig. 6 in figure captions). Specimen

illustrated in plate 7 fig. 2 is the same as the one in plate 12 fig. 7, but assigned to Bissulentactinia sp.

in plate 7.

Palaeopyramidium arcuatum Amon, Braun, & Ivanov, 1995: p. 6, text-figs 9 a-c.

Material. Three specimens.

Occurrence. Lower Gorstian, Cape Phillips Formation, Cornwallis Island, Canadian Arctic (141m);

upper Gorstian, Sakmarian Zone, Southern Urals, Kazakhstan (Amon et al., 1995).

Genus PRAESATURNALIS Li, 1994

Type species. Praesaturnalis septemistellatus Li, 1994

Praesaturnalis octoaculeatus Li, 1994

(Pl. 2, fig. 12)

Praesaturnalis octoaculeatus Li, 1994: p. 269, pl. 1, figs 9 and 11.

Palaeoumbraculum expandum Amon, Braun, & Ivanov, 1995: p. 8, pl. 2, fig. 1, text-figs 12.

Material. Four specimens.

Occurrence. Middle Wenlockian, Keerhada, West Junggar Area, Xinjiang, China (Li, 1994); lower

Gorstian, Cape Phillips Formation, Cornwallis Island, Canadian Arctic (141m); upper Gorstian,

Sakmarian Zone, Southern Urals, Kazakhstan (Amon et al., 1995).

Remarks. Dumitrica et al. (2000) considered Praesaturnalis Li, 1994 and Palaeoumbraculum Amon

et al., 1995 as the same genus. Indeed, the species Praesaturnalis octoaculeatus Li, 1994 and

Palaeoumbraculum expandum are likely to be synonymes as both are composed of a test consisting of 8

curved spines with spinules on the convex side, radiating around a short stem, exactly as our

specimens do.

Spumellarian fam., gen., et sp. indet.

38



(Pl. 1, fig. 19)

Description. Radiolarians with a «spongy ball» appearance on the cortical shell, probably possessing

inner shell(s). They possess numerous thin short outer spines, not tapered at the base, of which the

origin is unknown. Some specimens show a very delicate second cortical shell linked to the first one

by very numerous and small beams.

Material. Thirteen specimens.

Occurrence. Lower Gorstian, Cape Phillips Formation, Cornwallis Island, Bathurst Island, Canadian

Arctic (1m, 16m, 141m).

Remarks. The specimens look similar to Plussatispila species described by MacDonald (1998),

however, the inner structure is not visible and the shell is much smaller (150µm for the specimens,

half of MacDonald's species). They could also be specimens of Zadrappolus, due to shell size and not

tapered spines, but the cortical shell texture seems to be spongy.

Genus MALETZELLA Noble, 2014

Maletzella sp. cf. M. tricae (Jones & Noble, 2006)

(Pl. 1, fig. 20)

cf. Franklinia tricae Jones & Noble, 2006: p. 310, 312, pl. 5, fig. 7; pl. 7, figs 5-6, 8.

Type species. Franklinia tricae Jones & Noble, 2006

Material. Seven specimens.

Remarks. Similar to the species of Maletzella described by Jones & Noble, 2006, with a 3-dimensional

meshwork of relatively small size. Size and general aspect similar to photos in Jones & Noble, 2006

with numerous and sometimes slightly tapered thin spines. Some specimens in 16m have apophyses

extended up spines, indicating more delicate layers of mesh, and larger diameter to spine length

relative to M. tricae.
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Plate 3 Sliced Silurian radiolarians from the Canadian Arctic, photographed with a transmitted light microscope.
fig. 1. Fusalfanus bilateralis n. sp. figs 2-4. Fusalfanus tarangulica sensu lato (Nazarov & Ormiston, 1984). 2 is
morphotype duroacus, 3, morphotype legiuncula, and 4, morphotype perarmata. fig. 5. Gyrosphaera cavea
Jones & Noble, 2006. fig. 6. Pseudospongoprunum parvispina n. sp. Scale bar 50µm for all figures.



5. Discussion

5.1. Palaeoenvironmental and stratigraphic implications of Canadian Arctic
assemblages

Differences in faunal composition are observed between Twilight Creek and Snowblind Creek

sections, but also among the Snowblind Creek samples. Indeed, sample 99 SB3 1m contains a less

diverse assemblage than samples 99 SB3 4m and 16m. This difference may be partly explained by

taphonomic differences (preservation effect); indeed, only few and encrusted specimens per identified

species were found in the obtained residues, which contrasts with the abundant and clean specimens

found in samples 4m and 16m. In any case, the three samples from the Snowblind Creek section are

almost similar (minor differences concern rather rare species, e.g. ? Entactiniidae fam., gen., et sp.

indet., Goodbodium flammatum...). These three samples contain a single assemblage composed of

abundant and well-preserved species, regarded as representing the taxonomic richness of the

assemblage, devoid of any major preservational bias. Thus, differences between the Snowblind Creek

and Twilight Creek samples are regarded as reflecting differences in the original biocoenoses. Indeed,

the three Snowblind Creek samples contain 19 species all together, assigned to 11 genera, while the

single Twilight Creek sample alone contains more numerous specimens, making up to 22 species and

16 genera all in all, of which some are well represented in this sample, even though they are totally

absent from the Snowblind Creek samples (e.g. Pseudospongoprunum parvispina, Fusalfanus

bilateralis, Labyrinthosphaera lancia, Palaeopyramidium arcuatum, Praesaturnalis octoaculeatus).

The higher taxonomic richness in the Twilight Creek sample is likely to reflect more favorable open

marine and fertile waters in a basinal environment.

Several different environmental parameters (i.e. nutrient levels) in the basin, could lead to a

different assemblage, only living in the graptolitic facies, and not in the platform. The Twilight Creek

sample is composed of organic matter and pyrite-rich sediments, which accumulated in deeper and

probably nutrient-rich waters, which induced anoxic conditions on the sea-floor. On the contrary, as

the Snowblind Creek sedimentary sequence accumulated on the carbonate platform, it contains very

few pyrite grains. Numerous conodonts and scolecodonts (around ten morphotypes), chitinozoans and

siliceous sponge spicules (thirty morphotypes) illustrated in Plate 2 were also recovered from the

Snowblind Creek samples. Conversely, the residues recovered from the Twilight Creek section only

shows a low diversity of some rare and simple siliceous sponge spicules (less than five morphotypes).

Thus, environmental conditions on the carbonate platform, represented by the Snowblind Creek facies,

might have allowed only radiolarian communities of a lesser diversity. In addition, the described

assemblages being similar to other assemblages from the Urals (Siberia; Nazarov & Ormiston, 1993;

Amon et al., 1995), from Texas (Noble, 1994) and from Japan (Furutani, 1990; Nuramkhaan et al.,
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2013a) this observation supports the wide-spread distribution assumed for Silurian radiolarians (Noble

& Maletz, 2000; Tetard et al., 2014b). 

Based on their occurrences in both Snowblind Creek and Twilight Creek sections, the

stratigraphic range of several species could be extended. Thus, for inaniguttid species Futobari

morishitai, Oriundogutta ? Kingi, Fusalf anus osobudaniensis, Zadrappolus yoshikiensis, Z. spinosus,

Z. hitoeganensis, and the entactiniid species Magnentactinia marathonensis, of which the oldest

previously known level was the Gorstian (Noble, 1994; Nuramkhaan et al., 2013b), their age range

could be extended down to the lower Gorstian. Fusalfanus tarangulica sensu lato, of which the oldest

previously known level was in the upper Gorstian (Amon et al., 1995), can be also extended down to

the lower Gorstian. In addition, the inaniguttid species Inanihella sagena, previously known from the

lower Homerian (Siveter et al., 2007) now has its age range extended up to the lower Gorstian.

Concerning the palaeoscenidiid species, Palaeopyramidum arcuatum known from the upper Gorstian

(Amon et al., 1995), now extend down to the lower Gorstian. The same holds true for species

Palaeoephippium pariradiatum, and species P. pariramosum and Insolitignum dissimile, respectively

known from the upper Telychian and lower Homerian (Goodbody, 1986): they now have their age

ranges extended up to the lower Gorstian. Concerning the haplotaeniatid species Gyrosphaera cavea

known previously from the upper Telychian (Jones & Noble, 2006), its occurrence are also now

reported up to the lower Gorstian.

5.2. CT-Scan model comparison with literature descriptions

The genus Gyrosphaera was first described by Noble & Maletz (2000) and is part of the family

Haplotaeniatidae. This genus is characterized by a loose labyrinthine and spiraliform layering from the

outside to the center of the shell; primary spines not fused in the center of the shell ( i.e. spicule) but

branching from the innermost layer (Noble & Maletz, 2000). The same holds true for Umeda &

Suzuki (2005) which even created the Gyrosphaeridae family including the studied genus. In 2006(a),

MacDonald decided to consider Gyrosphaera as a junior synonym of Haplotaeniatum, due to a very

similar spirally arranged construction between both genera, and no spicule occuring in the latter.

However, the same year, Jones & Noble (2006) maintained the separation between both genera based

on a more pronounced spiraliform layering in Gyrosphaera.

Numerous features described and/or emended in 2006 by Jones & Noble are correct and are

confirmed herein, such as the irregularly porous and 2D wall structure with circular to subcircular

pores, and allow me to definitely deny the labyrinthine meshwork described by Noble & Maletz

(2000). However, several characters are also corrected such as the starting point of the spines. Indeed,

Jones & Noble (2006) described primary spines starting in the innermost part of the shell (also

illustrated in Umeda & Suzuki [2005]), secondary spines stating from the cortical layer and beams also
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branching from the microsphere, of which the difference with primary spines is unclear. However, the

structure observed in three dimensions reveals that spines take root all along the whorl, from the

innermost part of the shell to the cortical layer and show identical thickness and so cannot be

distinguished from primary spines from the outside. Thus, assuming that primary spines are only the

ones taking root inside the innermost layer, the boudary between primary and secondary spines is

unclear. Only some thinner spines which developed on the outermost layer can really be considered as

secondary spines. In addition, the final layer does not seem to close and the spines are not conical from

the final layer such as illustrated in Umeda & Suzuki (2005) but have a constant thickness over their

whole length and are rod shaped. Moreover, the handling of the 3D model not only has allowed me to

confirm a spirally arranged structure which can appear to be concentric depending on the section, but

also reveal that this spiraliform meshwork is in reality much more complex than previously thought,

and shows a double spiral and a wall structure differing from layer to layer.

Such as Noble & Maletz diagnosed it in 2000, the spherical to subspherical shell of this genus

is composed of a succession of 3 or more spiraliform layers, however, as developed above, all these

layers are not identical (from a thick 2D framework to a more delicate one). The spirally arranged

pattern can be clearly observed in my specimen (e.g. in Figures 5 and 9). Figure 9 shows different

views of the 3D model, (front, upper, lower and side views) and we can see that both sides exhibit a

spiraliform pattern, with significant synapses between 2D shell layers as reported by Jones & Noble

(2006). The upper view shows the concentric layering as described in Noble & Maletz (2000).

However, the spiral arrangement seems to be much more complex than described in Jones & Noble

(2006) and is likely to be composed of two intertwined spirals.

The most interesting and undescribed feature until now is related to this spiraliform

arrangement of the shell. Even though it seems to be prima facie normally coiled such as schematized

in Umeda & Suzuki (2005: Text-Fig. 2), we can see that the coiling seems to be clockwise (from the

inner to the outer parts) on the right and also on the left side (Fig. 9). Moreover, a double coiling

seems to be visible on the front view (and rear view, not illustrated here, similar to the front one) of

Figure 9, and each coiling seems to be specific to each side. In addition, the second, thick layer seems

to show a discrepancy, represented by the black plane section (front views in Fig. 9). Thus, the shell

appears to be composed of two identical half-shells, from a same side, and put together, such as

illustrated in Figure 10. 
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In this figure, both sides are colored differently so as to distinguish them more easily.

Eventually, the shell, which seems to be composed of two half-shells, accordingly shows two openings

(lower views in Fig. 9, schematized in Fig. 10). Another proof for this double coiling is shown in

Figure 5: indeed three cross-sections were virtually created, through the left side, right side, and

central part, and we can clearly see that the coiling is reversed between both sides (which is in good

agreement with the «double half-shells» hypothesis, if the coiling was not reversed between the left

and right side it would be a normal coiling). Finally, the middle section seems to exhibit both coilings

mixed together.
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Figure 9 Various views of the studied specimen of Gyrosphaera cavea Jones & Noble, 2006. The double coiling
is visible in the front views, both clockwise coilings are visible in left and right views, the upper view shows a

concentric arrangement, and the lower views the openings.



5.3. Diversity analysis

5.3.1. Biotic extinction

The results clearly reflect variations in radiolarian diversity for the entire Silurian, and clearly show

some global trends of great importance. First of all, the diversity was relatively low by the lower

Silurian (Fig. 8a) and the origination and turnover rates were high for the Aeronian (Fig. 8b) which

seems to characterize a recovering fauna from the end-Ordovician crisis. Following a major biotic

event during the Hirnantian, radiolarians gradually diversified by the lower Silurian and reached a

maximum of diversity during the Sheinwoodian stage (Fig. 8a). This increase in diversity from the

Rhuddanian to the Sheinwoodian was caused by a very low extinction rate, thus, even though the

origination rate slowly decreased, the diversity continued to increase. Singletons are responsible for

half of this peak while the other half of the peak is due to cross over species, which were present

before, during and after the Sheinwoodian pulse, thus, these species are not comprised in the
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Figure 10 3D reconstruction of the studied specimen with colored half-shelves (right squares), and 3D model
based on ammonoid shells (left squares).



origination and extinction curves, explaining why a high diversity pattern is hardly visible in Figure 8b

for the Sheinwoodian. Just after this high diversity peak, diversity dramatically decreased during the

Homerian stage, and reached its lowest value concerning the grey-area for the Silurian (Fig. 8a). This

phenomenon was caused by the combination of three factors: the extinction rate which reached one of

its biggest values for the Silurian (Fig. 8b), the origination which reached a minimum, and the cross-

over species (representing the faunal stability) diversity also reaching a minimum inducing that very

few species present before and during this Homerian stage, were also present after. Eventually, as

shown in Figure 8a, diversity suddenly increased again during the Gorstian. This pattern can be

explained by a significant pulse in origination combined with a slight decrease in extinction, inducing

a high rate of faunal turnover (showing the faunal replacement; Fig. 8b), leading to the quickest and

one of the highest rate of diversification for the Silurian. Thus, the very low diversity with few cross-

over species, and low origination and high extinction rates for the Homerian, immediately followed by

a high diversity, and high turnover and origination rates for the Gorstian undoubtedly show a

Homerian extinction event followed by a Gorstian radiation for Silurian radiolarians. The same

phenomenon seems to be visible during the Pridoli epoch: a decrease in diversity is linked with the

lowest origination rate and a high extinction rate, however, more data about Devonian radiolarians is

needed.

5.3.2. Possible causes for extinction

Numerous explanations are relevant for the Homerian extinction event. The distribution of planktic

micro-organisms is controlled by oceanic circulation, temperature, or even distribution of continents

(Cocks & Torvik, 2002; Molyneux et al., 2013), thus modifications of these parameters can lead to

changes in diversity. Climatic conditions for the lower Silurian were for a long time thought to be

relatively warm (Greenhouse conditions), however, numerous studies recently argued that the glacial

climate (Icehouse conditions) of the end-Ordovician probably continued further into the Llandovery,

and to a broader scale, during the lower Silurian (Cocks & Torsvik, 2002; Munnecke et al., 2003,

2010). Alternations between Primo (humid low latitudes inducing enhanced weathering, nutrient

supplies and productivity, and cold high latitudes inducing well-ventilated oceanic circulation; Calner,

2008) and Secundo episodes (dry low and warm high latitudes inducing stratified oceans and less

productivity; Calner, 2008) as well as several glaciations and sea levels variations (Munnecke et al.,

2003; Gradstein et al., 2004; Calner, 2008) are thought to have induced extinction events during the

Silurian period. Indeed, when climate switched from a climatic mode to another (Primo and Secundo

episodes), oceanic currents were disrupted, inducing a collapse in the primary food web leading to

extinction events (Calner, 2008). These biotic events, are easily distinguishable thanks to the δ13C

curve (Calner, 2008) reflecting the oceanic productivity. 
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Some geochemical proxies such as the δ13C can be extremely useful for reconstructing past

climates and environments. Photosynthetic organisms preferentially incorporate 12C which is lighter

during their life, and as a result the inorganic carbon in the photic zone (surface water) is depleted in 12C

and relatively enriched in 13C (Calner, 2008; Munnecke et al., 2010). Thus, periods of strong

productivity induced by global environmental changes can be recorded as positive excursions in

δ13Ccarb and δ13Corg curves (Munnecke et al., 2010). However, because the δ13Corg curve is usually more

easily affected by processes such as diagenesis or thermal alteration, I decided to focus on the δ 13Ccarb

curve (see Munnecke et al., 2010 for further details). During the Silurian period, δ13Ccarb fluctuated

around 1 – 2 ‰ , but 8 positives excursions (3 during Llandovery, 3 during Wenlock, 1 during

Ludlow, and the final one at the end of Pridoli) are recorded (Munnecke et al., 2010), of which the

three principal ones correspond to three biotic events affecting many groups, from deep water

planktonic organisms such as graptolites and acritarchs, to shallow water benthic ones, such as

trilobites or conodonts (Calner, 2008). These δ13Ccarb values, as well as positive excursions, are

recorded from several palaeocontinents, as thus induced by global palaeoenvironmental changes. 

The first excursion corresponds to the Ireviken event (up to 6.6 ‰ in Norway) which mostly

affected conodonts and graptolites communities (80 % of species went extinct) as well as chitinozoans

and trilobites, severely affected (Calner, 2008; Munnecke et al., 2010). This extinction event took

place during a regression in a glacial interval starting just below the Llandovery / Wenlock boundary

(Calner, 2008). The second excursion (up to 4.6 ‰ in east Baltic area) is linked with the Mulde event

which is a faunal turnover taking place during the middle Homerian stage (Calner, 2008). This event

mainly affected pelagic groups such as graptolites (95 % of species), acritarchs (50 %), conodonts and

chitinozoans, or even radiolarians as reported by Lenz et al. (2006). This event is linked with a

regression immediately followed by a transgression, and a widespread oceanic anoxia (Calner, 2008).

The third excursion corresponds to the Lau event which recorded one of the most spectacular positive

excursions of the entire Phanerozoic (up to 12 ‰ in Australia). This crisis affected pelagic and benthic

faunas, mainly continental platform forms (70 % of graptolite species, 74 % of conodont species, some

vertebrates, chitinozoans, acritachs) and is linked with a glaciation and a sea level fall (Calner, 2008).

Due to its stratigraphic position, the Homerian radiolarian extinction observed in my results is likely to

be associated with the Mulde event. These excursions are usually thought to be induced by glaciations

leading to sea level falls, and a weathering of the carbonate platforms enriched in 13C, thus released

into the ocean (Calner, 2008). Another common explanation is a change in global oceanic circulation

(Munnecke et al., 2003, 2010), in any case, these excursions resulted from climatic shifts. Even

though these Silurian extinction events look similar, differences still remain (why are radiolarians only

affected by the Mulde event?) and according to Munnecke et al. (2010) the intensity of the incursions

cannot be only explained by a strong productivity, thus other possibilities have to be investigated in

order to understand in which way the Mulde event differed from the other Silurian events.
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The Mulde event seems to only affect pelagic organisms such as radiolarians, while the

Ireviken and Lau events also affected shallow water faunas. This event differed from the other ones by

several points. First, it was the only event comprised within two Secundo episodes, while the others

occurred between a Primo and a Secundo episode (Calner, 2008). As previously developed, the

transition between two episodes can be responsible for a change in the oceanic circulation and thus a

collapse of the primary food web. Then this transition between two Secundo episodes which are

thought to be poorly-ventilated oceans episodes might explain the widespread anoxia characteristic of

this crisis. Moreover, this event is the only one of which the excursion is certified to be linked which

an enhanced productivity (Calner 2008) suggesting a relationship between strong productivity and

anoxia, and radiolarian diversity. This Homerian extinction also coincided with a major tectonic event:

the Scandian phase of the Caledonian orogeny. The Avalonia and Baltica palaeocontinents collided

440 Ma ago (Torsvik et al., 1996), and the resulting combined landmasses (Balonia) collided with

Laurentia about 425 Ma ago to create Laurussia by closing the Iapetus ocean (Torsvik et al., 1996;

Cocks & Torsvik, 2002). This collision which occurred during the Homerian stage induced the

formation of reliefs which could be actively weathered (located in a tropical area), inducing changes in

the water chemistry, changes in pH by consumption of atmospheric CO2 reacting with the weathered

rocks, and finally induced an increase of sediment inputs, all of these factors probably affecting the

radiolarian diversity. 

The weathering of emerged lands also increased the nutrient flux from continents to oceans in

the Laurussian region, and an increase in primary productivity such as recorded by the δ 13Ccarb

positives excursions already mentioned. Noble et al. (2005, 2012) have reached the same conclusion

concerning the lundgreni extinction event (probably my observed Homerian event): the positive

excursion was probably associated with a weathering of carbonate surface due to a sea level drop. The

authors also explained that (e.g. for the Ireviken event) a cooling of the climate can lead to well-

ventilated oceans, a development of upwelling regions, and an increase in productivity. A complex

relationship exists between biodiversity and productivity, an increase in primary productivity to some

extent usually leads to an increase in biodiversity, but past this threshold, a stronger productivity might

induce a drop in diversity, or even a biotic crisis (Danelian & Johnson, 2001). Two hypotheses

concerning the relation between productivity and diversity are also reminded by these authors: the first

one was suggested by Vermeij (1995) and states that an increase in nutrient availability, and so in

productivity, would induce a diversification by reducing the ecological constraints on new adaptations.

The second one, proposed earlier by Hallock (1987), states that an increase in nutrient supply could

induce an expansion of the eutrophic environments and thus an uniformisation of the ecological niches

(«reduction of spatial heterogeneity») leading to a reduction of food chain complexity and extinctions

(less diverse environments and so less diverse faunas). However Danelian & Johnson (2001) argued

that none of these hypotheses are fully supported by the fossil record. The authors also remind us that
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the availability of nutrients and the feeding strategy (from symbiont-bearing, to herbivore, detritovore,

or even bacterivore) are the principal factors influencing the ecological niches. Moreover, the

speciation in radiolarians is thought to be sympatric or parapatric (apparition of a new-ecological niche

close to the original one), and thus the speciation would be linked with changes in nutrient availability

and productivity. Indeed these propositions and Hallock's Model (which also seems to apply to

Danelian & Johnson's data) are well supported by the results: during the Homerian stage, the Scandian

phase (by a weathering of the reliefs) would have led to an increase in nutrient inputs and availability,

and the consumption of CO2, and / or other factors could lead to a cooling of the climate, a well-

ventilated oceanic circulation and an enhanced productivity (like in upwelling regions). This increase

in productivity, testified by the δ13Ccarb peak during the Homerian would lead to an uniformisation of

the ecological niches (mainly depending on nutrient availability concerning radiolarians) which,

according to Hallock's Model and Danelian & Johnson (2001) could be responsible for radiolarian

extinctions. Moreover, if the speciation is parapatric (speciation by apparition of new ecological

niches), as proposed by Danelian & Johnson (2001), an uniformisation of these niches would lead to a

low speciation rate, and indeed, a high extinction and low origination rates were responsible for the

Homerian event observed in my data, thus my results seems to support these hypotheses.

Some other proxies were not used herein, such as the δ18O, which is still nowadays highly

discussed concerning the Silurian period. The δ18O curves already produced seem to not reflect a

global trend, and apparently indicate too high temperatures (Munnecke et al., 2010). The Icehouse

conditions started during the Ordovician are thought to persist well during the Llandovery and

Wenlock (Calner, 2008), however, no consensus has been suggested for post-Llandovery climatic

conditions and thus, we cannot deny that the Homerian radiolarian crisis could be a proof of a great

climate change, maybe from Icehouse to Greenhouse conditions. O2atm and CO2atm curves are also

available for the entire paleozoic (not accurately for the Silurian) however, every reconstructions are

different and no clear pattern can be observed. Nevertheless, these O2atm curves show a relatively low

concentration in O2 probably favoured by a poorly-ventilated oceanic circulation, as testified by the

widespread deposition of Silurian black shale (Munnecke et al., 2010). The CO2atm curve decreased by

the ⅔ of the Silurian, and this fall was probably induced by the consumption of CO2 due to the

weathering of continental reliefs created during the Scandian part of the Caledonian orogeny, which is

detailed in the previous paragraph.
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The sea level was thought to be relatively high and constant during the Silurian with

intermediate climatic conditions between the Ordovician Icehouse and the Devonian extrem

Greenhouse (Munnecke et al., 2010). However, fluctuations of more than 100 m probably occurred by

this period (Munnecke et al., 2010). The sea level variations are hard to determine for the Silurian,

several curves were compiled in Munnecke et al. (2010), but these global curves (Fig. 11) do not

reflect a single pattern. Whatever for most of them, we can clearly see that the Homerian and Pridoli

underwent a sea level fall. According to the most recent curve, proposed by Johnson (2010), the sea

level reached a minimum during the Homerian stage. Thus, even if no clear correlation is observed

between these curves and my diversity curves, we cannot deny that the Homerian extinction event

could have been linked with a drop in sea level.

5.3.3. Consistency of the data

Due to the relatively low abundance of references for the entire Silurian, and discrepancies in the

number of papers for the different stages of the considered time interval (i.e. Silurian period), I

decided to test the possible biases involved to be sure that a high diversity is not induced by a
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profusion of references. Figure 8c shows the number of papers per Myr for the Silurian period, and we

can clearly see that from the Sheinwoodian to the Pridoli, the pattern is clearly different from the one

observed in Fig. 8a (decreasing from the Sheinwoodian to the Ludfordian and increasing during the

Pridoli in Fig. 8c while Fig. 8a shows a decreasing diversity from the Sheiwoodian to the Homerian,

immediately increasing during the Gorstian and the Ludfordian). Thus, the extinction event observed

during the Homerian stage is very consistent and this crisis, as well as the following speciation, does

not depend on the abundance of papers. However, the pattern observed from the Rhuddanian to the

Sheiwoodian is very similar in both figures, thus, a correlation may exist between diversity and

abundance of references for the lower Silurian. Nevertheless, the lower Silurian being an interval of

faunal recovery, it seems relevant to observe an increasing diversity. Another test can be used in order

to check the influence of authorship on taxonomic diversity: Figure 8d shows the correlation between

the curves used in Figure 8a and the authorship, and we can see that the r² is very low (from 0.162 to

0.234) even the Dover curve showing a r² of 0.626 with 6 points only induces a very low correlation,

which may also be a coincidence, the p (probability) being very close to 0.05 % (error margin). Thus,

it is likely that my results are not influenced by the authorship.

Eventually, when looking at Figure 6, it has to be noted that most of the studies before the

Homerian crisis concern Canadian and other «Laurentian» and «Baltican» assemblages, while most of

the post-crisis studies came from Japan. Laurentia and Baltica being located relatively far from Japan

during the Silurian period, the crisis could be prima facie considered as a sampling artefact, however,

the radiolarian faunas are considered to be rather cosmopolitan by the Silurian, thus the Laurentian /

Baltican and Japan assemblages were probably very similar (Noble & Maletz, 2000; Tetard et al.,

2014b). Moreover, it has to be noted that diversity and abundance of radiolarians in the fossil record

largely depend on taphonomic and preservational biases (De Wever et al., 1994) and radiolarians

extracted from carbonate rocks, such as the Canadian Arctic ones, are usually better preserved during

the Silurian period, thus, the Wenlock assemblages described from lots of Canadian localities may be

responsible for part of the high diversity concerning the pre-crisis assemblages.
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6. Conclusion

Different aspects of the study of paleobiodiversity and evolution of radiolarians concerning the

Silurian period were proposed in this report. The first project aimed to describe two assemblages: one

sample from the Twilight Creek section (Bathurst Island, Canadian Arctic) and three others from the

Snowblind Creek section (Cornwallis Island, Canadian Arctic). They contain three new species

(Fusalfanus bilateralis, Pseudospongoprunum parvispina, and Spumellarian fam., gen., et sp. indet.)

of Gorstian age (Lobograptus progenitor zone). Several faunal differences can be recognized between

the two sections, which in their turn reflect different paleoenvironmental settings; more specifically,

sample 98 TWC 141m contains a higher diversity of both genera and species than the three Snowblind

Creek samples. These differences may be assigned to environmental conditions as both localities were

situated respectively in the basin (graptolitic facies) and on the shelf break (carbonate facies). Indeed,

the graptolitic facies shows a lot of pyrite which could have been induced by an anoxic depositional

environment, while the carbonate facies exhibits a very diversified shallow water fauna where

conodonts, scolecodonts, siliceous sponge spicules, and chitinozoans were also recovered. Eventually

the stratigraphic ranges of fourteen species were extended. Thus, this new fauna adds knowledge to

the Silurian radiolarian recorded species and their paleoenvironmental information. 

The second project showed the interest of a new microCT-Scan approach regarding the

description and identification of specimens. Indeed, during the Silurian period, a significant part of

radiolarian species shows a high similarity inducing a lot of issues concerning the systematic

taxonomy, which can biased the diversity analyses. Lots of well-visible external features are indeed

imputable to intraspecific variations while hidden internal characteristics can be used for distinguish

genera. Thanks to this study, an unreported structure, the double coiling, not visible in SEM images or

thin sections, could be described in the species Gyrosphaera cavea, as well as several features

reported in the literature, which could be confirmed or denied herein by using a stereoscopic 3D

model. As developed in 2006 by Jones & Noble, the genus Gyrosphaera seems to differ from

Haplotaeniatum by its well-separated whorls, while the latter is considered as a more «spongy»

structure, with layers more difficult to distinguish. However, no direct 3D model comparison was

possible, as no Haplotaeniatum specimen was recovered from my sample. Finally, the whole

procedure (scanning, reconstruction and observation) for a single specimen is time-consuming (several

hours for a single radiolarian specimen, while almost 500 specimens can be imaged with an SEM at

the same time, and several other hours for the image processing and reconstruction before using it).

The size of the data is also much more significant (i.e. 10 Gb) in comparison with a SEM image (a few

Mb). For these reasons, the CT-scan is a very useful tool which should be saved for the understanding

of complex and hardly visible internal framework of micrometric sized fossils unreachable by other
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methods, and not used for simple identifications, due to a long acquisition time and a large volume of

produced data.

Eventually, a third project aiming for reconstructing the diversity trends for Silurian

radiolarians was achieved through a compilation of all published Silurian faunas. Unfortunately, the

new Gorstian fauna could not be included in this analysis due to time constraints. The diversity curves

show an extinction event occurring during the Homerian and explained in the discussion part, my

results being in good agreement with previously published diversity analyses. An analysis of the

radiolarian diversity for the entire Silurian period has been carried out by referencing all the

occurrences of radiolarians from the literature. A biostratigraphic scale including ranges of all Silurian

specimens was produced as well as several analysis presenting the evolution of diversity, speciation

and extinction for the studied period. Both figures (Figs. 6 and 8) show a diversification by the lower

Silurian reaching a maximum during the Sheinwoodian. Diversity, coinciding with a high extinction

and low speciation rates, decreased suddenly during the Homerian stage before recovering

immediately during the Gorstian. This biotic crisis which could be correlated with the Mulde event,

could be explained by several factors: an enhanced productivity and climatic shifts responsible for a

glaciation, leading to sea-level fluctuations, or changes in oceanic circulations. The scandian orogenic

phase and the resulting weathering of the reliefs may also have affected several decisive parameters

such as the CO2atm levels (and thus temperatures, pH), nutrient supplies, silicoclastic inputs. A change

in climatic episodes may also be responsible for a change in oceanic circulation, anoxia and a collapse

of food web. Thus, my results support Hallock's model stating that an increase in productivity could

lead to a higher rate of extinction, and a lower rate of speciation if the latter is parapatric.
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