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Abstract 
 
The Life Cycle and Developmental Phases of Cambrian-Ordovician Organic-Walled 
Microfossils from Kolguev Island, Arctic Russia 
Magdalena Pazio 
 
Light microscopy studies of collections of late Cambrian/Early Ordovician organic-walled microfossils, 
informally called acritarchs, provide the observations on phenotypic traits that are comparable to 
Modern microalgae and make possible recognition of various developmental stages in their complex 
life cycle. The exceptionally preserved Saharidia fragilis microfossils show the internal body within the 
vesicle and the formation of the fringe and pylome, the opening for releasing of the daughter cells from 
the phycoma-like cyst. All the reproductive stages are distinguished and the hypothetical reconstruction 
of the complex life cycle is proposed. Various morphotypes are recognized to be a part of the class 
Prasinophyceae and some microfossils of the genus Leiosphaeridia are thought to represent the develop-
mental stage of Saharidia fragilis life cycle. The morphological similarity suggests that those micro-
fossils from the Cambrian-Ordovician transitional time interval are the ancestral representatives and 
early lineages of the Modern class Prasinophyceae. 
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Populärvetenskaplig sammanfattning 
 
Livscykel och utvecklingsfaser hos kambrisk–ordoviciska organiska mikrofossil från 
Kolguev, arktiska Ryssland 
Magdalena Pazio 
 
Alger är idag viktiga producenter av fritt syre i atmosfären. I denna avhandling presenteras nya studier 
av encelliga organiska mikrofossil från den ryska ön Kolguev. Fossilens form och struktur (där många 
visar på en karaktäristisk rund öppning, så kallad pylome) ger en grund för att rekonstruera en komplex 
livscykel hos vissa av dessa kambrisk-ordoviciska taxa och tolka dem som alger. Studier med hjälp av 
ljusmikroskop utfördes i syfte att fastställa mikrofossilens funktionsmorfologi och fenotypiska drag. 
Dessa studier är viktiga för att klargöra biologiska släktskap och livscykeln av de studerade arterna.  
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1. Introduction 
 

Modern phytoplanktons form the basic link in the food web of marine ecosystem and comprise 

very diverse organismal groups in modern oceans. A major part of marine phytoplankton is constituted 

by green algae including prasinophyceae algae. They provide organic matter for heterotrophic organisms 

and release free oxygen in the process of photosynthesis. The Class Prasinophyceae evolutionary history 

is very long and we know microfossils representing prasinophyceans since the Proterozoic Era. 

However, their major diversification occurred during the Cambrian and Ordovician periods as it is seen 

in the fossil record. One of the best preserved microfossil collection showing this diversification event 

derives from the Kolguev Island and is studied here. The microfossils document the developmental 

stages of the cyst in a complex life cycle of Saharidia fragilis that is inferred to be a prasinophyceae 

alga. My research was focused on this taxon because of the exceptional preservation of numerous 

specimens showing various morphotypes. The biological affinity of studied microfossils, including 

Saharidia fragilis and certain Leiosphaeridia, as prasionphyceae algae is evident by comparison to 

modern species. My hypothesis is that the described microfossils are Saharidia fragilis and that those 

in fact are members of prasinophyceae alga. The studied specimens has been described before and 

identified as species Saharidia fragilis (Moczydłowska et al., 2004) however their life cycle has never 

been described before. I base my results on both previous and new research. 
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2. Aim 
 
 The aim of this study is to examine the exceptionally well-preserved microfossils from the 

transitional Cambrian-Ordovician successions on the Kolguev Island, Arctic Russia, and classifying 

them as a species.  
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3. Background 
 
3.1 Acritarchs 
            Microfossils informally referred to the Group Acritarcha Evitt, 1963 were known since the 

Palaeoproterozoic at ca. 1.8 Ga and earlier (Zhang, 1986), first as spheroidal unornamented specimens 

(the form genus Leiosphaeridia), then ornamented and more morphologically disparate in early 

Neoproterozoic before rapidly diversifying into various taxa in the Ediacaran Period. Their biodiversity 

reached several peaks and was reduced by extinctions throughout the Phanerozoic (Sepkoski and 

Schopf, 1992; Mullins et al., 2005). 

          Acritarchs are organic-walled, marine, unicellular organisms that are inferred to be in a large part 

phytoplanktonic but of unidentified biological affinities. The group is polyphyletic and its taxonomy is 

exclusively phenotypic and based on morphological features. Acritarchs comprise unicellular, likely 

auto- and heterotrophic eukaryotes, prokaryotes, and possible parts of multicellular plants and animals 

and cysts of organic-walled microphytoplankton. Mostly they represent resting stages in the life cycle 

of marine phytoplanktic algae and some also vegetative cells (Tappan, 1980; Moczydłowska, 1991, 

2010). Since their discovery about 150 years ago many taxa have been assigned to the green algae. 

Certain morphotypes of acritarchs are similar to non-motile stage (phycoma) in the life cycle of modern 

prasinophyceans. Ranging stratigraphically from mid-Precambrian to recent times, acritarchs reached 

their peaks in a number of taxa and abundance in the Palaeozoic Era (Armstrong et al., 2005). 

Significantly, numerous taxa represent the remains of phytoplankton and were part of primary producers 

in the Proterozoic and Palaeozoic times. They lived in the photic zone and were dispersed as a marine 

snow and, after death, accumulated in the sediments from the suspension (Moczydłowska et al., 2004). 

That means that they were largely facies independent. 

 

3.1.1 Morphology and the excystment structure 
           Microfossil vesicles may be morphologically simple or complex and with varying dimensions. 

Quantitatively, they are predominantly spheroidal or ovoidal. During burial, if the vesicle walls are 

thin, they collapse and fold into wrinkles that may simulate true biological features. 

The cell wall consists of complex polymers known as sporopollenin-like groups and algaenans, which 

survive early diagenesis and chemical maceration in acids (Evitt, 1985; Allard and Templier, 2000; 

Versteegh and Blokker, 2004; Marshall et al., 2005). The resistant biopolymers are synthesized in 

protective resting cysts but occur also in vegetative cells of marine and freshwater algae (Van den 

Hoek, 1978; Derenne et al., 1996; Gelin et al., 1997; Allard and Templier, 2000). Algaenan provides 

rigidity, mechanical strength, and impermeability to the cell wall, which protects the developing cyst 
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while alive and helps it to be fossilized. Vesicle sizes range from less than 10 µm to more than 1000 

µm, but are mostly 15–80 µm in diameter (Traverse, 2007).  Microfossils consist of a vesicle 

enclosing a central cavity and vesicle wall may bear sculpture and ornamentation. Burial and 

diagenetic processes, such as pressure, increased temperature, migration of mineral solutions, 

mechanical compression, pyrite crystals growth, and chemical agents used in extraction techniques can 

significantly change the original morphology and wall structure. Wall thickness varies from <0.5 μm 

in Leiosphaeridia (Lipps, 1993) up to 7 μm in Tasmanites (Traverse, 1988). Wall ultrastructure is very 

poorly known. Most Paleozoic acritarchs have one or two wall layers. In some bi-layered forms, the 

layers may have different texture. Usually in bi-layered forms, the two layers are tightly attached. For 

example, in the genus, Baltisphaeridium, the vesicle ultrastructure comprises a single layer penetrated 

by narrow canals which can be seen only by TEM (Transmission electron microscop) and SEM 

(Scanning electron microscope) (Jux, 1971) and are comparable to those observed in prasinophyceae 

phycomata. The external surface of the vesicle may be granulate, smooth or may bear a variety of 

reticulate or spinose ornaments, micropores or indentations.  

Some authors have proposed that smooth cysts (acritarch and dinoflagellate) are typical of near-

shore, turbid, high-energy environments (Scott, 1982). Other researchers have made observations 

concerning diversity of early Paleozoic microplankton (acritarchs plus prasinophyceae algal cysts), 

with diversity being greatest in open marine shelf areas and lesser in sediments from both the near-

shore and the open ocean (Dorning, 2005). For microphytoplankton (acritarchs and dinocysts), it has 

been suggested that low taxonomic diversity shows near-shore deposition. In a study of the British 

Silurian sediments it has been noted a peak in generic diversity of phytoplankton in shelf area with 

lesser diversity both towards deeper water environments and towards near-shore (Dorning, l981). It 

has also been found (Dorning, 1981) that less ornamented forms and sphaeromorphs dominate inner 

shore localities and deeper water environments beyond the shelf and more highly ornamented forms 

dominate in shelf areas. 

         If some acritarchs were resting cysts then their contents must have escaped through an opening, 

an excystment structure. One such openings is a circular opening situated above the equator of the cyst-
a pylome. The cyst was formed to protect the cell during binary fission or to survive hostile 

environmental conditions. Excystment structure in modern microalgae is a morphologically pre-

determined opening or a simple rupture of the cell wall for releasing an endocyst from the cyst or a cyst 

from the vegetative cell. This structure is a direct indicator of the presence of functionally and 

morphologically differentiated stages in a complex life cycle of a single biological species. It is formed 

and then opened in a mature developmental phase. 

 

3.1.2 Classification 
         Acritarchs lacking processes or crests are called Sphaeromorphitae and range throughout 

Precambrian to Recent. This sub-grouping includes specimens with a spherioidal to ellipsoidal vesicles 
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without ornamentation. The often simple, thin, imperforated wall may develop in a cyclopyle or irregular 

opening. The sphaeromorphs compare with spores of multicellular algae. Another sub-group of the 

acritarchs is called Pteromorphitae, ranging from Cambrian to Recent, which possess an equatorial 

flange (ala-a wing), such as Pterospermella. 

 

3.1.3 Evolutionary history of acritarchs 
         The majority of Proterozoic acritarchs are sphaeromorphs (simple, spheroidal, non-ornamented 

monads about 30 µm in diameter) that became abundant in marine sediments about 1000 Ma 

(Moczydłowska et al. 2009). The appearance of large sphaeromorphs (up to 400 μm), polygonomorphs 

(acritarchs with a polygonal vesicle with simple processes) and acanthomorphs (spherical acritarchs that 

lack an inner body and crests) characterized the first radiation in the late Precambrian (900–600 Ma). 

There have been recorded hundreds of acanthomorphic acritarchs alone at the end of the Ediacaran 

(Grey 2005 and references therein; Liu et al 2014 and references therein). Cambrian 

acritarch associations continued to diversify morphologically, ranging in size 25−200 µm, and they also 

differentiated in shape and ornamentation from superficial sculpture of baculae, granulae and very short 

spines, to long and ramifying processes (Moczydłowska 1991, 1998).  Acritarch speciation rates 

increase from the the Cambrian to Ordovician and Silurian up to their major extinction in Late Devonian 

and to their near disappearance in the Carboniferous. Their sculptural and structural complexity 

increased most remarkably from the Cambrian into the Middle Ordovician (Mullins et al., 2005, Huntley 

et al., 2006). 

 

3.2 Modern algal groups 
           Green algae are eukaryotic photosynthetic organisms and their cells, and in particular resting 

cysts, are often surrounded by a wall made of polysaccharides that are partially produced and secreted 

by the Golgi body (Lee, 2008). The plasma membrane surrounds the protoplasm containing organelles. 

The plasma membrane is a structure responsible for regulatory functions of the influx and outflow of 

substances in the protoplasm. Locomotory organs, the flagella present in the motile vegetative stage, 

move the alga through the water by whipping. The flagella are enclosed in the plasma membrane and 

have a specific number and orientation of microtubules. The nucleus is surrounded by a double 

membrane with pores in it.  

Algae are highly phenotypically diverse and metabolically versatile. They can live in fresh, salt 

and brackish waters, within soils and ice. Their species diversity is very high especially in freshwater 

environments. Algae are considered a polyphyletic group. The phylogenetic history of algae is ancient 

as we can see in their fossil record but it is poorly understood at its early branches. They do not contain 

a single high-level systematic unit, such as kingdom. In a broad sense, algae include all photosynthetic 

organisms, such as prokaryotic Cyanobacteria and diversity of single and multicellular water-dwelling 
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eukaryotes (Moczydłowska, 2010). The eukaryotic green, golden, brown and red algal lineages arose 

by endosymbiosis and acquired their plastids from symbionts (Baldauf, 2003; Falkowski and Raven, 

2007; Hackett et al., 2007). Green algae include classes Prasinophyceae, Chlorophyceae, Ulvophyceae, 

and Charophyceae (Mattox and Stewart, 1984; Melkonian, 1989; Guilloux et al., 2004). Green algae 

were the precursors of the diversification of plants because of the efficiency of their biochemical 

pathway of photosynthesis (Mattox and Stewart, 1984; Melkonian, 1989; Guilloux et al., 2004 ;).  

 

3.2.1 Morphology and structure 
         Algae have strategies for keeping their cells in suspension by producing shapes that increase 

buoyancy. Small round and oval cells have low inherent sinking rate. The excystment structure, which 

is an opening in the cell wall, is another morphological indicator of the vesicle function. The excystment 

structure is formed in a mature cyst in order to release miospores, endocysts, or gametes, or in a 

vegetative cell for releasing cysts, autospores, aplanospores, or zoospores. The opening structures are 

present in all cysts, but only in some vegetative cells. This is because the vegetative cells are mostly 

dissolved in order to release the offspring cells (Bold and Wynne, 1985), and are not preserved. The 

shape of the excystment structure may be morphologically pre-determined as a circular or geometrically 

patterned pylome.  

         Algae reproduce asexually and sexually. Sexual and vegetative modes of reproduction bring the 

stability of an adapted genotype within a species from generation to generation. These modes offer 

economical and fast means of growing the number of individuals while limiting genetic variability. 

Prasinophyte algae reproduce asexually. This reproduction is possible with help of zoospores that are 

flagellate motile spores produced within parental vegetative cells. Under unfavourable conditions, 

particularly in a case of the ephemeral water basins prone to desiccation, many algal groups produce 

thick-walled resting cells, such as akinetes, hypnospores, hypnozygotes and statospores.  Akinetes are 

basically enlarged vegetative cells that grow a thickened wall in response to limiting environmental 

nutrients or limiting light. They are very resistant to freezing and drying and function as a long-term 

anaerobic storage of the genetic material of the species. Akinetes can remain in sediments for many 

years, lasting under very harsh conditions. When appropriate conditions for a vegetative growth are re-

established, the akinete grows into vegetative cells (Barsanti, 2006). 

        Generally, cell walls are made of two components: proteins and a microfibrillar framework 

embedded in an amorphous mucilaginous material composed of polysaccharides and lipids. Covering 

substances such as silica, calcium carbonate, or sporopollenin may be also present. In the formation of 

algal cell walls the materials required are mainly collected into Golgi vesicles that then passed it through 

the plasma membrane, where enzyme complexes are responsible for the synthesis of microfibrils, in a 

pre-determinate direction (Barsanti et al., 2006). 

        Sporopollenin or sporopollenin-like groups and algaenans are derivative of cellulose and chitin 

(Evitt, 1985; Tyson, 1995). It has been determined that algaenan is a long chain, highly aliphatic 
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biopolymer related to lipids (Derenne et al., 1992a, b, 1996; Gelin et al., 1997; Allard and Templier, 

2000). Algaenan is an insoluble non-hydrolysable biopolymer synthesized by many, although not all, 

Chlorophyceae (Allard and Templier, 2000) and some Dinophyceae (Versteegh and Blokker, 2004). 

Aliphatic hydrocarbons recognized in the acritarch walls may be similar to algaenan (Arouri et al., 1999, 

2000; Marshall et al., 2005, 2006; Javaux and Marshal, 2006). When found in the fossils, algaenan is a 

clear biomarker for algae (Moczydłowska et al., 2009). The oldest acritarchs with sporopollenin-like 

walls occur in Precambrian rocks 1.2–1.4 billion years old. In these organisms sporopollenin probably 

played the role of shield of protoplasm against UV radiation. The green algae are probably responsible 

for the development of sporopollenin and its biosynthesis genetic code transfer into higher green plants, 

where its main function is the protection against oxidation and desiccation in reproductive spores and 

pollen. Sporopollenin is a highly inert C-H-O compound, probably of the carotenoid-terpenoid type. It 

resists acetolysis but is degraded by strong oxidants such as CrO3 or H2O2, and shows secondary 

fluorescence when marked with primuline (Good and Chapman, 1978). When its left over long periods 

of time in an even slightly elevated temperature it changes colour in transmitted light with thermal 

maturation as the sporopollenin increases in “rank,” with loss of O and H and increasing percentage of 

C (parallel to the coalification series of other organic matter) from an almost transparent very light 

yellow to dark yellow, orange, reddish brown and finally to black. Still, spores and pollen outer layers 

can survive temperatures of 200 C° with intact structure for short time (Traverse, 2007). During this 

series of temperature rise, the reflectance increases. The causes of thermal maturation are temperature-

elevation over prolonged time duration. The index of refraction (a number that describes how light 

propagates through that medium) is 1.48. It is also sensitive to high pH over prolonged periods of time. 

From a paleopalynological point of view, the significance of the properties of sporopollenin is that 

sporopollenin-bearing palynomorphs, once delivered to sediment, tend to stay there, though the cell 

contents of the palynomorphs and constituents of the wall layers other than sporopollenin are quickly 

lost. In formation of sediment, original and post-depositional factors can destroy the sporopollenin: 

• Oxidizing environment 

• Highly alkaline environment 

• Carbonization (=coalification, thermal maturation, as a result of even relatively low temperature 

elevation over a long time) 

• High temperature (over a relatively short time, as a result, e.g. of volcanic intrusion) 

• Recrystallization of the minerals in the sediments 

The oldest sporopollenin-containing palynomorphs are sphaeromorphic acritarchs that are over one 

billion years old from various localities worldwide. In Cambrian and Ordovician those Precambrian 

sphaeromorphs were joined by associations of acritarchs with processes and other ornament elements. 

The oldest “true” palynomorphs (with resistant-walls-sporopolleninous and substantial size-range) are 

taxa that are remains of organisms presumable to have been algae, flagellate and/or protist-related 

organisms in general. The first robust-walled (sporopolleninous) acritarchs appear in late Proterozoic 
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shales about l.4 billion years old (Mesoproterozoic), although reports of forms more than 0.9 billion 

years old are rare (Vidal and Knoll, 1983; Agić, et al., 2015). The early forms seem to be linked with 

the appearance of eukaryotic organisms, including probable green algae, and increase of oxygen level 

in the atmosphere sufficient to maintain eukaryotic, high energy demanding metabolism. This time 

interval coincides with termination the dominance of reducing environments in the ocean. It is likely 

that most sporopolleninous acritarchs, beginning with the oldest occurrences, represent reproductive 

cysts of green algae, and that they establish a phylogenetic link between the green algae and other green 

plants. Some, however, may represent ancestral flagellate organisms because definition of acritarchs is 

very general and include a lot of different marine and non-marine organisms. 

 

3.3 Chlorophyta 
          The Division of Chlorophyta is, one of the divisions of green algae. Chlorophyta show a great 

range of morphological and environmental differentiations through time. Chlorophyta possess 

chlorophylls a and b, b- and g-carotene, and several xanthophylls as accessory pigments. Chloroplasts 

are enclosed by a two-membrane cover without any endoplasmic reticulum membrane and form starch 

usually in association with pyrenoid. The Chlorophyta however differ from the rest of the eukaryotic 

algae in forming the storage product in the chloroplast instead of in the cytoplasm. The life cycle is 

haplobiontic. Plant evolution researchers believe that the land plants derived directly from the fresh-

water representatives of this algae class. The four important classes in the Chlorophyta are the 

Prasinophyceae (Micromonadophyceae), Chlorophyceae, Ulvophyceae, and Charophyceae. Their 

classification scheme was based largely on ultrastructural characteristics (Melkonian, 1989; Guilloux 

et al., 2004;) 

 

3.4 Prasinophyceae 
         The Class Prasinophyceae is characterized by the microalgae that reproduce asexually and form 

resting/reproductive phycoma, and only one or a few species may have primitive mode of sexual 

reproduction. 

 

3.4.1 Principal characteristics 
         The Class Prasinophyceae comprises about 16 genera, with around 180 species that occur in 

different habitats and are only common in near-shore environments. Prasinophyceans occupy a critical 

position at the base of the green algal tree of life and are viewed as the form of cells most closely 

representing the first green alga, or "ancestral green flagellate" (AGF) (Lewis & MacCourt, 2004). 

Prasinophytes are unicellular motile green algae covered on their cell body and flagella by non-

mineralized organic scales. The scales are composed of acidic polysaccharides (Wustman et al., 2004). 

Their characteristics are: 
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• Free living, flagellate green algae 

• The cell body and flagella are covered by one to several layers of more or less elaborate organic 

scales, which are produced in the Golgi apparatus 

• Usually have 1-8 flagella 

• Species of the class occur in marine and fresh waters 

 

This class represents a great diversity in the architecture of flagella and different modes of mitosis and 

cytokinesis. It is interpreted as reflecting the great age and primitiveness of Prasinophyceae. This class 

is thought to be a kind of laboratory for the evolution of various kinds of flagellate cell types found in 

the green algae. There are however few characters that separate this class from other green algal classes 

by the combination of unicellular, flagellate life-form and the presence of organic scales on the cell body 

and flagella. Several members of Prasinophyceae produce highly resistant, readily fossilizable organic-

walled structures (phycomata) during one phase of their life cycles that resembles pteromoph acritarchs 

in morphology. The distinctive morphologies displayed by many of these phycomata have allowed their 

recognition in rocks ranging in age from Precambrian to Recent (Loeblich, 1974; Tappan, 1980). Vesicle 

is used in reference to the central body wall. There is still a large disagreement over the taxonomy of 

the prasinophyceans. However, cladistic analyses failed to separate the prasinophytes as a natural group. 

Fossil prasinophyceans are exclusively marine and generally much larger than other acritarchs. They 

have a perforated wall with a cyclopyle or median-split opening. The vesicles are spherical and lacked 

spines or crests (Armstrong and Brasier, 2005).  Prasinophytes reproduce asexually. Although there has 

been recorded one prasinophyceae species that reproduces sexually (Suda et al., 1989). Studied species 

of several genera show vegetative reproduction within a unique structure called a phycoma, which may 

contain sporopollenin (Colbath & Grenfell 1995). Phycoma in prasinophyceans is formed during a stage 

of active growth and division. Although the fossilized, organic walled, acid-resistant bodies formed by 

prasinophycean algae are commonly called cysts the term is not correct because it is best used to describe 

a resting stage of an organism (Colbath, 1983). The classification of Prasionophyceae is based on 

differences in cell architecture, the kind of organic body scales present and the process of mitosis and 

cytokinesis. There are four orders: Mamiellales, Pseudoscourfeldiales, Pyramimonadales, and 

Chlorodendrales. 

The fossil record of the Prasinophyceae suggests that the evolution of the class was extremely 

conservative, at least for the phycoma phase of their life cycle. Fossil phycomata are comparable in size, 

ornamentation and dehiscence mechanisms to those of living species. Evolutionary changes are evident 

within the group, to be sure, but represent minor variations in a few basic prasinophycean morphologic 

modes. Unornamented spherioidal forms are one of those forms that persisted from the Precambrian to 

the Recent. As Colbath (1983) states, it is tempting to correlate the conservatism of prasinophycean 

evolution with the fact that sexual reproduction is almost unknown within the class. 
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3.4.2 Modern Prasinophyceae 
 
         Phycoma formation in the prasinophycean algae occurs in one phase of the life cycle and has been 

described in the genera Pachysphaera, Halosphaera and Pterosperma. Phycomata are fossilizable 

because of the resistant walls they produce and therefore may be recognized among microfossils. The 

genera Halosphaera and Pterosperma form large cyst- like stages and are 100-800 µm in diameter. 

These structures have thick walls composed of two layers where the outer layer is resistant to microbial 

degradation and consequently readily fossilizes (Van den Hoek et al., 2012).  

 

(1) Pterosperma 

        Pterosperma belongs to the class Prasinophyceae in the order Pterospermatales.  It has two life 

stages:  a long lasting phycoma stage, and a free-living flagellate stage of a shorter duration.  Parke et 

al. (1978) has observed that the timings of the changeover from phycoma to motile and from motile to 

phycoma stages are related to lunar periodicity. 

The phycoma ranges 14-230 µm in diameter, is spheroidal, sub-globose or ellipsoidal, has double 

wall, the inner being delicate and of pectic nature (pectin present in the cell wall) and the outer tough 

and of unknown composition staining yellow with iodine (doesn’t contain starch). The outer wall is 

greenish yellow to golden brown in colour. Outer wall is smooth, thicker, hebetate, papillose and/or 

poroid, resistant to bacterial decay, bearing alae (wings) protruding at right angles from the wall surface, 

or sometimes originating from a distinct ala band (wing band) in species with a single equatorial ala. 

Alae are smooth or maculate, staining paler yellow with iodine in comparison with the outer wall 

(doesn’t contain starch and it’s probably thinner), and they divide surface of the outer wall into two or 

multiple triangular, quadrangular or polygonal areas. Mature-sized phycoma contains a single nucleus 

at first, small lipid globules and numerous discoidal plastids having chlorophyll a and b, each plastid 

containing a pyrenoid with a surrounding starch shell, discolorating purplish red with iodine (contains 

a waxy starch) (Perke et al, 1978). 

Pterosperma reproduces through subsequent divisions of its contents into numerous flagellate cells 

(zooids), which are at first enclosed in a vesicle formed by the delicate inner wall. The vesicle is extruded 

through a split in the outer wall and contains the zooids until they are mature, when it bursts, releasing 

them. The zooids themselves can reproduce asexually by fission. Each zooid bears four lateral flagella 

and both its body and its flagella are covered with various kinds of scales. Within a few weeks a 

flagellate cell can develop back into phycoma.   

The key points of phycoma formation are: 

1.  Phycoma formation is initiated when a motile cell sheds its flagella and rounds up. Asexual divisions 

of organelles within the phycoma produce four or more daughter cells 
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2.  The phycoma has multi-layered structure. In some members of Halosphaeraceae at least one layer 

consists of sporopollenin, and is readily fossilized. Phycoma composition has not yet been recognized 

for all prasinophyceans. 

3. In living species, the phycoma grows during cell division, and phycoma size may vary by more than 

an order of magnitude in single populations. Variations by factor two to three have been reported in 

fossils. 

4. Dehiscence opening occurs by rupture along a preformed line of weakness within the outer wall layer. 

In spherical forms the rupture occurs along a great circle. 

 

(2) Development of phycoma phase in Pterosperma 

          Immediately after the motile cell has cast its flagella and transformed into the phycoma by 

producing walls and alae an extremely rapid increase in its volume and lipid content must take place 

since other body contents, for instance, the plastids, seem sparse at this stage. In this characteristic young 

stage the single plastid of the motile cell has divided up into numerous small round to oval plate-shaped 

plastids, which now surround usually one large central lipid globule. From data on phycomata grown in 

culture (Parke et al., 1978), growth of the phycoma outer wall in both size and thickness certainly 

continues, after the rapid initial size increase, until the phycoma reaches maturity. As the phycoma size 

increases, the contents, except the nucleus, continue to divide. The peripherally lying plastids show 

fission stages with two or four pyrenoids, each pyrenoid with its starch shell, and the large central lipid 

mass cuts off globules from the peripheral region. This process continues until the centre of the phycoma 

is full of small lipid globules surrounded by plastids. Maturity is reached when all the lipid material has 

divided up into very small globules of about the same size and each of the numerous plastids contains a 

single pyrenoid. When motile cells are about to change to phycomata, the mucilaginous organelles, 

situated peripherally in the body become more numerous and more visible. These organelles may be 

involved in the production of the phycoma wall since they are still present in cells just forming walls 

but fade as soon as the walls and alae are clearly distinguishable. The cell, after losing motility, becomes 

surrounded by a distinct layer of clear material which apparently becomes the phycoma wall. While the 

walls are forming, the alae develop on the outside. The young phycoma now contains one to four 

plastids, a single large nucleus, a lipid globule and frequently groups of mucilaginous organelles. The 

resistant outer wall of the phycoma is well preserved in fossil deposits and fossil relatives of 

Pterosperma are known from as early as the Precambrian (ca. 1.0-1.2 Ga) (Samuelsson et al. 1999). In 

the Paleozoic Era (ca. 252-541 Ma) they became widespread and very diverse morphologically 

(Moczydłowska, 1988, Molyneux, 1996).  

 

 

(3) Halosphaera 
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         Halosphaera is a member of the class Prasinophyceae and order Halosphaerales.  Its non-motile 

phase is spherical in shape and 200-550 µm in diameter when mature.  The wall consists of two layers, 

outer layer is taught and elastic, some with evenly distributed punctures. Punctures are of two types 

visible on empty wall, larger and smaller in diameter. Inner wall is thin, very elastic and showing features 

of differential permeability. Chloroplasts are pale green and irregularly shaped. The non-motile phase 

produces rosettes-the chloroplasts gather around the nuclei leading to the formation of rosettes which 

when fully developed divide up to give the quadriflagellate motile cells. At this stage the inner envelope 

swells and bursts the outer wall, from which it escapes with its content still dividing. Later on the thin 

envelope also bursts and releases the matured motile cells (Boalch and Mommaerts, 1969).  

Wall structure of Halosphaera is made of sporopollenin. Jux (1969) suggested that the pilae in 

the Halosphaera wall play an important part in transport of materials for wall growth and for osmotic 

exchanges. According to this author, the thickening and widening of the wall takes place from the inside 

outwards and that the inner wall might be formed only as the phycoma approached its mature size.  

Its life cycle is similar to that of Pterosperma. Once it starts its cyst phase it grows in size until it reaches 

maturity. The size at maturity varies according to the species and is influenced by environmental factors, 

such as season and latitude. The outer wall grows as the cyst content increases in volume. The cyst phase 

is spheroidal, pelagic, with a double wall, the inner of a pectic nature, the outer of sporopollenin, staining 

bright yellow with iodine. The liberation of the motile cyst takes place in the fallowing order: The inner 

wall swells up and a slit appears in the outer wall. The inner wall with its content escapes through the 

slit  until it finally becomes free from the outer wall. The motile cells continue to divide within the 

released inner wall, which gradually increases in size, eventually reaching several times the diameter of 

the original outer wall. The latter may remain attached to the inner wall for a short time. The motile cells 

can remain for several days inside the inner wall, becoming more numerous and increasingly active but 

finally the inner wall bursts releasing the motile cells into the sea (Parke, 1965). Numerous individuals 

of Halosphaera are pelagic. They live in surface waters, but are found more abundantly at a depth of 10 

meters and probably occur at greater depths. 

 

(4) Pachysphaera 

           Pachysphaera is a genus of Prasinophyceae algae and order Chlorodendrales. It is a unicellular 

alga, which occurs in 2 phases, a coccoid phycoma stage and a quadriflagellate motile stage. The 

phycoma stage is spherical ranging from 93 up to 175 µm in diameter. It is surrounded by a thick bi-

layered wall, the inner layer of pectic material and the outer of material resembling sporopollenin. The 

outer wall layer is punctate, smooth or with various patterns. The wall is penetrated by numerous canals 

visible in surface view and optical section those originate in the phycomata interior but do not penetrate 

the outside (Wall, 1962). The upper surface of some shows two types of pores: fine punctures and 

coarser canals. The young phycoma measures ca. 10 µm in diameter and contains a single nucleus, a 

chloroplast, and a pyrenoid. It soon increases in diameter (as much as 5 µm per day), and the chloroplast 
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divides into many small disc-shaped chloroplasts with globose pyrenoids. When the cyst has reached its 

final size, the content divides into quadriflagellate cells, each with a parietal chloroplast with a pyrenoid 

but without eyespot. These cells emerge through a slit in the outer wall, still surrounded by the inner 

wall. Rupture of the inner wall releases the motile stage. The motile stage possesses 4 very long flagella 

(4-9 times cell length) which are held posteriorly during swimming. The flagella and cell body are 

covered by several types of scales. The motile stage divides by fission. The changeover from motile to 

phycoma stage is apparently related to the lunar cycle. The wall may be pale green or colourless and 

appears to be homogenous, but in macerated specimens it shows sub-microscopic granules between the 

pores. A single straight or weakly arched suture may be seen. Splitting of the membrane apparently 

takes place along this line when the cell content is released. The phycoma is very similar to the 

microfossil Tasmanites and may be its living representative. Pachysphaera is closely related to 

Pterosperma, but differs in the lack of wings in the phycoma stage and a lack of circular pylome.  

However, the suture can be linked to a pylome in that it is a primary structure developed some time prior 

to dehence of the cell membrane and certainly serves the same function.  Pachysphaera is pelagic and 

lives in surface waters however numerous individuals are found more abundantly at a depth of 10 meters 

and probably also occur at greater depths (Wall, 1962). 

 

3.4.3 Leiosphaeridia in the fossil record 
 
         Some authors have suggested that Leiosphaeridia should be included in the class Prasinophyceae 

based on its similarity to phycomata produced by living species of Halosphaera (Schmitz, 1878; Colbath, 

1979). Tappan (1980) included Leiosphaeridia within Prasinophyceae based on their similarity to 

phycomata of living species of Halosphaera.  Le Hérissé (1984) studies of the Silurian L. wenlockia 

Downie, 1959 showed the presence of fine fringes bounding a preformed dehiscence rupture, supporting 

a possible origin within the prasinophytes based on a wall ultrastructure.  Prasinophyte affinities are 

plausible for at least some species of Leiosphaeridia. Studies by Talyzina and Moczydłowska (2000) 

showed affinities of certain Cambrian Leiosphaeridia to green algae based on a multilayered wall 

ultrastructure with a preserved trilaminar sheath structure (TLS), which is diagnostic of chlorophycean 

green algae (Willman, 2009). The available evidence suggests that at least two clades of green algae, 

Prasinophyceae and Chlorophyceae, can be recognized among these microfossils. 

The genus Leiosphaeridia consists of simple, spheroidal phycomata, which exhibit limited, if any, 

morphological features suitable to species-level taxonomic treatment.  Leiosphaeridia is an informal 

grouping of thin-walled spheroidal unornamented microfossils with simple morphology. They lack 

diagnostic features and are probably of polyphyletic origins because a lot of different organisms can in 

some stage of their development look like a featureless cyst. Microfossils of various ages and of 

undetermined systematics have been referred to Leiosphaeridia. It is understood that a variety of 

phylogenetically unrelated or distantly related microorganisms are attributed to Leiosphaeridia.  Some 



14 
 

of them are chlorophycean and other prasinopycean green microalgae (Moczydłowska and Willman, 

2009; Moczydłowska et al., 2009). Leiospharidia may be a developmental stage in the growth of a 

vegetative cell and its development into a reproductive/resting stage and its task may be to protect a 

cyst, aplanospores or gametes. This interpretation does not reject the statement that leiosphaerids show 

a strong morphological convergence throughout geological time among various species of marine 

phytoplankton and other unrelated organisms. The convergence might be explained in terms of the 

functional morphology of the spheroid cell and its adaptation to certain modes of life (Moczydłowska, 

2010). The spheroid shape has an advantage in keeping the cell suspended in the water and providing 

the most efficient cell volume/surface ratio for osmotic exchange of nutrients and gases across the cell 

wall during active metabolism. Spheroid cell shape is very common in vegetative stages and cysts that 

represent zygotes, or are produced at the time of transformation to the cyst but serve the same purpose 

equally well in metazoan egg capsules and cyanobacteria (Pahlow et al., 1997; Lee, 2008). The classical 

examples of ‘‘coccoidal’’ organisms are nonmotile vegetative cells with a wide range of diameters that 

reflect growth stages from juvenile to mature cells. Typically spheroid cells are stages in asexual 

reproduction as the aplanospores and autospores that occur even in species with the ontogenetic capacity 

for motility (Bold et al., 1985). Aplanospores that thicken their walls and rest (hypnospores) are 

preserveable and morphologically do not differ from the vegetative cells that comprise the somatic stage. 

In their superficial morphological appearance, some of these encysted stages are “acritarchs.” In 

prasinophytes, the morphologically simple spheroid phycoma is a vegetative cell-reproductive cyst and 

thus is not morphologically differentiated in functionally different stages in their life cycle. The 

excystment structure observed in many leiosphaerid specimens may suggest that these microfossils are 

resting cysts produced to survive the adverse environmental conditions, reproductive cysts in a regular 

life cycle, or vegetative cells (Strother, 1996, Moczydłowska, 2010). 
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4. Geological Setting 
        Kolguev Island is located in south-eastern Barents Sea near the northern coast of Arctic Russia 

(Figure 1 and 2). The island is a northwesterly extension of the Pechora Zone from the mainland that 

belongs to the Pechora Basin.  This basin extends between the Polar Urals and the Timan Range.  This 

basin is a part, together with the Timan Range, of the Timan-Pechora plate. The Polar Urals and the 

tectonic history of this segment of Baltica is marked by the Neoproterozoic rifting along the Timan axis 

and orogenic event (Timanian, previously also referred to as Baikalian, ca. 600-570 Ma), followed by 

the formation of a Palaeozoic passive margin (Gee et al., 2000). Throughout the Palaeozoic, the 

platformal succession of siliciclastic and carbonate sediments accumulated on this margin. 

Kolguev Island is a crustal block defined by deep faults and consists of a pre-Ediacaran basement 

of deformed and metamorphosed volcanic and metasedimentary rocks. It is overlain by terminal 

Neoproterozoic-Phanerozoic platform cover (Gee et al., 2000). The maximum age of the platformal 

succession has been estimated roughly to be Early Ordovician in the Pechora Basin (Melnikov, 1999) 

and Neoproterozoic in the Timan Range (Stockfors, 2005). Acritarch studies have proven existence of 

the Upper Cambrian rocks (Moczydłowska et al., 2004) on Kolguev Island. The Lower Palaeozoic strata 

accumulated in shallow marine and deep marine environments of the passive margin of the Baltica 

palaeocontinent (Nikishin et al.1996). The depositional environments are consistent with an open shelf 

on the edge of the Palaeozoic platform that extended in the Pechora Basin and passed into slope and 

more basinal facies towards the North West Barents Sea, Novaya Zemlya and the Urals. Throughout the 

Paleozoic Era, deposition along the passive margin of the Baltica palaeocontinent was interrupted by 

uplift and regression events as we can see in the regional unconformities along the passive margin of 

the Baltica paleocontinent. The Phanerozoic sedimentary strata are logged in a number of boreholes and 

are approximately 4740 m thick as known from the northern part of the Kolguev Island. Strata in the 

boreholes are almost horizontally lying, un-metamorphosed, and up to 2700 m thick (Bugrino 1 

borehole), consisting of Cambrian, Ordovician, Devonian, Carboniferous and Permian siliciclastic and 

carbonate strata and Upper Devonian basalts (Preobrazhenskaya et al., 1995, Moczydłowska et. al. 

2004). The strata are un-metamorphosed, almost horizontally underlying, and consists of laminated 

organic-rich claystone and siltstone that have a maximum thickness of 1280 m in the Bugrino 1 borehole. 

The thickness of the Cambrian deposits is estimated to be around 225 m. The lowermost part of the 

succession is recognized in boreholes Bugrino 1 and North Western 202. The oldest rocks are recognized 

in the northern and in the southern area, and belong to the basal Ordovician (Preobrazhenskaya et al., 

1995) or Cambrian-Tremadocian transitional interval (herein). However the basement rock is not yet 

reached (Preobrazhenskaya et al., 1995). 
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Figure 1: Sketch-map of the Kolguev Island showing location of the North-Western 202 and Burgino1 boreholes 
(Gee et al., 2000; Moczydłowska et al., 2004). 
 
 
        The succession, underlying the basal Upper Devonian unconformity and extending in the southern 

and northwestern areas of the Kolguev Island, consists predominantly of well-bedded claystones and 

siltstones intercalated occasionally with conglomerates up to c. 10 m thick. In the Bugrino 1 borehole, 

the lower section of strata (interval between 3660.0 and 4156.0 m) consists of dark grey, fine-grained 

siliciclastic rocks (496 m thick; Fig. 3).  
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Figure 2: Sketch-map of the Pechora Basin showing position of Kolguev Island in relation to the first-order 
tectonic units (Gee et al., 2000; Moczydłowska et al., 2004) 
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Figure 3: The Upper Cambrian-Ordovician geological sections in the Bugurino 1 and North-Western 202 
boreholes on the Kolguev Island with sample location and proposed biostratigraphic subdivision. Note samples 1–
3 were barren (specimens were found in 7 samples in Bugrino 1, and 3 samples in NW202 boreholes). With marked 
stratigraphic ranges of Saharidia fragilis in both boreholes (Moczydłowska, 2004). 
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In the North-Western 202 borehole, the entire succession underlying the basal Upper Devonian 

unconformity is made of monotonous dark grey claystone with rare, thin intercalations of siltstone, 

approximately 361 m thick. The Upper Cambrian and Lower-Middle Ordovician deposits represent an 

offshore marine sequence and form a single sequence that is paraconformity overlain by the Lower 

Devonian sandstones of the Old Red Sandstone facies and represents transgressive-regressive cycle on 

the terrigenous platform in which the grey claystone-siltstone succession at the base was considered 

“lagoonal-marine” and the overlying greenish-reddish and less frequently grey claystone, siltstone and 

sandstone succession as marine and “continental” (Preobrazhenskaya et al., 1995). The grey, laminated 

claystones and siltstones in the interval 3660.0-4156.0 m in the Bugrino 1 and the entire pre-Devonian 

succession in the North- Western 202 borehole accumulated in offshore marine shelf environments of 

the siliciclastic platform with a low oxygen level (dysaerobic) in the bottom zone. The deposition, on 

this inferred outer shelf, was mostly from suspension (laminated, flat-lying clays) with periodic increase 

in grain size (thin bedded silts) and occasional input of poorly sorted sand and grit (or sedimentary 

breccia). All fossils found in the deposits represent typically marine organisms, benthic and free-

swimming invertebrates and microscopic planktonic algae. The monotonous facies and substantial 

thickness of the strata (approx. 500 m) are in accordance with continuous and fast subsidence along the 

platform margin;  

Fossil records have been interpreted to indicate Late Cambrian and Lower Ordovician age which 

tells us what age are the studied samples.  These sediments accumulated in open marine environments 

on a stable shelf flooded by a transgression prograding over the peneplated basement (Malyshev, 2000). 

The dominance of simple forms, such as Saharidia and Leiosphaeridia, associated with low diversity 

microfloras, supports a shallow environmental setting (Martin, 1993, Molyneux et al., 1996, Aceñolaza 

et.al., 2003). The Cambrian-Ordovician boundary is inferred to be located between 4150.0 and 4152.0 

m in the Bugrino 1 borehole and between 4275.0 and 4418.0 m in the North-Western 202 borehole and 

it is recognised by presence of acritarch species. The boundary interval is sedimentologically continuous 

in both studied successions, occurring within monotonous dark grey laminated claystones, accumulated 

in offshore open shelf environments of the siliciclastic platform within dysaerobic conditions in the 

water-sediment interface. 
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5. Methodology 
5.1 Material 
          The stratigraphic range chart shows that specimens of Saharidia fragilis occur in the Late 

Cambrian Peltura and Acerocare zones and in the Early Ordovician, Tremadocian Stage (Figure 4). 

They were found in the Bugrino 1 borehole at the levels of 4152.3 m, 4152.0 m and 4083.8 m. They 

were also recorded in the NW-202 borehole at the levels of 4496.8 m, 4274.4 m and 4227.0 m. It means 

that they appeared in the Cambrian Stage 10, sometime between 488.71± 2.78 Ma (Davidek et al., 1998) 

to the end of Tremadocian 477.7 ± 1.4 Ma. 

The microfossils studied here and coming from Bogurino 1 and NW202 boreholes are in a good 

state of preservation and their thermal alteration of vesicle wall does not exceed the stage of the late 

protogenesis-early mesocatagenesis of lithogenesis, which is within oil window, despite being buried to 

a depth of approximately 4080 to 4500 meters. This thermal alteration grade corresponds to burial 

temperatures around 75º to 100º C and such palaeotemperatures do not differ from values expected from 

the increase in temperature due to the geothermal gradient only and indicates that the sediments have 

never been buried to much greater depths in their geological history.  

The fossils are in general free from corrosion of the vesicle wall and display uniform thermal 

alteration shown by the same hue of the vesicle colour. The colour varies however in some specimens 

due to differences in the thickness of the vesicle wall and the density of the organic matter. The 

observations of the sedimentary structures, state of preservation and depositional conditions indicate in 

situ accumulation of microfossils from suspension and maybe some short distance transport by bottom 

currents within the depositional basin (Moczydłowska et al., 2004).   
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Figure 4: The stratigraphic range chart of acritarch species showing stratigraphic range of Saharidia fragilis in 
NW-202 and Bogurino 1 boreholes. Abbreviations are as follows: Cm2, Middle Cambrian; Cm3, Upper Cambrian; 
T, Tremadoc; 1, Lower Ordovician; 2, Middle Ordovician; 3, Upper Ordovician; Ag, Agnostus pisiformis Zone; 
O Olenus Zone; Ps, Parabolina spinulosa Zone; L, Leptoplastus Zone; P, Peltura Zone; A, Acerocare Zone; NW-
202, North-Western 202 borehole. 
 

5.2 Methods 
          Microfossils have been recovered from thirteen core samples. Samples of shales and thin-bedded 

dark grey mudstones intercalated with fine -grained sandstone and grey claystone (50 g of weight) were 

macerated by Prof. Małgorzata Moczydłowska-Vidal using standard acid maceration method using 

hydrochloric acid (HCL) and 45 % solution of hydrofluoric (HF) acid. The acids were used to dissolve 

mineral components. Firstly, the samples were put into 400 ml polyethylene beakers with holes and then 

inserted into bigger beakers containing HF for 3 days. Dissolved rock is settling into the acid container 

through the holes. As the rocks were clastic, the acid used was 45 % solution of HF. After the mineral 
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matter is completely dissolved the inner beaker is removed. Afterwards the remaining acid is decanted 

to 1 l beaker with water added. Because of high content of organic matter the residue was boiled with 

concentrated HCl and then the sample was left to simmer for about 15 minutes. Subsequently, the 

filtering of residue followed using the filtering apparatus attached to a device that allows fast removal 

of small kerogen particles and mineral precipitates using vacuum. The filter used is a circular teflon 

cloth with mesh diameter of 10 µm.  In order to dilute the acid solution, gently running water was 

supplied through inlet. After the filtering the filter was removed and remaining residue which consists 

of kerogen, microfossils and acid-resistant minerals was washed into a glass beaker. 

The residue was washed twice with 99, 5% ethanol and centrifuged at 3000 rpm for 3 minutes to 

separate the residue from ethanol. Afterwards the residue was washed in acetone. Microscopic slides of 

permanent mounts were prepared. First EPOTEK 301, a two-part epoxy mixture, was dropped on the 

microscopic slide and the residue was dropped onto the top of the EPOTEK 301 drop. The cover slip 

was placed on top of the drop and the slide was cured at about 45°C. Careful examination under an 

optical light transmitted microscope followed. Forty-three samples were examined.  

The collection of slides is stored at Palaeobiology Program, Uppsala University. The light 

transmitted microscope pictures were taken with immersion oil and interference contrast, and the 

position of specimens in slides is indicated by the England Finder Coordinates (with the side label 

oriented to the left), following the sample and slide numbers with a country and year of collecting (Ru-

1995). 
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6. Results 
       Results contain systematic descriptions of species of Leiosphaeridia and Saharidia fragilis and 

accurate sizes and special features of the found specimens together with assignment to different stages 

in their life cycle. We can observe a monospecific abundance of Saharidia fragilis in the observed slides 

which may suggest accumulation of phytoplanktonic blooms. 

 

6.1 Systematic descriptions 

 
Division Chlorophyta 

Class Prasinophyceae 

Unknown genus 

Fossil genus Leiosphaeridia Eisenack, 1958 emend. Downie and Sarjeant, 1963 

Type species. Leiosphaeridia baltica Eisenack, 1958, p. 8, pl. 2:5; Estonia, Ordovician, Ashgill; by 

original designation. 

 

Leiosphaeridia spp. 

Plate 1, figs 1-4; Plate 9, figs 3-4 

Material. About 200 specimens in a good state of preservation. 

Description. Vesicles are spheroidal to sub-spheroidal, thin- and thick-walled, often folded showing 

compaction wrinkles, having psilate to shagrinate surface and lacking any distinct morphological 

features. Vesicle surface is sometimes covered by closely spaced microgranules. 

Dimensions. N = 23.  Vesicle ranges between 53 and 106 μm in maximum diameter. 

Remarks Morphologically simple spheroidal specimens prevent any reliable recognition of the species. 

Occasionally present microgranular ornamentation is similar to that of Saharidia fragilis. 

Present record. Specimens of the genus are recorded in all stratigraphic levels studied. 

Occurrence and stratigraphic range. Ubiquitous occurrence of leiosphaerids is known from Middle 

Proterozoic to Holocene, but they lack stratigraphic significance because of uncertain recognition (see 

comments by Moczydłowska, 1991, 1998). 

 

 

Fossil genus Saharidia Combaz, 1967 

Type species. Saharidia downieii Combaz, 1967, p. 13, pl. 2, figs. 35–36; the UC 101 borehole, the 

Sahara, Algeria, Lower Ordovician, Tremadocian Stage; by original designation. 

Saharidia  fragilis (Downie, 1958) Combaz, 1967 

Plates 2-8, 10-14; Plate 9, figs 1-2. 

Synonymy. 
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1958 Leiosphaeridia fragile sp. nov.,– Downie, p. 344–345, pl. 17, fig. 6. 

1967 Saharidia fragile (Downie) comb. nov. and emend. – Combaz, p. 13, pl. 2, figs. 35–36. 

1973 Saharidia fragile (Downie, C., 1958) Combaz, 1967 – Martin,  p. 30, pl. 2, fig. 7. 

1978 Saharidia fragile (Downie) Combaz – Martin in Dean and Martin, pl. 3, fig. 32. 

1981 Saharidia fragile (Downie) Combaz – Martin in Martin and Dean, pl. 1, fig. 6. 

1982 Saharidia fragile (Downie) Combaz –  Martin, pl. 1, fig. 7. 

1990 Saharidia fragile (Downie, 1958) emend. Combaz – Volkova, p. 81. pl. 22, fig. 12. 

1996 Saharidia fragilis (Downie) Combaz –  Vecoli, p. 42, pl. 7, fig. 6. 

2000 Saharidia fragilis (Downie 1958) Combaz – Parsons and Anderson, p. 63–64, pl. 4, figs. 12, 15. 

2004 Saharidia fragilis (Downie, 1958) Combaz, 1967 – Moczydłowska et al., fig. 3:4. 

Material. More than 170 specimens.  

Description. Vesicle is spherical to sub-spherical in outline, flattened, with psilate to shagrinate surface. 

Occasionally, it has ornamentation with scattered to more densely distributed microgranules. A 

concentric seam-like circle is located near to the vesicle edge at a distance approximately 1/7 to 1/10 of 

the vesicle diameter, defining the outer ring of the vesicle. The circle may be sharply distinguished or 

faint and discontinuous. The pylome, if present, is located in the centre of the vesicle. 

Dimensions. N = 67. The overall vesicle diameter is 46-124 μm; the diameter within the ring is 39-112 

μm; the width of the outer ring is 5–18 μm; the pylome diameter varies between 7 and 24 μm. 

Remarks. Two major size-classes can be distinguished, although there are some specimens with 

intermediate dimensions. One class comprises vesicles with diameter c. 70 μm and the other c. 105 μm. 

The ratio between the width of the outer ring and the vesicle diameter is smaller in the bigger size-class 

(approximately 1/9 of the diameter) than in the smaller size class (1/7). However, the actual width of 

the outer ring is almost the same in the two size-classes. This indicates that the inner part grew while 

the fringe remained more or less of the same width. The wall surface is in most of the cases distinctly 

granulated. They have centric rings and central pylome associated with its genus. The specimens studied 

here fall within the size range given by Downie (1958) for Saharidia fragilis from the Tremadocian of 

the Shineton Shales. They are distinguished from Sahardia downiei by their granular surface as opposed 

to the smooth surface of the latter species.  Saharidia fragilis was very abundant in the observed material 

which suggests that it dominated the microflora at that particular time. The genus Saharidia can 

dominate acritarch assemblages in certain environments. This type of environmental dominance can 

also occur in the sphaeromorph acritarchs.  Because of Saharidias spheroidal-discoidal shape it may 

have similar environmental tolerances to some of the sphaeromorph acritarchs. A prevalence of 

sphaeromorph acritarchs has been considered by some researchers to reflect either shallow water or deep 

water conditions. Lagoonal facies are characterized by low diversity and monospecific assemblages of 

sphaeromorphs. The boundary between nutrient-rich coastal waters and nutrient-poor oceanic water is 

reflected in inshoreoffshore trends in plankton communities, abundance and diversity. Dorning (1981) 

found sphaeromorphs to predominate in near-shore and deep water shelf environments in the Silurian 
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strata of the Welsh Borderland and Wales. However, the Saharidia peak of abundance on Random Island 

may indicate shallower water environment (Parsons and Anderson, 2000). The nature of acritarch 

assemblages appears to primarily reflect proximal-distal variations in hydrodynamic energy, proximity 

to fluvial inputs and water depth and is therefore product of both sedimentological and ecological 

variables (Tyson, 1995). No sedimentological evidence for any change in water depth has been noted in 

the lowermost part of the range of assemblage where Saharidia was present.  

Present record. North-Western 202 borehole at a depth of 4227.0 m and 4274.4 m, Tremadoc, and 

4496.8 m, Upper Cambrian, probable Peltura Zone; Bugrino 1 borehole at a depth of 4083.8 m, 

Tremadoc, and 4152.0 m and  4152.3 m, uppermost Cambrian, equivalent to the Acerocare Zone. 

Occurrence and stratigraphic range. The occurrence of the species has been summarized by Vecoli 

(1996) and Parsons and Anderson (2000). The worldwide distribution is known from the paleocontinents 

of Baltica, Gondwana, East and West Avalonia and Armorica, ranging from the Upper Cambrian, 

Peltura trilobite Zone, to Lower Ordovician, Tremadoc (Cordylodus proavus conodont Zone) (Volkova, 

1990; Parsons and Anderson, 2000). The reference of the conodont zone Cordylodus proavus, 

containing the species in the East European Platform, Moscow Syneclise, Russia, to as Lower Tremadoc 

(Volkova, 1990; Vecoli, 1996) has been currently adjusted to as Upper Cambrian following the newly 

established GSSP of the Lower Ordovician boundary in Green Point, Newfoundland (Cooper and 

Nowlan, 1998; Parsons and Anderson, 2000). Thus the upper limit of the range of S. fragilis in Tremadoc 

has been recognized in England, Shropshire (Downie, 1958), Algeria (Combaz, 1967) and France, 

Montagne Noire (Martin, 1973), but not on the East European Platform. The present record is in fact the 

first in the inferred Tremadoc deposits in Baltica.  

 

6.2 Life cycle  
Accurate sizes and special features of the found specimens of Leiosphaeridia and Saharidia fragilis 

representing different stages in the life cycle of this species. 

 

Leiosphaeridia 

Plate 1, figs 1-4; Plate 9, figs 3-4.  

The vesicle wall thickness varies and is reflected by the colour intensity within the leiosphaerid 

specimens. Specimens are yellow to brown with different hue. They are circular to ovoid in outline and 

wrinkled due to compression. Numerous specimens display microgranular surface sculpture.  Their size 

ranges in maximum diameter of 53 µm to 106 µm, and in minimum diameter of 29 µm to 83 µm, 

although most specimens range between 60 and 70 µm in maximum diameter and 40 to 50 µm in 

minimum diameter. Those of smaller sizes are circular in outline. Some variations in diameter can be a 

result of compression of the microfossils. Vesicle is ornamented with microgranular sculpture that is 
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densely and uniformly distributed. They were found in Bugrino1 borehole at a depth of 4083.8m, 

Tremadoc, and 4152.3 m and 4152.6 m, uppermost Cambrian, equivalent to the Acerocare Zone. 

 
Table 1. Ratio of maximal and minimal diameter of Leiosphaeridia specimens and their preservation features. 

Specimens Maximum diameter 
(µm) 

Minimum diameter 
(µm) 

Specific features 

1 82.6  59 Light colour 
2 53.1 47.2 Dark colour 
3 59 59 Dark colour, round 

shape 
4 64.9 59 Flat, corroded 
5 88.5 70.8 Dark colour 
6 100.3 82.6 Very light coloured, 

wrinkled 
7 70.8 64.9 Light brown colour 
8 106,2 76,7 Big size, round-folding 
9 64.9 47.2 Intensily brown, 

wrinkled 
10 59 59 Light brown colour, 

microgranules 
11 100.3 70.8 Microgranules, dark 
12 70.8 59 Light, microgranules 
13 70.8 35.4 Light colour 
14 70.8 29.5 Brown, microgranules, 

wrinkled 
15 59 35.4 Brown, wrinkles, 

microgranules. 
16 70.8 35.4 Light colour, wrinkled 
17 59 29.5 Light colour, wrinkled, 

microgranules 
18 53.1 29.5 Very light colour 
19 64.9 41.3 Brown,microgranules 
20 55.2 39.1  
21 65 35.4 Brown, microgranules 
22 57.5 50.6 Microgranules, wrinkles 
23 57.5 43.7 Very wrinkled 

 

Saharidia-initial ring 

Plate 2, figs 1-6; Plate 10, figs 1-4. 

The featureless sphaeromorph-type specimens begin to form a round fringe, which width from the edge 

of the wall seems to be very regular (11, 8 µm) regardless of the size of the specimens. Specimens have 

a maximum diameter range of 46.0 to 100.3 µm, and minimum diameter range of 41.4 to 88.5 µm. Most 

specimens have maximum diameter of around 80-100 µm and minimum diameter of 70-90 µm. It seems 

that specimens circular in outline form a disc-like fringe on the borders of the vesicle wall. Specimens 

are usually light brownish in colour, have wrinkles and microgranules on the surface (Plate 9, figs 1 and 
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2). At this stage, the fringe begins to form and its borders are usually quite irregular with a lot of 

wrinkles. 

 
Table 2: Ratio of maximal and minimal diameter of Saharidia specimens interpreted as initial ring-stages and 

their preservation features. 

Specimens Maximum 
diameter (µm) 

Minimum 
diameter (µm) 

Width of the 
Fridge  (µm) 

Specific features 

1 94.4 88.5 11.8 Brown colour 
2 88.5 76.7 11.8 Light brown colour 
3 100.3 88.5 11.8 Light brown colour 
4 73.6 71.3 9.2 Light brown colour 
5 94.4 76.7 11.8 Very irregular 

wrinkles, 
microgranules 

6 94.4 76.7 11.8 Light brown 
colour, 
microgranules 

7 100.3 82.6 11.8 Very irregular 
wrinkles, light 
brown colour 

8 88.5 88.5 11.8 Very thin fringe, 
light brown colour, 
microgranulanules 

9 62.1 62.1 4.6 Microgranules 
10 46 41.4 6.9 Microgranules, the 

fringe is very thin 
and regular 

11 76.7 64.9 11.8 Very irregular 
fringe 

12 64.9 64.9 17.1 Irregular wrinkles 
13 70.8 64.9 11.8 Light brown 

colour, 
microgranules 

14 76.7 70.8 11.8 Light brown 
colour, irregular 
fringe 

 

Saharidia-full ring 

Plate 3, figs 1-6; Plate 4, figs 1-4; Plate 11, figs 1-4.  

The fringe becomes regular and straighter. In smaller specimens width of the fringe seems to be the 

same as in the initial pylome stage (11,8 µm), but the bigger specimens tends to have a wider fringe 

(17,7 up to 18,4 µm). This shows that the specimens grow bigger in this stage and the fringe is growing 

as well. We observe some smaller specimens with maximum diameter of 80-90 µm and minimum 

diameter of 70-80 µm, as well as big specimens with maximum diameter over 100 µm (up to 124 µm) 

and minimum diameter of 80-112 µm. The smaller specimens are usually lighter in colour but the bigger 
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ones have medium to dark brownish colour which suggests thickening of the vesicle wall. Microgranules 

are also observed at this stage. 

 
Table 3: Ratio of maximal and minimal diameter of Saharidia specimens interpreted as full ring-stages and their 

preservation features. 

Specimens Maximum 
diameter (µm) 

Minimum 
diameter (µm) 

 Width of the 
fridge  (µm) 

Specific features 

1 118 112.1 17.7 Light brown 
2 94.4 88.5 11.8 Medium thick 

walled 
3 88.5 70.8 11.8 Medium thick 

walled 
4 123.9 88.5 11.8 Medium thick 

walled 
5 85.1 71.3 9.2 Microgranules- 

more frequent in 
the middle part, 
brown colour 

6 82.6 76.7 11.8 Light brown 
colour,  

7 115 108.1 18.4 Thick-walled, very 
wrinkled 

8 94.4 94.4 11.8 Medium thick 
walled 

9 88.5 76.7 11.8 Thin-walled 
10 76.7 70.8 11.8 Medium thick 

walled 
11 100.3 76.7 17.7 Dark brown 

colour, 
microgranules,  

12 100.3 82.6 17.7 Regular fringe, 
microgranules 

13 94.4 82.6 11.8 Full ring with 
irregular wrinkles 

14 82.6 70.8 11.8  
 

Saharidia-initial pylome 

Plate 5, figs 1-6 ; Plate 6, figs 1-4; Plate 12, figs 1-4; Plate 13, figs 1- 4. 

 At this stage a round pylome in the middle of the central body begins to form. The pylome is becoming 

larger and developing in the middle of the vesicle forming a ring of a thin wall around it. The specimens 

vary in size from 70 to 112 µm in maximal diameter, and from 60 to 100,3 µm in minimum diameter. It 

looks like both the fringe and the pylome are increasing size with the specimens. The larger specimens 

have wider fringes (17,7  µm) and larger diameter of the pylome (17,7-23,6 µm). The smaller vesicles 

have narrower fringes (5,9-9,2 µm) and smaller diameter of the pylome (7-11,5 µm). The larger 

specimens have also thicker walls. Microgranules on wall surface are observed in this stage. Distribution 
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of this microsculpture is denser on the surface of the inner body than on the fringe. There are some thick 

wrinkles due to compression. 
Table 4: Ratio of maximal and minimal diameter of Saharidia specimens interpreted as initial pylome-stages and 

their preservation features. 

Specimens Maximum  
diameter (µm) 

Minimum  
diameter (µm) 

Width of the 
Fridge  (µm) 

Pylome- 
diameter 
(µm)(the 
opening) 

Specific 
features 

1 76.7 76.7 11.8 17.7 Medium thick 
walled, 
microgranules 

2 100.3 88.5 11.8 17.7 Medium thick 
walled 

3 88.5 82.6 11.8 17.7 Medium thick 
walled 

4 62.1 59.8 11.8 13.8 Medium thick 
walled, 
microgranules, 
very wrinkled 

5 76.7 70.8 11.8 17.7 Microgranules, 
light brown 
colour 

6 76.7 70.8 11.8 11.8 Medium thick 
walled, 
microgranules, 
straight fringe, 

7 85.1 78.2 11.5 13.8 Dark brown 
colour, regular 
wrinkles, 
microgranules 

8 94.4 88.5 11.8 11.8 Brown colour, 
straight ring, 
microgranules 

9 88.5 82.6 11.8 11.8 Medium thick 
walled, straight 
ring, 
microgranules 

10 92 65 11.5 7 Microgranules 
(more dense in 
the inner body) 
,thick wrinkles 

11 69 66.7 9.2 13.8 Microgranules 
(more dense in 
the inner body) 

12 70.8 64.9 5.9 11.8 Medium thick 
walled 

13 94.4 94.4 11.8 17.7 Medium thick 
walled 

14 106.2 100.3 11.8 17.7 Thick walled 
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Table 4 (continued): Ratio of maximal and minimal diameter of Saharidia specimens interpreted as initial 

pylome-stages and their preservation features. 

Specimens Maximum  
diameter 
(µm) 

Minimum  
diameter 
(µm) 

Width of 
the Fridge  
(µm) 

Pylome- 
diameter 
(µm)(the 
opening) 

Specific features 

15 82.6 82.6 11.8 17.7 Medium thick walled 
16 94.4 76.7 11.8 17.7  
17 59,8 59,8 9,2 11,5 Brown colour, 

microgranules, 
straight fridge 

18 106.2 100.3 17.7 23.6 Medium thick walled, 
microgranules 

19 82.6 70.8 11.8 17.7 Medium thick 
walled,microgranules 

20 88.5 76.7 11.8 17.7 Medium thick walled 
21 94.4 88.5 11.8 17.7 Thin-walled 
22 88.5 82.6 17.7 17.7 Thin-walled 
23 112.1 100.3 17.7 17.7  
24 82.6 82.6 11.8 11.8 Light brown colour, 

microgranules 
 

 

Saharidia-open pylome 

Plate 7, figs 1-4; Plate 8, figs 1-4; Plate 14, figs 1-6.  

At this stage the pylome is opened from the inner body. It looks like the bottom cell wall is intact in 

most of the cases so the pylome occurs on one side. After the release of daughter cells through open 

pylome, the specimens become flattened, the fringe thinner, less visible and in some cases not visible at 

all. Size of the specimens varies from maximal diameter of 70 to 153.4 µm and minimum diameter of 

65 to 129.8 µm. Size of the fringe and the pylome depends on the size of the vesicle. Fringe width is 

usually 11,8 µm. The pylome diameter is 11.8 µm in smaller specimens and up to 23.6 µm in larger 

ones. The colour changes and is lighter in smaller sand more flattened specimens with no visible fringe. 

 

 

 

 

 

 

 
Table 5: Ratio of maximal and minimal diameter of Saharidia specimens interpreted as open pylome-stages and 

their preservation features. 
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Specimen Maximum  
diameter 
(µm) 

Minimum 
diameter 
(µm) 

Width of 
the fridge 
(µm) 

Diameter of 
the pylome 
(µm) 

Specific features 

1 88.5 82.6 11.8 17.7 Thick walled, double 
pylome-no cell wall left 
after releasing the 
pylome 

2 88.5 82.6 11.8 17.7 Thin-walled 
3 88.5 82.6 11.8 17.7 Thick-walled 
4 82.6 70.8 11.8 11.8 Thin-walled 
5 70.8 70.8 11.8 11.8 Medium thick walled, 

irregular wrinkles 
6 94.4 82.6 11.8 17.7 Thick-walled, fringe 

almost not visible 
7 94.4 76.7  11.8 No fringe 
8 78.2 78.2 11.5 13.8 Microgranules-coarser 

and denser in the 
central part 

9 76.7 70.8 11.8 11.8 Thin fringe, thin 
walled, flattened 

10 153.4 129.8  23.6 Flat, no fringe 
11 73.6 73.6 11.5 11.5 Thin-walled, almost 

grey colour, irregular 
fringe-
wrinkles,microgranules 

12 100.3 76.7 11.8 17.7 Brown colour 
13 106.2 106.2 5.9 23.6 Medium thick walled 
14 82.6 82.5 11.8 17.7 Medium thick walled 
15 70.8 64.9 11.8 17.7 Medium thick walled 
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7. Discussion 
            Based on the observation of a great number of Saharidia fragilis and Leiosphaeridia sp. 

specimens, consideration of their inferred biological affinities, and by analogue to modern microalgae, 

the life cycle of late Cambrian/early Ordovician microfossils has been reconstructed as prasinophyceaen 

algae. This complex life cycle comprises alternating generations and several developmental stages 

which differ by their morphology and modes of life (planktonic and benthic). As part of their 

reproductive cycle and as a way to survive unfavourable environmental conditions, the cysts, being 

alternatively reproductive generation or environmentally induced dormant stage, are periodically 

benthic. Developmental stages in the life cycle are represented by morphotypes, which are form-species 

of microfossils with features diagnostic for their function in particular generations. The two generations 

alternate as vegetative cells and resting/reproductive cysts that produced offspring cells. The 

Leiosphaeridia- type vesicle may represent a vegetative cell of actively photosynthesizing microalgae 

of the class Prasinophyceae. This stage was planktonic and passively floated in the photic zone. 

Morphotypes of leiosphaerids with varying diameter, wall thickness, forming of the fringe and pylome 

may represent growing and aging vegetative cells. The biopolymer algaenan (or collectively in group of 

sporopollenin) is synthesized by various classes of microalgae and all seed plants in their reproductive 

generations. Algaenan is synthesized in cysts and in vegetative cells at the beginning of their 

morphogenesis into cysts, and sporopollenin in spores and pollen of higher plants.  A good argument 

for Leiosphaeridia to be a vegetative cell of Saharidia fragilis is presence of similar microgranular 

ornamentation in leiosphaeridians as in specimens of Saharidia fragilis.  While the daughter cells started 

to form inside the inner body the fringe started to form at the outer body that became flat (stage 2). After 

that the vegetative cell formed a pylome and the daughter cells were liberated through the excystment 

structure (stages 3 and 4). Finally, there is only abandoned, empty cyst with an opened excystment 

structure. The endocyst from developmental stage 3 may represent a single offspring cell or flagellated 

or naked swarmers or zoospores. After being released, cells begin to swim or float in the water column 

for the short interval of life stage 5. Eventually, the swarmers lost their flagella and rounded-up, and 

grew into adult vegetative cell, and return to stage 1 (Figures 5 and 6). 

Formation of the phycoma:  

The phycoma is bilayered, and consists of a thin, inner pectic layer, and a thicker outer layer made 

of'sporopollenin. After phycoma formation is initiated, the phycoma begins to grow, and may eventually 

reach a size many times larger than that of the original motile cell. This growth is accompanied by 

division within the phycoma of the cell organelles and protoplasm, which eventually separate into 

numerous flagellated daughter cells. The size of the outer phycoma wall (the part which is readily 

fossilized) at maturity varies considerably within a single population. Coupled with the presence of 

phycomata buried at various stages of development, a large variation in the size of fossilized phycomata 

from a single species is to be expected. The size of planktonic algal cells has important implications for 
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the interpretation of their ecology. In principle, it should be possible to work backwards from a fossil 

phycoma population and make inferences about the sizes of motile prasinophycean cells which inhabited 

ancient oceans. Usually the motile cell diameter is less than that of the smallest preserved phycoma. 

 

 
 

Figure 5: The reconstruction of complex life cycle of microalgae with polymorphic developmental stages 
represented by Leiosphaeridia and Saharidia fragilis. Numericals 1-5 indicate various stages in the morphogenesis 
of the cyst (2-3) from the vegetative cell (1) and released gametes or sack of offspring cells (4) or swarmers (5). 
The yellow outline of cell wall in stage 1 and 2 indicates the photosynthesizing vegetative cell (1) transforming 
into encysted stage (2). The red coloured opening in stage 2.3 and matured abandoned cyst (stage 3) is the 
excystment structure-pylome. 

 
Figure 6: Illustration showing life cycle of Saharidia fragilis and formations of ala and pylome as well as releasing 
of the daughter cells. Mature alga grows and flatters at its middle point, after that a pylome forms at the top of the 
algae, when algae is fully grown it release the dotter cells that has been hidden and protected inside the cyst. 
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8. Conclusions 
       I identified the studied fossils as members of the species Saharidia fragilis because of their physical 

characteristics. Furthermore, the diverse morphotypes observed in the samples allowed hypothetical 

reconstruction of the whole life cycle of this species. Beginning with the mature cell interpreted to be a 

leiosphaerid morphotype (spheroidal vesicle without ornamentation), which by flattening of the edges 

forms a circular fringe and leaves the central body in the middle of the vesicle. After a period of ring 

forming, the pylome is formed, which is a circular opening in the middle of the central body. When the 

pylome opens, the daughter cells are released and the central body flattens too because it’s no longer 

filled in with the daughter cells.  

Microfossils of Saharidia fragilis have a functional morphology that allows a convincing 

interpretation as resting/reproductive cysts in complex life cycle of a single biological species, likely 

representing green algae of the class Prasinophyceae. Having recognized a cyst, a vegetative cell is 

inferred to be a spheroidal cell, and the best candidate for it is the Leiosphaeridia-type microfossil.  

The genera Pterosperma and Halosphaera may be living relatives of the fossil genus Saharidia. 

The morphological features and the suggested life cycle of Saharidia that resamble modern 

prasinophycean algae is a supporting evidence to classify the fossil genera in the Division Chlorophyta 

and its class Prasinophyceae.  

The cell wall property of Leiosphaeridia sp. and Saharidia fragilis observed in present study 

shows that these taxa are undoubtedly eukaryotic because, additionally to their morphology and 

dimensions, any known prokaryotic organisms are able to produce acid-resistant complex walls.   

A set of features, such as the presence of endocyst, excystment structure, the overall vesicle habit, 

and the mechanism of excysting, are consistent with the interpretation that the Saharidia fragilis 

microfossils represent a resting/reproductive cyst in a complex life cycle of a microalga. This stage is 

comparable to the cyst and its morphogenesis in some extant green microalgae. At present, any specific 

Leiosphaeridia-type microfossil could be identified and combined with certain Saharidia species in the 

hypothetical reconstruction. There is a strong coincidence between the diameter of S. fragilis and many 

leiosphaerids. Leiosphaerids are ubiquitous in distribution and are present in the same samples as 

Saharidia fragilis. That shows that empty specimen of Leisophaeridia without an opening may be a 

vegetative cell undergoing transformation into an immature phycoma. 

Leiosphaeridia in this study is a good candidate to be a vegetative cell of Saharidia fragilis. This 

is suggested by the presence of leiospherids together with saharidias, showing the accumulation of 

various life stages, in the same palaeobiocoenosis and their diameters fitting this of the Saharidia-cyst. 

Resistance to very strong acids is a significant property of the organic matter in acritarch wall. 

Such metabolically expensive walls (usually for reproductive purposes) are encountered in cells of algae 

and spores of higher plants which suggest their similarity to algal cysts. 
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By the presence of Saharidia fragilis specimens in both Cambrian and Ordovician sediments it is 

evident that the species passed the systems’ boundary and become extinct at the end of the Tremadoc or 

later in the Early Ordovician. 

The studied late Cambrian-early Ordovician microfossils are excellently preserved and they show 

morphological details like a cyst before and after releasing the offspring cells. These specimens allow 

reconstruction of the complex life cycle of those microalgae. A strong resemblance of the microfossils 

Saharidia fragilis and Leiosphaeridia to modern microalgae in their morphology, paleoecology, and 

developmental stages in a life cycle is compelling evidence for regarding them as ancient members of 

the class Prasinophyceae. The inferred life cycle comprises several developmental stages and alternating 

generations, which differ morphologically.  

The abundance of Saharidia fragilis specimens was variable between samples but, in general, 

they were more abundant in the samples containing only a few other species.  Almost all specimens in 

one sample were in the same life cycle stage. That may suggest some kind of seasonal blooming events 

recorded. 
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Appendix 1 
 
 

 
 
Plate 1  

1. Leiosphaeridia sp. Slide Ru-95-11/1E England Finder Coordinate  G45/4. Specimen with a smoother 

vesicle wall.  

2. Leiosphaeridia sp. Slide Ru-95-6/2E England Finder Coordinate  G44. Specimen with a visible granulate 

surface. 

3. Leiosphaeridia sp.  Slide Ru-95-6/2E England Finder Coordinate  L44/1. Specimen with a visible 

granulate surface. 

4. Leiosphaeridia sp.  Slide Ru-95-6/2E England Finder  Coordinate W26/1. Specimen with a visible 

granulate surface. 
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Plate 2 

1. Saharidia fragilis Slide Ru-95-11/1E England Finder Coordinate N25/1. Initial ring 

2. Saharidia fragilis Slide Ru-95-11/1E England Finder Coordinate A33/4. Initial ring 

3. Saharidia fragilis Slide Ru-95-11/1E England Finder Coordinate C38/4. Initial ring 

4. Saharidia fragilis Slide Ru-95-11/1E England Finder Coordinate F28/1. Initial ring 

5. Saharidia fragilis Slide Ru-95-11/1E England Finder Coordinate H34/2. Initial ring 

6. Saharidia fragilis Slide Ru-95-11/2E England Finder Coordinate O39/2. Initial ring 
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Plate 3 

1. Saharidia fragilis Slide Ru-95-13-NaSi blue England Finder Coordinate A27/2. Full ring. 

2. Saharidia fragilis Slide Ru-95-11/1E England Finder Coordinate B46/1. Full ring. 

3. Saharidia fragilis Slide Ru-95-11/1E England Finder Coordinate E46/3. Full ring. 

4. Saharidia fragilis Slide Ru-95-11/1E England Finder Coordinate K24/3. Full ring. 

5. Saharidia fragilis Slide Ru-95-13/1E England Finder Coordinate M47/2. Full ring. 

6. Saharidia fragilis Slide Ru-95-11/1E England Finder Coordinate N29/3. Full ring. 
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Plate 4 

1. Saharidia fragilis Slide Ru-95-11/2E England Finder Coordinate Q28/3. Full ring. 

2. Saharidia fragilis Slide Ru-95-11/1E England Finder Coordinate U40/3. Full ring. 

3. Saharidia fragilis Slide Ru-95-11/2E England Finder Coordinate W38/1. Full ring. 

4. Saharidia fragilis Slide Ru-95-4/1E England Finder Coordinate Y37/4. Full ring. 
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Plate 5 

1. Saharidia fragilis Slide Ru-95-11/2E England Finder Coordinate A29/4. Initial pylome 

2. Saharidia fragilis Slide Ru-95-11/1E England Finder Coordinate B40/3. Initial pylome 

3. Saharidia fragilis Slide Ru-95-11/2E England Finder Coordinate E28/2. Initial pylome 

4. Saharidia fragilis Slide Ru-95-11/3E England Finder Coordinate G24/2. Initial pylome 

5. Saharidia fragilis Slide Ru-95-11/2E England Finder Coordinate J25/1. Initial pylome 

6. Saharidia fragilis Slide Ru-95-11/1E England Finder  Coordinate K36/1. Initial pylome 
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Plate 6 

1. Saharidia fragilis Slide Ru-95-11/1E England Finder Coordinate L40/3. Initial pylome 

2. Saharidia fragilis Slide Ru-95-11/2E England Finder Coordinate O34/1. Initial pylome 

3. Saharidia fragilis Slide Ru-95-11/2E England Finder Coordinate T40/1. Initial pylome 

4. Saharidia fragilis Slide Ru-95-11/2E England Finder Coordinate T42/2. Initial pylome 
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Plate 7 

1. Saharidia fragilis Slide Ru-95-11/1E England Finder Coordinate A45/3.Opened pylome 

2. Saharidia fragilis Slide Ru-95-11/1E England Finder Coordinate G30/3. Opened pylome 

3. Saharidia fragilis Slide Ru-95-11/1E England Finder Coordinate K48/1. Opened pylome 

4. Saharidia fragilis Slide Ru-95-11/2E England Finder Coordinate L47/2 . Opened pylome 
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Plate 8 

1. Saharidia fragilis Slide Ru-95-11/1E England Finder Coordinate R23/4. Opened pylome 

2. Saharidia fragilis Slide Ru-95-11/1E England Finder Coordinate U24/2. Opened pylome 

3. Saharidia fragilis Slide Ru-95-11/1E England Finder Coordinate U39/3.Opened pylome 

4. Saharidia fragilis Slide Ru-95-11/3E England Finder Coordinate Y32/4.Opened pylome 
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Plate 9 

1. Showing granulate surface of the vesicle wall of Saharidia fragilis. Slide Ru-95-13/2E England Finder 

Coordinate F49/4. 

2. Shows granulate surface of Saharidia fragilis vesicle wall. Slide Ru-95-13/NaSi England Finder 

Coordinate H30/4. 

3. Leiosphaeridia with coarse granulate surface-sculpture. Slide Ru-95-9/2e England Finder Coordinate 

B41/3. x320 magnification 

4. Leiosphaeridia with a smooth surface. Slide Ru-95-12/2E England Finder Coordinate F54/2. x460 

magnification 
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Plate 10 

1. Saharidia fragilis Slide Ru-95-11/1e England Finder Coordinate B3/4. x250 magnification. Initial ring 

2. Saharidia fragilis Slide Ru-95-11/1e England Finder Coordinate H44. x250 magnification. nitial ring 

3. Saharidia fragilis Slide Ru-95-11/1e England Finder Coordinate G47. x250 magnification. Initial ring 

4. Saharidia fragilis Slide Ru-95-12/3e England Finder Coordinate G38. X320 magnification. Initial ring 
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Plate 11 

1. Saharidia fragilis Slide Ru-95-4/1e England Finder Coordinate X47. x250 magnification. Full ring 

2. Saharidia fragilis Slide Ru-95-11/1e England Finder Coordinate E47/3-4. x250 magnification. Full ring 

3. Saharidia fragilis Slide Ru-95-11/1e England Finder Coordinate J44. x200 magnification. Full ring 

4. Saharidia fragilis Slide Ru-95-11/1e England Finder Coordinate E42/1 x250 magnification. Full ring 
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Plate 12 

1. Saharidia fragilis Slide Ru-95-11/1e England Finder Coordinate C29. x250 magnification. Initial pylome 
2. Saharidia fragilis Slide Ru-95-11/1e England Finder Coordinate D28/4 x200 magnification. Initial 

pylome 
3. Saharidia fragilis Slide Ru-95-11/1e England Finder Coordinate D43. x250 magnification. Initial pylome 
4. Saharidia fragilis. . Initial pylome 
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Plate 13 

1. Saharidia fragilis Slide Ru-95-11/1e England Finder Coordinate C48/3 . x250 magnification. Initial 

pylome 

2. Saharidia fragilis Slide Ru-95-11/1e England Finder  Coordinate D28/4 x230 magnification. Initial 

pylome 

3. Saharidia fragilis Slide Ru-95-11/1e England Finder Coordinate Y31. x250 magnification. Initial pylome 

4. Saharidia fragilis Slide Ru-95-11/1e England Finder Coordinate E37/3-4. x200 magnification. Initial 

pylome 
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Plate 14 

1. Saharidia fragilis Slide Ru-95-11/1e England finder reference B45/3 . x250 magnification. Opened 

pylome  

2. Saharidia fragilis Slide Ru-95-11/1e England finder reference C29 . x200 magnification. Opened pylome 

3. Saharidia fragilis Slide Ru-95-11/1e England finder reference B45/3 . x250 magnification. Opened 

pylome 

4. Saharidia fragilis Slide Ru-95-11/1e England finder referenceF34/2. x250 magnification. Opened 

pylome 

5. Saharidia fragilis Slide Ru-95-11/1e England finder referenceY25. x250 magnification. Opened pylome 

6. Saharidia fragilis Slide Ru-95-11/1e England finder referenceF34/2. x250 magnification. Opened 

pylome 
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