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Abstract 

Carboniferous fossils are often found as three-dimensional voids within siderite (FeCO3) nodules. 

Traditional techniques of study – splitting the host concretion and inspecting the surfaces revealed – do 

not allow the investigation of morphology within the part / counterpart, and prevent complete data 

recovery. X-ray micro-tomography (XMT) and 'virtual palaeontology' can overcome such limitations. This 

thesis documents the application of XMT to a number of Carboniferous arthropod groups.  

 

In the trigonotarbids (Arachnida: Trigonotarbida) the technique has revealed novel features such as 

coxal endites and tarsal claws, and allowed a taxonomic revision of the family Anthracomartidae. The 

harvestmen (Arachnida: Opiliones) have a sparse fossil record, resulting from their poorly sclerotized 

exoskeleton and terrestriality. Two new species have been reconstructed, greatly expanding 

morphological data from the early history of the group, and the cladistic assignment of both to extant 

clades supports molecular estimates of early (Palaeozoic) cladogenesis among the Opiliones. XMT of 

Compsoscorpius buthiformis (Arachnida: Scorpiones) has allowed a taxonomic revision of numerous 

Carboniferous scorpions, and provided insight regarding the species' mode of life. 

  

XMT analysis of stem-dictyopteran Archimylacris eggintoni (Insecta: Neoptera) – now one of the 

morphologically best known 'roachoid' fossils – has provided evidence that it was a fast runner, an adept 

climber and a detritivore. Two new species of insect nymph have also been reconstructed: a heavily 

spined example is quite unlike any previously described taxa, whereas the other has possible roachoid 

affinities. The investigation of the enigmatic arthropod Camptophyllia has failed to reveal a sternal 

surface or appendages, but has nevertheless provided new details of the morphology of this unusual 

taxon. XMT is a powerful new technique for studying siderite-hosted fossils: it reveals their morphology 

in great detail, and can inform debates regarding the mode of life, phylogeny, and taxonomy of a wide 

range of Carboniferous arthropods. 
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The spider, dropping down from twig, 
Unfolds a plan of her devising, 

A thin premeditated rig 
To use in rising. 

 
And all that journey down through space, 

In cool descent and loyal hearted, 
She spins a ladder to the place 

From where she started. 
 

Thus I, gone forth as spiders do 
In spider's web a truth discerning, 

Attach one silken thread to you 
For my returning. 

 

To Anna 
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1 Introduction 

"The geologist should exert himself to learn some general zoology."  
Charles Darwin, 1849, A Manual of Scientific Enquiry 

 

The Carboniferous Period is a fascinating time in Earth history. Some of its most interesting aspects are 

the life forms present; huge continents played host to nascent terrestrial ecosystems. A mountain-

building event, the Variscan Orogeny, reached its peak during the Carboniferous, resulting in the 

assembly of Pangaea. This major tectonic event shaped the planet – and life, intimately associated with 

the geosphere – for the next 200 million years (McCann et al. 2008). Terrestrial organisms did not 

originate at this time, however; the first preserved evidence of extensive multicellular ecosystems on 

land dates from around sixty million years before the start of the Carboniferous. By the time of the 

Variscan Orogeny, life was flourishing; forests and vegetation carpeted a wide swathe of the Earth, and 

supported diverse ecosystems (Briggs and Crowther 2001). Furthermore, a confluence of factors created 

ideal conditions for both the widespread preservation of fossils in three dimensions, and the exploitation 

of these deposits by geologists more than three hundred million years later. The late-Victorian era and 

early 20th century were halcyon days for studying Carboniferous fossils from the earliest widespread and 

well preserved terrestrial Lagerstätten. Work has continued to this day, both on museum collections and, 

to a lesser extent, on newly discovered deposits (e.g. Crock Hey, Writhlington and Westhoughton). The 

pace has slowed in the past century, however, and all studies have employed the same techniques as 

those employed by the early Victorian scholars. In this thesis I apply the techniques of ‘virtual 

palaeontology’ to a number of Carboniferous arthropod groups. The introduction first provides brief 

historical context to the current work, before outlining the potential of tomographic reconstruction when 

applied to Carboniferous arthropods, and providing an overview of the chapters that follow and their 

structure.  

1.1 Historical context  

 

Palaeontology is a relatively recent science, which first consolidated into an isolated discipline during the 

late-Victorian era (Donovan 2001). However, the seeds of thought that pre-empt modern studies of past 

life stretch back to Xenophanes of Colophon (570-470 BC) and Xanthus of Lydia (mid-fifth century BC), 

who both deduced the animal origin of fossilised sea shells (Gohau 1990). These early observations 

established the most basic principles of studying fossils. Herodotus (484-429 BC) associated 

sedimentary sequences with repeated flooding events that spanned large expanses of time. Such 

thought was, however, soon replaced with less rational and more fantastical explanations for the 

existence of fossils (Gould 2002). From the dark ages to the 18th century Enlightenment, European 

cultures posited creatures such as dragons, or relicts from before the Noachian flood, to explain the 

origin of fossils. In 1027, the Persian scholar Avicenna suggested that organisms were fossilized by 

petrifying fluids (Von Zittel 1901); along with antediluvian explanations, this remained the theory most 

generally accepted by natural philosophers until the start of the Enlightenment, and even beyond. Robert 

Hooke (1635-1703) studied fossils with a microscope, and not only attempted to identify fossil plants 

(Hooke 1665), but recognised fundamentally different states of preservation such as moulds and casts. 
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Meanwhile Nicolaus Steno (1638-1687) recognised the origin of fossil shark teeth and took the first steps 

towards using fossils to identify a depositional palaeoenvironment. Such early efforts had relatively little 

impact on scientific thought, and it was not until the work of three major figures that anything resembling 

the modern science of palaeontology developed (Rudwick 1985). William Smith (1769-1839) founded the 

field of biostratigraphy, using fossils and his unique position surveying mines and canals to determine 

the succession of British strata. Jean-Baptiste Lamarck (1744-1829) systematized the invertebrates, 

while Georges Cuvier (1769-1832) became the first person to apply rigorous techniques of comparative 

anatomy to fossil vertebrates, and recognised extinction in the fossil record. These pioneers laid the 

framework for the discipline that would become known as palaeontology. As the 19th century progressed, 

the scientific community became increasingly well organized. Figures such as Adam Sedgwick (1785-

1873), Charles Lyell (1797-1875), Charles Lapworth (1842-1920) and Henry Thomas De la Beche 

(1796-1855) were central to developments including the establishment of the geological timescale. By 

the time Charles Darwin (1809-1882) published On The Origin Of Species, fossil workers were 

widespread, most of whom were gentleman scientists and members of the clergy, self-funding their work 

in this new and exciting field.  

1.2 Tomographic reconstruction and Carboniferous ar thropods  

 

Throughout this history, palaeontologists have studied fossils using a limited battery of techniques. The 

most fundamental is to reveal a fossil by splitting the rock housing it, and examine the exposed surface. 

This has served the science well, and – in flattened fossils – is an excellent method of study. However, in 

the investigation of three-dimensionally preserved specimens, morphology not revealed by the split in 

the rock typically remains unrecovered. Fossils from Carboniferous Lagerstätten (especially those found 

within the Laurussian Coal Measures) often preserve organisms as three-dimensional voids within 

siderite nodules. The inherent difficulty of studying three-dimensional structures in two dimensions has 

limited the conclusions that can be drawn from such fossils, and has led to confusion in the taxonomy 

and phylogeny of numerous groups (e.g. the arachnids, a situation outlined in Dunlop 1996a). The 

application of tomographic (slice-based) reconstruction can overcome these limitations. The method has 

proven very successful in resolving the anatomy of three-dimensional fossils over the last decade, as 

computers have become sufficiently powerful to facilitate it (Sutton et al. 2002; Donoghue et al. 2006; 

Pradel et al. 2009). Its application to siderite-hosted Carboniferous fossils has been limited, however 

(Anderson, Carroll, and Rowe 2003; Selden, Shear, and Sutton 2008). Here, I use high-resolution X-ray 

micro-tomography (XMT) to restudy a number of Carboniferous arthropod groups, helping to reveal the 

morphology of these taxa in full. 'Virtual palaeontology' – when used in conjunction with (and not as a 

replacement for) traditional techniques – not only provides a more accurate picture of anatomy, but can 

inform debates regarding taxonomy, phylogeny and palaeoecology.  

1.3 The significance of arthropods  

 

Arthropods all possess – amongst other traits – external and internal body segmentation with regional 

specialization (tagmosis); a hardened cuticular exoskeleton composed of articulated plates, hardened 
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ostiate heart 
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currently a high-profile topic of discussion (Nowak, Tarnita, and Wilson 2010; Okasha 2010), it has 

helped to make the arthropods a hugely abundant animal group. Schultz (2000) estimates that in tropical 

ecosystems ants alone comprise more than 25% of the animal biomass, while in more temperate regions 

this figure is between 15% and 20%. Such abundance makes the arthropods ecologically vital: pelagic 

crustaceans (krill), for example, are primary consumers of phytoplankton in the oceans, and support a 

large proportion of the higher food chain (Sommer et al. 2002). In terrestrial ecosystems insects are 

responsible for pollinating 85% of angiosperm species (Stebbins 1970; Grimaldi 2010), while myriapods 

and termites are important processors of leaf litter in forests and consumers of large quantities of 

cellulose, respectively (Crawford 1992; Higashi, Abe, and Burns 1992). Without arthropods, the life and 

ecosystems of the Earth would be radically different.  

 

Another posited reason for the arthropods' success and diversity is their successful conquest of the land, 

which is in marked contrast to the majority of other invertebrate groups (Barnes et al. 2001). The 

Carboniferous provides an excellent opportunity to study early terrestrial arthropods; rocks from the 

period host the earliest currently known widespread records of terrestrial ecosystems. Rare terrestrial 

Lagerstätten predate these, but seldom possess the three-dimensional preservation, and never the 

diversity, that we see in siderite-hosted Carboniferous Lagerstätten. Not only does this make fossil 

arthropods from the era central to studying the terrestrialisation of many important arthropod groups, but 

such taxa also represent a very significant proportion of the animal biodiversity in the forests from this 

time. They are thus ideal for studying the palaeoecology of these ecosystems (Labandeira and Beall 

1990). Further, the Carboniferous fossil record provides the earliest examples of a wide variety of 

chelicerate, insect and myriapod clades, and the study of these specimens can help us to piece together 

their evolutionary history, origins and affinities (see recent reviews Dunlop 2010a; Grimaldi 2010b; Shear 

and Edgecombe 2010).  

1.4 Thesis structure  

 

There are ten chapters in this thesis. The following two provide a review of Carboniferous geology and 

life, and the methods employed. There are then six chapters, each detailing the application of XMT to a 

different Carboniferous arthropod group. Each of these consists of an Introduction, a Literature review (in 

longer chapters, generally split into Overview of previous work / Morphology / Systematics and 

phylogeny), a Method, a Systematic palaeontology that includes the results from the scans, and finally a 

Discussion section. Following these chapters are a conclusion and bibliography, then three appendices: 

the SPIERSalign manual (Appendix I); information on cladistic analysis of the Opiliones (Appendix II); 

and an electronic appendix (Appendix III). This contains the SPIERS software suite, SPIERS models of 

all the fossils reconstructed, videos of each, the SPIERSalign source code, and electronic copies of all 

the thesis materials.   
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2 Literature Review 

"We are like dwarfs on the shoulders of giants, so that we can see more than they, and things at a 
greater distance, not by virtue of any sharpness of sight on our part, or any physical distinction, but 

because we are carried high and raised up by their giant size." 
John of Salisbury, 1159, Metalogicon 

2.1 The Carboniferous period  

 

The Carboniferous Period extends from 359.2 to 299.0 million years ago (Ma; Ogg, Ogg, and Gradstein 

2008), between the Devonian and Permian Periods. It comprises two epochs, the Mississippian (359.2 – 

318.1 Ma) and the Pennsylvanian (318.1 – 299.0 Ma), each of which is itself split into lower, middle and 

upper stages. The palaeogeography of the era was shaped by the Variscan orogeny (=Hercynian, and 

Alleghenian in America), which was at its peak (Warr 2000; Blakey 2007). This was the collision between 

a southern supercontinent Gondwana (Figure 2.1) and, in the north, Laurussia (a landmass comprising 

Laurentia, Baltica and Avolonia, which had collided during the earlier Caledonian Orogeny; McKerrow, 

Dewey, and Mac Niocaill 2000). The result was supercontinent Pangaea, with an equatorial mountain 

chain similar in scale to the present day Himalayas extending through modern day Russia, western 

Europe and North America (Guion, Gutteridge, and Davies 2000). The northern European and UK Coal 

Measures were north of the collision zone for much of the Carboniferous. The Variscan Orogeny was 

nevertheless a fundamental control on the tectonic evolution of this region; many of the largest coal 

fields (e.g. South Wales) constitute foreland basin infill driven by rapid thermal subsidence (Wells et al. 

2005; Kedzior 2008) . Such sedimentation was delimited by a northward-dipping subduction zone 

running through central France / southern Germany (south), and two palaeogeographical barriers in the 

form of the Wales-London-Brabant High and Southern Uplands High (north).  

 

 
Figure 2.1 – A palaeogeographic reconstruction of the Carboniferous world by Blakey (2008). Note the glaciated southern continent, Gondwana, 
and northern landmasses constructing Laurussia. Also visible is the equatorial mountain belt, and a large expanse of epicontinental seas around 

the continents. 
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These conditions created three elongate regions of sedimentation in Southern Britain and Ireland, and 

south of this subduction zone, in current day Central Europe, was a tectonic complex that bore a series 

of intramontane coal basins (Golitsyn, Courel, and Debriette 1997). A drop in sea level towards the end 

of the Devonian was reversed early in the Carboniferous – the final event in a high frequency, high 

amplitude transgression–regression–transgression cycle which created large areas of epicontinental 

seas (Grossman, Mii, and Yancey 1993; Hallam and Wignall 1999) . There were two major oceans 

during the Carboniferous, namely Panthalassa, a superocean covering much of the globe (Isozaki 2003), 

and the smaller Paleotethys surrounded by a ring of continental crust (Zonenshain, Kuzmin, and 

Kononov 1985; Yang et al. 2009). The Rheic Ocean, sizeable in the Cambrian-Devonian, closed during 

the Variscan Orogeny (Nance and Linnemann 2008). The Upper Carboniferous was also a time of 

glaciation, and a large ice mass developed across Gondwana (Mii et al. 2001), estimated to be 

comparable in size to the combined Pleistocene northern and southern hemisphere ice caps (Crowley 

and Baum 1991).  

 

Despite this glaciation, a wide zone spanning the tropics and even some higher latitudes maintained 

Coal Forests (Cleal and Thomas 2005) – low lying, topographically flat and swampy areas, or more 

accurately mires; wet environments in which organic matter accumulates (DiMichele 2001). Mires can be 

divided into minerotrophic/rheotrophic types (which possess a planar surface below or at the water table, 

providing mineral nutrients) and ombrotrophic (nutrient-poor, domed deposits where peat forms above 

the water table, most of the water coming from rain fall). It is thought both of these forms likely existed 

during the Carboniferous (Cecil 1990). Both flooding and wildfires (implying sporadic drying) were 

widespread (Falcon-Lang 2000; Plotnick et al. 2009) . The true extent of such forests is unclear; it is 

possible their ubiquitous presence and resulting stereotype of a lush, tropical Carboniferous (a view with 

a long history; e.g. Lesquereux 1884, Kidston 1901, Dahlgren 1933) stems from a twofold sampling bias. 

Both preferable preservation of plant material in waterlogged boggy sediments such as the coal swamps, 

and the close proximity to economic coal seams of such deposits, could result in extensive fossil material 

for research and create this bias (DiMichele et al. 2007). Rather, the 'typical' plants at the time could 

have been arid-adapted conifers and other seed-bearing plants (Falcon-Lang, Nelson, et al. 2009). If so, 

the well studied coal deposits may actually represent cyclical forests developing during deglaciation / sea 

level rise events (Falcon-Lang 2004). Certainly, the rocks from this period are indicative of cycling 

between marine and terrestrial deposition, and suggest the Coal Forests were a very variable 

environment, but one which displays a general trend of drying from the Lower to the Upper 

Carboniferous in Euamerica. A small enclave of Coal Forests survived in China until the end of the 

Permian Period (Falcon-Lang, DiMichele, et al. 2009), but the majority died out at the end of the 

Carboniferous (Uhl and Lausberg 2008). Posited explanations include climatic change (Phillips et al. 

1985) or the uplift of the Variscan Mountains breaking up the habitats (Dimitrova, Cleal, and Thomas 

2005). The rocks from the Lower Carboniferous tend to be limestones, often from carbonate ramps 

(Wright and Faulkner 1990), with additional terrestrial deposits in some areas (Paulwright 1982). This 

defines the split between the Mississippian and the Pennsylvanian, as the latter is marked throughout 

the UK, Europe, and North America by cyclothems, of repeating units of interbedded arkosic sandstones, 
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peat-forming lacustrine facies (mudstones / siltstones / coal seams) and occasionally limestones (e.g. 

Moore 1959, Simùnek 2008). These cyclothem deposits are known in the UK as the Coal Measures – 

the coal they contain was responsible for fuelling the industrial revolution, and remains economically 

important today. While debates regarding the true nature of the Carboniferous palaeoclimate and the 

nature and prevalence of the Coal Forests continue, it is clear that the vast majority of Carboniferous 

Lagerstätten – nodular siderite deposits associated with the Coal Measures – sample this (stereo-) 

typical Carboniferous environment (Todd 1991). Such deposits show these unique forests were home to 

a diverse fauna and flora. 

2.2 Carboniferous life  

 

Each chapter in this thesis contains a literature review outlining the previous work on the taxa 

reconstructed; the following section provides an overview of life during the Carboniferous Period 

providing context to the later work. It is selective, focusing only on life in the Coal Forests and omitting, 

for example, the great diversity of Carboniferous marine life, e.g. fish (Eastman 1902; Pradel et al. 2009), 

most notably sharks, which underwent an evolutionary radiation during the period (Dick and Maisey 

1980, Lund and Grogan 1997) and also bacterial / eukaryotic micro-organisms (Smoot and Taylor 1983; 

Clark 1989).  

2.2.1 Plants 

 
Figure 2.2 – A reconstruction of  Lepidodendron at maturity.Grew to 

50m in height. From Taylor, Taylor, and Krings (2009). 

Carboniferous plants draw from at least four classes, 

and ten orders, and show a greater diversity than 

traditional reconstructions based on modern 

rainforests would suggest (DiMichele 2001). The 

flora displayed a wide variety of body plans and 

reproductive biology. Lycopsids were amongst the 

largest plants of the era, which most likely formed 

extensive lowland forests in swampy regions. They 

are related to extant club-mosses, but were 

arborescent, growing to over 50 metres in height 

(Figure 2.2). They possessed roots, stem, leaves 

and reproductive organs (DiMichele, Eble, and 

Chaney 1996). The most commonly found fossil is 

the form-genus Lepidodendron; it is estimated that 

70% of biomass in the extensive Westphalian coal-

swamps of Euamerica was produced by members of 

the Lepidodendrales. This reduced to ~5% by the 

Stephanian epicontinental swamp forest ecosystems 

(DiMichele, Phillips, and Peppers 1985; Kerp 2000; and references therein). Lepidodendron is commonly 

encountered as a compression fossil of the stem surface showing asymmetric rhomboidal shaped scars 

(leaf cushions) left after the detachment of a distal leaf lamina. Their cuticle covering bears stomata 
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suggesting that these pads were capable of photosynthesis (Beerling 2002), and the stem was 

supported by a thick region of bark-like material known as the secondary cortex (Wang, Hao, and Wang 

2002).  

 

The branches terminated in reproductive structures – strombili – reminiscent of cones, bearing both 

megaspores and microspores. Stigmaria represent the basal rooting organs, and are the most common 

fossils in clay units below most Carboniferous coal deposits, i.e. the palaeosol (Mosseichik, Ignatiev, and 

Ignatiev 2003). They represent shallow root systems, well suited to a palustrine (wetland-growing) plant. 

The growth was unusual in comparison to modern flora; the roots produced the aforementioned stem or 

trunk, which grew until the tree had almost reached maturity. Only then did branches and a tree-like 

canopy develop, making Coal Forests, for the most part, a fairly well lit environment. The trunks grew 

rapidly, resulting in a life cycle of just 10-15 years for the average lycopsid (Phillips and DiMichele 1992). 

 

 
Figure 2.3 – A reconstruction of Late Carboniferous tree-fern Psaronius. 

8m in height. After Morgan (1959). 

Ferns were common in the Coal Forests, and exhibited a variety of morphologies, from small plants to 

arborescent forms (Figure 2.3). The latter are more common in the fossil record, and belong to the order 

Marattiales (Stidd 1974; Hill and Camus 1986; Stevenson and Loconte 1996). They probably grew in 

floodbasin swamp forests / levees, and comprised trunks (with leaf scars near the crown; Caulopteris, 

Megaphyton, Artisophyton) and fronds (Pecopteris, Cyathocarpus, Polymorphopteris, Lobatopteris).  
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The fronds possessed unlobed pinnules (~leaflets), and reproduction occurred through sporangia 

(Scolecopteris, Acitheca, Asterotheca), found in clusters (sori) on the underside of pinnules (Mapes and 

Schabilion 1979). There are even examples in the fossil record of epiphytes (a non-parasitic plant 

depending on another for mechanical support) on Psaronius roots (Rothwell 1991). The smaller, 

creeping, herbaceous species had a variety of reproductive structures and leaf types; the taxa are less 

well understood, however, especially their affinities (Cleal and Thomas 1994).  

 

Calamit, members of the Sphenphyllales order, are related to 

the living horsetails (Equisetum) but were larger, exceeding 

thirty metres in height (Figure 2.4). These arborescent 

horsetails probably formed dense thickets along the edges of 

waterways and lakes (Scott 1979). Extensive lateral 

rhizomes (=rootstock; horizontal plant stems that often shoot 

out roots) buried at a shallow depth or lying on top of mud, 

were the source of vertical, regularly branching (and clonal) 

stems (Smoot, Taylor, and Serlin 1982). The plants had a 

segmented appearance and vertical ribbing, and their clonal 

habit likely allowed rapid dispersion.  

 

The branches bore whorled leaves (Asterophyllites / 

Annularia) and cones (Calamostachys / Palaeostachya / 

Paracalamostachys) bearing sporangia (Thomas 1969, 

Daviero and Lecoustre 2000). Fossils often include casts of 

the internal hollow or pith-filled central void of the trunk 

(Calamites). Sphenophylls were related to Calamites being 

essentially smaller forms, most likely creating low-lying 

vegetation on river levees (Figure 2.5). They had creeping 

stems which bore cuneate (wedge-shaped) leaves 

(Sphenophyllum). The stems bore terminal reproductive 

organs (Bowmanites; Libertín, Bek, and Drábková 2008) – 

complex cones, with clusters of sporangia borne on leaves 

(=sporophylls).  

 

 

Figure 2.4 – A reconstruction of the Carboniferous 
horsetail Calamites. From Thomas and Spicer (1987), 

provided by The Geological Conservation Review Image 
Bank 

Pteridosperms (=seed ferns) were gymnosperms (seed bearing plants). During the Carboniferous they 

grew as both small trees and scrambling creepers, and probably inhabited the levees around rivers 

(Falcon-Lang et al. 2006). Their leaves were fernlike, and fossils are placed into a large number of form 

taxa on the basis of pinnule shape and rachis branching pattern (Figure 2.6; e.g. Wnuk and Pfefferkorn 

1984).  
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Figure 2.5 – Reconstructions of Late Carboniferous Sphenophyllum (Equisetopsida) – a smaller form of horsetail than Calamites. From Thomas 

and Spicer (1987). 

Seed ferns reproduced using female reproductive seeds attached to the fronds (Trigonocarpus, 

Lagenospermum, Holcospermum) which could become quite large – in excess of 10cm in length. The 

male counterparts were pollen-organs (Whittleseya, Potoniea). The classification of this group – 

generally falling into families Trigonocarpales, Lagenostomales and Callistophytales – has proven 

difficult, and the taxon is probably paraphyletic (Hilton and Bateman 2006).  

 
Figure 2.6 – A seed fern, or pteridosperm; this example being  

trigonocarpalean Alethopteris, about 4m tall. 
From Thomas and Spicer (1987). 

Also common were the arborescent Cordaites, which could reach thirty metres in height, although 

smaller forms have been reported (Cleal and Thomas 1994). These early relatives of the conifers likely 

inhabited a wide range of habitats, from flood basins and levees to sea coasts and uplands (Rothwell 

1993). The most tree-like forms (Figure 2.7) possessed a straight trunk and crown with elongate leaves 

(Cordaites; e.g.Simůnek, Opluštil, and Drábková 2009). The reproductive structures of both males and 

females were cones (Cordaitanthus; Falcon-Lang and Bashforth 2005) but more common fossils are 

detached seeds (Cordaicarpus / Samaropsis), flattened in form with lateral wings. 
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Figure 2.7 – A. An arborescent species Cordaites borassifolius showing trunk and elongate leaves. From Simůnek, Opluštil, and Drábková 

(2009). B. A more scrambling form of tree. From Thomas and Spicer (1987). 

Many of these plant forms were very rich in lignin (>40%); a complex organic polymer deposited within 

the cellulose of plant cell walls during secondary thickening, making the walls woody and thus rigid 

(Lewis and Yamamoto 1990). Bark:wood ratios in the Carboniferous were typically between 8:1 and 

20:1, while the figure for modern plants is typically 1:4 (Robinson 1990). Lignin resists biological decay, 

as very few enzymes are capable of breaking down the large, insoluble molecules (Kirk and Farrell 

1987). Further, the resulting degradation products are difficult to degrade themselves, or toxic. The C:N 

ratio of the compound is so high very few organisms could subsist on lignin if it was digestible (even 

termites have inefficient lignin digestion). In the Palaeozoic, lignin-degrading organisms were rare or 

absent. This, coupled with the swampy, oxygen-poor environments typically associated with the lowland 

forests in the Carboniferous, provides an explanation for the vast coal reserves dating from this period 

(Robinson 1990).  

2.2.2 Arthropods 

 

The fossil record suggests that three major arthropod groups had a terrestrial presence during the 

Carboniferous; all are common in the Coal Measures Lagerstätten. In contrast to vertebrates there are 

no known lower Carboniferous arthropod-bearing deposits, and thus it appears that major diversification 

events – in, for example, the insects – remain entirely unrecorded in the fossil record. A brief overview of 

the three major Upper Carboniferous groups is given below, to provide context for the more detailed 

reviews in subsequent chapters.  

2.2.2.1 Hexapods 

 

A sizable proportion of the literature on Carboniferous and Permian hexapod taxa in recent decades is 

the work of Kukalová-Peck. This has been widely criticised due to misinterpretations (e.g. Willmann 

1998), while Béthoux and Briggs (2008) used SEM images to suggest that unusual features reported by 

Kukalová-Peck and Brauckmann (1992) were in fact the result of 'intensive preparation'. The 
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methodological foundation of her phylogenetic work has met with further criticism; Béthoux, Kristensen, 

and Engel (2008) suggest that her position is "contrary to modern concepts of evolutionary biology, relies 

massively on ad hoc hypotheses, and is fundamentally flawed". With the caveat that a proportion of this 

work requires critical reassessment, the following overview (and those in several subsequent chapters) 

features many of her publications.  

 

A large variety of insects lived in the Coal Forests of the Carboniferous. This fauna included 

representatives of the Archaeognatha (jumping bristletails, Figure 2.8A); Dasyleptus (Dasyleptidae) is 

known from Commentry, France (Brongniart 1885, Bitsch & Nel 1999) and Mazon Creek (Kukalová-Peck 

1987). The preservation is often poor. Fossils generally exhibit a single terminal appendage; Sharov's 

(1957) order Monura is now recognised to be based upon immature archaeognaths (Rasnitsyn 2000). 

Further unusual examples and an intriguing 'thysanuran' were described by Kukalová-Peck (1987). The 

author also reported the presence of non-insect Hexapoda in the form of (stem) Diplura ('two-pronged 

bristle tails'). 'Diplurid' Testajapyx thomasi from Mazon Creek (Figure 2.8B) possessed large compound 

eyes and pincer-like cerci (Grimaldi 2010b), and is thought to have been an active predator. Note, 

however, that its dipluran affinity has been seriously questioned by Kristensen (1995). Kukalová-Peck 

(1987) also described a member of the Zygentoma (silverfish), Ramsdelepidion schusteri, 6cm in length 

(Figure 2.8C), whose taxonomic placement has been accepted by several authors (Boyan et al. 2002; 

Fayers and Trewin 2005; Gullan and Cranston 2005). 

 
Figure 2.8 – Examples of Palaeozoic flightless hexapods by Kukalová-Peck (1987). A. 'Monuran' Dasyleptus, probably an undescribed species, 

~35mm in length. Segmentation in abdominal styli likely exaggerated. B. Diplurid Testajapyx thomasi, 47.5mm in length. "Coxal exites and 
segmented styli are doubtful" (Grimaldi 2010b). C. Giant silverfish Ramsdelepidion schusteri, fossil 60mm in length. 
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Such groups are minor constituents in the hexapod fossil record, however. A far greater proportion of the 

insect fossils from Carboniferous deposits are members of the Pterygota (plesiomorphically winged 

insects). These include the Blattoptera – or roachoid fossils – a paraphyletic assemblage which likely fall 

on the stem groups to either the cockroach-termite clade, the Mantodea, or predate the divergence of 

these two lineages entirely. More information on the Blattoptera is provided in Chapter Seven. The 

Ephemeroptera (mayflies) or stem forms were present, for example Lithoneura lameerei, initially 

described as a palaeodictyopteran (Carpenter 1938) but subsequently assigned to the Ephemeroptera 

(Wootton 1981). The exact relationship between this, its family, the Syntonopteridae, and its likely 

closest relatives, the Ephemeroptera / Odonatoptera, is still debated (e.g. Carpenter 1987; Béthoux 

2007; Prokop, Nel, and Tenny 2010). 

 

 
Figure 2.9 – Life reconstructions of the Palaeodictyopteroidea. A. A typical example of the clade; Stenodictya lobata (order Paleodictyoptera). B. 

Mischoptera nigra (order Megasecoptera). C. The beak from the anterior – the sucking mouthparts were presumably a specialisation towards 
herbivory. D. A reconstruction of Homaloneura lehmani feeding on the cone of a Cordaites. A and B. Late Carboniferous, Commentry, France 

(Grimaldi and Engel 2005). C and D. Also Late Carboniferous, from France (Shear and Kukalová-Peck 1990). 
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Other common features include a hypognathous head, with haustellate (sucking) mouthparts (Wootton 

and Kukalová-Peck 2000) – a beak comprising five stylets, which was elongate in most taxa (Labandeira 

and Phillips 1996a; Figure 2.9C). They were used to puncture plant tissues (Figure 2.9D), and herbivory 

was common, as attested to by the wide range of plant damage in exceptionally preserved plant fossils 

(Beck and Labandeira 1998; Labandeira and Phillips 1996b; Labandeira 1998; Labandeira 2001). Most 

lineages possessed stout legs with five-segmented tarsi; long filiform antennae; elongate, filamentous, 

multisegmented cerci, usually covered with dense setae; and short, stout, sometimes serrated 

ovipositors. In contrast to early hypotheses (Handlirsch 1908; 1925) it is now recognised that 

palaeodictyopterids are not basal within insect phylogeny. Rather they were a specialized lineage – the 

first major herbivorous insect group, possibly closely related to the Odonatoptera (Figure 2.10) – and the 

only significant insect lineage to have become entirely extinct. They are split into a number of smaller 

families, whose relationships are poorly understood due to a lack of cladistic / phylogenetic work (e.g. 

Prokop and Ren 2007).  

 

 
Figure 2.11 – Life reconstructions of the Odonatoptera. A. A reconstruction of a member of the group Eugeropteridae. While these appeared 

superficially similar to the Palaeodictyopteroidea, they were actually early odonatopterans. From Grimaldi and Engel (2005). B and C. A 
reconstruction of a male protodonate from the Upper Carboniferous Hagen-Vorhalle, Germany (Bechly et al. 2001). 
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Also present in Carboniferous fossil insect assemblages are representatives of the Odonatoptera; the 

dragonflies and their early relatives (Bechly et al. 2001). The order Geroptera – based on a single family, 

Eugeropteridae (Figure 2.11A) – are amongst the earliest recorded odonatopterans, and are superficially 

similar in appearance to the Palaeodictyopteroidea, possessing pronotal lobes (Wootton and Kukalová-

Peck 2000). The group is poorly understood, however wing characteristics – for example the reduction of 

the anal region – suggests shared ancestry with the Holodonata (Protodonata + Odonata; Rehn 2003). 

The Protodonata (griffenflies) were similar in appearance to dragonflies (Figure 2.11B,C), being a 

Palaeozoic stem group to the true Odonata (dragonflies + damselflies; Ren, Nel, and Prokop 2008). In 

part due to the high oxygen levels in the Carboniferous atmosphere, they could attain large sizes, 

Meganeuropsis permiana possessing a wingspan of ~71cm (Okajima 2008). While these taxa are best 

known from wings (Carpenter 1960), other elements of the known morphology include large toothed 

mandibles, sizeable compound eyes and stout, spined legs, in a disposition similar to that of their crown-

group descendents (May 1982). It is likely they were aerial predators, their prey including other insects 

and even small vertebrates. Little is known of the griffenflies, especially regarding their phylogeny and 

relationship to the true dragonflies.  

2.2.2.2 Myriapods 

 

During the Carboniferous myriapods appear to have been widespread (Shear and Edgecombe 2010). 

Fossils of both diplopods and chilopods are known from the period while those of the Pauropoda and 

Symphyla are expected, but remain elusive. Of the former two classes, the fossil record is biased 

towards the Diplopoda (millipedes) which possess a cuticle reinforced with calcium carbonate (with the 

exception of Penicillata), imparting greater fossilisation potential (Almond 1985). In contrast, the 

preservation of Chilopoda (centipedes) is very unlikely, as they possess a thin, unmineralized cuticle 

(Wilson 2003). Both inhabit environments that lend themselves towards the rapid decay of organic 

matter, with abundant bacteria and fungi. Thus fossilisation requires exceptional circumstances such as 

those found in the Carboniferous, outlined below. Despite this, two of the five extant centipede orders 

are known in the Carboniferous fossil record (Edgecombe and Giribet 2007). Scutigeromorphs have 

been described from Mazon Creek Lagerstätte in the form of Latzelia primordialis, a relatively short 

species bearing elongate, slender legs with "femora of excessive length" (Scudder 1890). The other 

known Carboniferous examples of the Chilopoda are also from Mazon Creek, two members of the clade 

Epimorpha (Scolopendromorpha + Geophilomorpha): the scolopendromorphs Mazoscolopendra 

richardsoni and Palenarthrus impressus (Mundel 1979; Scudder,1890). The former is better known, and 

possessed 21 leg-bearing segments, but lacks the detail to resolve its position within the stem / crown 

group of the clade (Murienne, Edgecombe, and Giribet 2010). The latter is "known only by a single 

specimen, which from its incompleteness leaves much to be desired" (Scudder 1890). 

 

Despite a robust cuticle, and thus higher preservation potential, the fossil record of the diplopods is 

poorer than might be expected. This results from behaviour; the cuticle is usually consumed post-ecdysis 

to recycle the calcium, and thus moults rarely become fossilized (Shear, Selden, and Gall 2009).  
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Figure 2.12 – Cladogram showing fossil myriapod relationships (from Sierwald and Bond 2007). The top cladogram based on work 

of Hoffman (1969), Wilson and Shear (2000), and Wilson and Anderson (2004). The lower cladogram places the arthropleurids on the  
basis of Kraus and Brauckmann (2003). 

Due to the exceptional circumstances of the Carboniferous, this period provides the best early fossil 

record of the millipedes (Shear 1998); albeit one in need of restudy (Shear and Edgecombe 2010). This 

is required due to both the complexity of the task – 16 extant millipedes orders are currently recognised 

(Shelley 2003) – and because classification is based on a limited range of morphological characters, 

rarely available in fossils. Entire character systems – for example, the mouth parts, female genitalia, and 

legs – are rarely considered in classification. This combination of factors prohibits the taxonomic 

placement of fossil species, and hampers attempts to include fossils within millipede phylogenies. The 

most recent overview cladogram featuring fossil lineages is shown in Figure 2.12. Because of this 

difficulty in placing fossil taxa and the complexity of classifications, a somewhat simplified overview of 

the diplopod fossil record is provided here. 
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A small number of species are known from the Lower Carboniferous of Scotland. Wilson and Anderson 

(2004) tentatively placed Anthracodesmus macconochiei within the Archipolypoda on the basis of the 

appendages, which appear to articulate laterally, and the form of the tergites. The ring structure and 

sternal morphology are required for a confident placement, however, and are missing in the reported 

specimen. Other Archipolypoda taxa were more confidently placed, including the Devonian archidesmid 

Archidesmus macnicoli, and the Silurian Cowiedesmus eroticopodus, as member of a new order 

Cowiedesmida. 

 

A greater range of millipedes are known from Upper Carboniferous Lagerstätten, much of the work being 

carried out in late Victorian times and the following two decades (e.g. Woodward 1887; Scudder 1890, 

1891; Bolton 1905; Handlirsch 1908; Gill 1924). The most numerous of these are representatives of the 

Archipolypoda, which comprised the heavily spined order Euphoberiida, diagnosed on the basis of two 

sets of paired metazonal spines (the laterals and subdorsals), a head wider than the anterior trunk 

segments, paramedian cephalic swellings bearing antennal sockets, elongate sternal spiracles lateral to 

coxae, and ozopores at the base of anterolateral spines (Wilson and Anderson 2004). Further, they 

possessed large (compound?) eyes, small antennae, and a labrum without teeth. Three Carboniferous 

lineages form the genera, Euphoberia, Acantherpestes and Myriacantherpestes within the family 

Euphoberiida (Sierwald and Bond 2007). These were large millipedes (Scudder 1886) – up to 30 cm in 

length – and varied in shape; CT scans have revealed cylindrical segments and erect spines in 

Euphoberia (pers. obs.), and the same is likely to have been the case for Acantherpestes. 

Myriacantherpestes by contrast have been reconstructed as flattened creatures (Burke 1973, 1979). The 

long, branched spines of these taxa were presumably to defend from tetrapod predators which are 

described below, but were not wholly effective on the basis of euphoberiid remains in coprolites (Shear 

1998). Other features of note include mid-body modified legs, probably to grasp the opposite sex while 

mating (Hannibal 1995), and possible aggregation / migration behaviour as seen in some extant 

diplopods (Wilson 2006b). Carboniferous myriapods also came in the non-spined variety; for example 

Anaxeodesmus diambonotusi (Wilson 2005) incertae sedis, and members of the order Palaeosomatida 

(Hannibal and Krzeminski 2005). 

 

Members of the order Pleurojulida were large millipedes (~10 cm long), with at least 69 segments. 

Diagnostic characters include short, robust antennae and lateral ovoid ocellaria with numerous ocelli; 

tergites with a middorsal suture; prominent paired lateral midmetazonal ozopores; and free diplopleurites 

(Wilson and Hannibal 2005). They are represented by genera Pleurojulus and Isojulus from the Czech 

Republic and North America. Further, members of the infraclass Pentazonia were also present; the order 

Amynilyspedida possessed long, paired spines on the metatergites. Their ability to enrol would render 

this an effective defence (Racheboeuf, Hannibal, and Vannier 2004). The spineless Archiscudderia and 

Glomeropsis were otherwise similar in form (Hannibal 1984). Examples of the superorder Juliformia were 

also present during the Upper Carboniferous (Wilson 2006a). This clade has wide support as the most 

derived of the Diplopoda (Sierwald et al. 2003; Regier, Wilson, and Shultz 2005) . The only known 
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juliforms from the Carboniferous are members of the order Spirobolida, family Xyloiulidae, moved here 

by Hoffman (1969). This family was previously considered archipolypodan (Scudder 1882).  

 

Members of the class Arthropleuridea were common in the Carboniferous, the most renowned being the 

genus Arthropleura which grew to over two metres in length (Figure 2.13). Trace fossils suggest they 

possessed ~23 pairs of segments with appendages (Briggs, Rolfe, and Brannan 1979), and the whole 

body could number 29 segments, with a narrow head (Kraus and Brauckmann 2003). The trilobed body 

was elongate and fairly constant in width, except in juveniles where a pronounced posterior taper existed 

(Kraus 2005). The legs were uniramous, and the ventral surface of the body housed three sets of plates 

(Rosette, B and K) which buttressed the limb. The last of these were linked to respiration (Schneider et 

al. 2010). They were likely herbivorous, and their trace fossils are commonly preserved in sandstone 

deposits close to river channels (Briggs, Rolfe, and Brannan 1979) or alluvial fans (Briggs, Plint, and 

Pickerill 1984). Some authors have suggested an aquatic or semiaquatic habit on the basis of a poorly 

sclerotized cuticle (Kraus and Brauckmann 2003); CT scans of isolated limbs recover the cuticle, 

suggesting it was fairly robust, however (pers. obs.). This is supported by the preservation of Diplichnites 

cuithensis, an arthropleurid trackway, in a fluvial channel sandstone (Lucas et al. 2005). The deep 

undertracks described are indicative of a heavy, and thus strongly sclerotized, arthropod. Kraus (2005) 

suggested that all known fossil representatives of the genus were exuviae; a possible explanation for the 

observed examples with poor sclerotization. Kraus and Brauckmann (2003) and Kraus (2005) posit a 

relationship to the extant subclass Penicillata, while Wilson and Shear (2000) placed Arthropleuridea as 

a sister taxon to all chilognaths (Figure 2.12).  

 
Figure 2.13 – A reconstruction of Arthropleura – the giant Palaeozoic myriapod which could exceed two metres in length. From Kraus (2005). 

 

2.2.2.3 Arachnids 

 

The final arthropod group with an established presence in the Coal Forests was the Arachnida. Some 

taxa are described in depth in the literature review of their respective chapters. For this reason the 

Trigonotarbida (Chapter 4), Opiliones (Chapter 5) and Scorpiones (Chapter 7) are not included in the 

following overview. 
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The phalangiotarbids (=Architarbida) are an extinct, enigmatic arachnid order, which can be very 

common in Coal Measures Lagerstätten (Pocock, 1911; Petrunkevitch, 1913, 1949; Beall 1991; (Pollitt, 

Braddy, and Dunlop 2004). 

 

 
Figure 2.14 – Life reconstruction of Phalangiotarbid species Mesotarbus peteri (Dunlop and Horrocks 1997). 

The group had an onisciform (oval and elongate) body, terminating in a dorsal anal operculum (Figure 

2.14). Their prosoma bore six eyes on an anterior tubercle, and the anterior opisthosomal segments 

were crowded into a small zone in the middle of the body (Dunlop and Horrocks 1997). Despite its robust 

walking limbs the pedipalps and chelicerae were very small, and hence little is known of their 

morphology. This unusual habitus is reflected by taxonomic and phylogenetic uncertainties, the group 

having been allied with harvestmen (Haase 1890) and opilioacarid mites (Dunlop 1995a). The most 

recent attempt place the order (Pollitt, Braddy, and Dunlop 2004) resolved them close to the 

tetrapulmonate arachnids.  

 

Camel spiders, members of the order Solifugae (=wind scorpions / sun spiders) have numerous 

synapomorphies, including ventral sensory organs at the base of the last two pairs of legs known as 

maleolli, and a distal adhesive organ on the pedipalp (Dunlop, Wunderlich, and Poinar Jr 2004; Dunlop 

and Martill 2004) . While rare in Carboniferous Lagerstätten, one species is known from Mazon Creek, 

Illinois, USA (Petrunkevitch 1913). Protosolpuga carbonaria was described from a single fossil, little 

more than an outline. Its poor preservation precludes assignment at any higher level (Selden and Shear 

1996). The group's presence in Coal Forests suggests they were not always associated with the xeric 

habitats they are today.  

 

Members of the order Pseudoscorpiones (=false scorpions) resemble scorpions, but lack a tail (e.g. 

Cnudde et al. 2006). They are small, with a pear-shaped body, and possess cheliceral silk glands, large 

chelate pedipalps, and clear ventral prosomal segmentation (Harvey 2002). They were present in 

Palaeozoic communities (Schawaller, Shear, and Bonamo 1991), but no known Carboniferous examples 

exist. Similarly, the Actinotrichida – one branch of the two groups comprising (a possibly paraphyletic) 

Acari, or mites – are known from the Devonian Rhynie Cherts (Hirst 1923), and Gilboa deposits (Kethley 
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et al. 1989). Lower Carboniferous examples are known from Northern Ireland, recovered from macerates 

of a fluvially reworked volcanogenic deposit, but none are recorded from Upper Carboniferous deposits.  

 

The Araneae (spiders) have the most complete fossil record of any arachnid group, with over a thousand 

fossil species described (Dunlop, Penney, and Jekel 2008; Dunlop, Penney, and Jekel 2010). The 

erection of the order Uraraneida for Devonian macerates possessing spigots for silk production, but no 

spinnerets (Selden, Shear, and Sutton 2008), leaves a series of fossils from the Late Carboniferous 

British Middle Coal Measures as the earliest described spiders (Pocock 1911; Petrunkevitch 1913,1955). 

As a result spiders must be diagnosed as possessing spinnerets in addition to spigots, a male pedipalp 

modified for sperm transfer and a hairless cheliceral fang. The Araneae are split into the basal suborder 

the Mesothelae, and more derived Opisthothelae. The former is likely represented in Coseley fossils, on 

the basis of a segmented opisthosoma. The first unequivocal mesothele is found in the Carboniferous of 

France (Selden 1996). This dates the split between the Mesothelae and Opisthothelae, but examples of 

the latter are not found until the Triassic Period. 

 
Figure 2.15 – Examples of Carboniferous Ricinulei, from Selden (1992). A. Poliochera glabra. B. Curculioides gigas. C. Poliochera punctulata. 

D. Amarixys gracalis. E. Amarixys stellaris. F. Curculioides mcluckiei. G. Terpsicroton alticeps. 



35 
 

The Ricinulei (Figure 2.15) are poorly known arachnids with thick cuticle, a cucullus (hood) covering the 

mouthparts, divided opisthosomal tergites, a prosoma / opisthosoma locking device and sperm transfer 

device on the third leg of the male (Dunlop 1996b). They were described as fossils before the discovery 

of any living taxa (Selden 1986). Selden (1992) revised the group, dividing them into two suborders the 

fossil Palaeoricinulei retaining visible eyes. and recent suborder Neoricinulei with reduced eyes. Their 

fossil record is known only from Coal Measures Lagerstätten of Europe and North America (e.g. Pocock, 

1911; Petrunkevitch,1913), the oldest being from Hagen-Vorhalle in Germany (Brauckmann 1987). 

 

The Thelyphonida (=whip scorpions / vinegaroons) are united by pygidial defence glands that spray a 

vinegar-like substance, and a metasoma with a long, whip-like telson (Dunlop and Horrocks 1996). They 

are known from Euamerican Coal Measures deposits (Pocock, 1911; Petrunkevitch, 1913). Tetlie and 

Dunlop ( 2008) suggested the Coal Measures fossils are plesion genera outside the crown-group family 

Thelyphonidae, which possess a subchelate is pedipalp not seen in Palaeozoic species. The oldest 

fossils are from the Namurian B deposits of Hagen-Vorhalle, Germany (Brauckmann and Koch 1983). 

 

The monotypic and extinct order Haptopoda possessed an ovate body with a ridged carapace (Figure 

2.16). Long first legs with an inflated tibia, are indicative of an antennal role, and toothed femorae 

suggest a predatory mode of life. The order was established by Pocock (1911), restudied by 

Petrunkevitch (1949) and most recently reinvestigated by Dunlop (1999), who preferred a position in the 

Tetrapulmonata (Haptopoda (Amblypygi (Thelyphonida + Schizomida))) to traditionally mooted Opiliones 

affinities. The fossil record is entirely restricted to Coseley Lagerstätte, near Dudley, in the UK.  

 
Figure 2.16 – A life reconstruction of Plesiosiro madeleyi, a member of the enigmatic arachnid order the Haptopoda (Dunlop 1999). 

 

Amblypygi (=whip spiders) posses and undivided prosoma connected to the opisthosoma by a pedicel 

(Figure 2.17), and – most notably – highly elongate antenniform first pair of legs (Dunlop, Zhou, and 

Braddy 2007). The oldest unequivocal member of the order is found in the UK Coal Measures 

(Pocock,1911), but the whip spiders are also found at Mazon Creek (Petrunkevitch, 1913). These fossils 
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appear related to the basal but extant family Paracharontidae on the basis of short pedipalps articulating 

sagittally rather than laterally (Dunlop, Zhou, and Braddy 2007). 

 
Figure 2.17 – A reconstruction of the Carboniferous amblipygid Graeophonus anglicus (Dunlop, Zhou, and Braddy 2007). Note 

the indicated motion of the pedipalps which articulate up and down rather than from side to side; a possible plesiomorphy.  

 

2.2.3 Vertebrates 

 

It was during the Carboniferous Period – and largely in the moist Coal Forests – that the pivotal phases 

of early tetrapod evolution occurred and in which the origin of extant clades lies (Benton 2005). These 

new habitats created a great many opportunities for early vertebrates, and as a result were host to a 

diversification in the early land vertebrate fauna. The majority of these were predators, consuming 

freshwater fish or terrestrial arthropods; notable exceptions are noted below. Because the ancestors of 

all extant vertebrates have their origins in the Devonian and Carboniferous, the relatively small number 

of fossils have been studied extensively. This has resulted in a somewhat complex taxonomic history. 

This overview first provides details of known Lower Carboniferous taxa, sparse due to Romer's Gap. By 
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In contrast the Scottish Crassigyrinus (Figure 2.19) had a robust skull with temporal notches just behind 

the eyes, and sharp fangs suggesting it was carnivorous (Clack 1998). A flattened tail bearing a broad fin 

again suggests an aquatic creature, so it probably preyed on fish.  

 

A recently discovered early Carboniferous clade is the family Whatcheeriidae (Lombard and Bolt 1995), 

known from a single specimen, about a metre in length, with a deep lower jaw, and sharp, recurved teeth 

indicative of a carnivorous diet. It possessed both primitive and derived characters (Clack and Finney 

2005), with some fish-like features (e.g. palate bones) contrasting with others indicative of later 

tetrapods, such as a lightly sculpted skull and five digits (Clack 2002). The family was cladistically 

resolved as the next most primitive clade of tetrapods after those of the Devonian, i.e. between Devonian 

forms and the more derived Crassigyrinus in the phylogeny of Clack (2002).  

 

A more diverse assemblage of tetrapods is known from the Upper Carboniferous. Figure 2.20 shows the 

major groups of Palaeozoic and early Mesozoic 'amphibia' or more correctly, possible potential stem 

group forms to the true amphibians, the Lissamphibia (frogs, caecilians and salamanders, Hallam 1977). 

Great uncertainty exists regarding the contentious issue of lissamphibian origins (reviewed by 

Marjanovic and Laurin 2008), and their position in the tetrapod tree varies greatly between publications 

(the commentary of Marjanović and Laurin, 2009 provides some clarity).  

 

The most widely accepted hypotheses tend to place the Lissamphibia close to the Temnospondyli (Ruta, 

Jeffery, and Coates 2003; Ruta, Coates, and Quicke 2003), the most abundant and diverse group of 

early tetrapods, widespread until the early Mesozoic (Ruta et al. 2007). The group became extinct in the 

Early Cretaceous (Yates and Warren 2000).  

 

Temnospondyls are defined by broad skulls, with a rounded front margin and a number of other skull 

features such as a long narrow process from the braincase, and interpterygoid vacuities (=open palate) 

at least half as wide as the skull. Their stout limbs, with strong shoulder and hip girdles suggest 

terrestriality, although aquatic taxa are known (Witzmann, Scholz, and Ruta 2009). They varied greatly in 

form from salamander-like examples with short legs and squat bodies (Fordyce and Campbell 2003) to 

more robust and crocodile-like forms (Witzmann 2006; Witzmann, Scholz, and Ruta 2009). Examples 

include Balanerpeton (Lower Carboniferous, Scotland; Milner and Sequeira 1993) and Dendrerpeton 

(Upper Carboniferous, Nova Scotia; Holmes, Carroll, and Reisz 1998).  

 

Some studies in the last two decades have suggested that the Lissamphibia could be more closely 

related to taxa in the Lepospondyli (Laurin 1998; Anderson 2001) however the majority of recent 

paleontological studies indicate that the lepospondyls are closer to the amniotes (mammals and 

sauropsids, the latter being reptiles + birds) than the temnospondyls and the seymouriamorphs (outlined 

below). In fact, this topology is nearly universally endorsed (Marjanovic and Laurie 2008). 
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Figure 2.20 – A simplified tree showing the major Palaeozoic and early Mesozoic amphibian groups. Each is outlined in the following 
paragraphs. From Schoch (2009). For a more detailed cladogram of these relationships see the following figure.  

 

While some studies have suggested the Lepospondyli are paraphyletic (Milner 1993; Ahlberg and Milner 

1994), the current consensus is that these taxa do form a clade (Carroll et al. 1998, Ruta, Coates, and 

Quicke 2003). The main lineages of the lepospondyls are outlined below. They were generally smaller 

than the Temnospondyli.  

 

The largest group were the salamander-like microsaurs, which spanned the Carboniferous and Early 

Permian (Schoch 2009), and are thought to have been terrestrial. Recent work suggests they may not 

form a clade (e.g. Laurin 1998, Anderson 2001, Ruta, Coates, and Quicke 2003). Some species 

possessed apparent terrestrial adaptations; for example Tuditanus (Upper Carboniferous, Ohio; Carroll 

and Baird 1968) had lacertilian (lizard-like) proportions, powerful limbs, a strong skull and short teeth 

capable of penetrating arthropod cuticle (Figure 2.22A).  
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Figure 2.21 – A more detailed cladogram showing early tetrapod relationships, largely followed in this overview. From Ruta, Coates, and Quicke 
(2003). Abbreviations: ACH = Acherontiscidae; ADE = Adelospondyli; AIS = Aïstopoda; ALB = Albanerpetontidae; AMN = crown-group Amniota; 

ANT = Anthracosauria (including Embolomeri and Gephyrostegidae); BAP = Baphetidae; COL = Colosteidae; DIA = Diadectomorpha; EMB = 
Embolomeri; GEP = Gephyrostegidae; LIS = crowngroup Lissamphibia; LYS = Lysorophia; MIC = Microsauria; NEC = Nectridea; SEY = 

Seymouriamorpha; TEM = Temnospondyli.  
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in function, but possibly an aid to capture prey in weak currents (Figure 2.22B,D; Cruickshank and 

Skews 1980).  

 

Some lepospondyl groups display convergent similarities to modern vertebrates, for example, the 

aïstopods. These ranged from the mid-Mississippian to the Lower Permian, and were serpentine in form, 

lacking limbs but possessing up to 230 vertebrae (Wellstead 1982). They were characterized by a broad 

postorbital emargination of the cheek, and it is thought some taxa possessed extra joints in the skull, 

allowing them to open their jaws unusually wide as some snakes do (Carroll 1998). They share a 

number of vertebral characters with the Nectridea (Bossy and Milner 1998, Anderson 2002) but a highly 

specialized habitus makes the correct assessment of their affinities difficult (Carroll, 1998; see Anderson 

2001 for ongoing anatomical and systematic revision of this clade).  

 

These are the three largest lepospondyl groups; smaller clades do exist – the Lysorophia, known from 

the Upper Carboniferous and Lower Permian, were also highly specialised, being amongst the most 

enigmatic lepospondyls (Carroll 2007). They had elongate skull and trunk, poorly formed limbs and 

girdles, and comprise a single family. The order Adelospondyli also contains a single family, from the 

mid-late Mississippian (Andrews and Carroll 1991). The four constituent genera possessed a specialized 

skull roof marked by the reduction / loss of several bones, a seemingly absent ossified shoulder girdle, 

but a heavy dermal girdle, and heavily ossified gill arches (Hall 2007). Few specimens are known, and 

the affinities of both these groups – while the subject of widespread speculation – remain unclear (Ruta 

and Coates 2007).  

 

The final taxa featured in this overview have been grouped into the clade Reptiliomorpha by Benton 

(2005); as the name suggests this is the clade containing the most reptile-like early amphibians and the 

Amniota. These are organised herein on the basis of the Benton (2005) scheme with increasing 

proximity to the amniote crown group. The anthracosaurs are a paraphyletic group; included taxa span 

the Early Carboniferous to Early Triassic (Coates, Ruta, and Friedman 2008). Terrestrial and secondarily 

aquatic examples exist, with forms adept at both swimming and terrestrial locomotion. For example 

Proterogyrinus (Lower Carboniferous, West Virginia, USA; Holmes 1984) was fairly long, with large 

vertebrae, a short neck and a flat-sided tail. Limbs suggest cursorial adaptations, but the flattened tail 

suggests Proterogyrinus was also an adept swimmer. As the Carboniferous went on some species 

became increasingly adapted to an aquatic lifestyle, with long slender bodies, small limbs and deep tail 

fin (e.g. Eogyrinus attheyi, Panchen 1972, Figure 2.23).  

 

Some schemes (e.g. Benton 2005, Ruta and Coates 2007) suggest the Seymouriamorpha, which range 

from the Lower Permian boundary to late Upper Permian, form a closer outgroup to the amniotes than 

do the anthracosaurs. Alternative views can be found, however (Laurin 1998; Anderson et al. 2008). This 

uncertainty stems from characters suggestive of amniote affinities – e.g. aspects of the lower jaw, skull 

roof, palate and vertebrae. Others features – the palate and posterior head – appear more 

plesiomorphic. 
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Jones 1994); rapid burial in floodplain deposits (Karoo Basin, South Africa; Smith 1993); and flood 

events forming lacustrine cementstones (Foulden, Scotland; Anderton 1985). Deltaic deposits are by far 

the most common, however (Moore 1959). Deltas form when the mouth of a river flows into a larger body 

of water, hence the resulting deposits are proximal to land, and often contain both terrestrial and marine 

fossils. Carboniferous deposits usually collected in interdistributary bays and lagoons (Briggs and 

Crowther 2001), shallow marine basins (Racheboeuf et al. 2008) or tidally influenced estuaries (Feldman 

et al. 1993), in addition to extensive foreland basins as the Variscan front progressed (Hartley and Warr 

1990, Warr 2000).  

 

Intimately associated with such environments were the low-lying Coal Forests. These formed a large 

number of organic carbon rich deposits, and provided a source from which remains were washed into 

the proximal sediments. Such low lying areas in a time of isostatic readjustment and rapid tectonic 

change, fed by sporadic sediment sources, would be subject to the intermittent inundation of forest / 

swamp environments and the formation of coal – such as the Carboniferous Coal Measures of North 

America and Europe (Scott 1979). In addition to isostatically-driven inundation, all of these broadly 

deltaic environments were prone to rapid episodic sedimentation (e.g. crevasse splays in paralic basins, 

avulsion events); high levels of organic carbon, resulting in local anoxia (e.g. in interdistributary bays, 

swamps); and stratification of the water body / varying salinity (e.g. in shallow marine basins) (Allison 

and Briggs 1991). These conditions alone favour exceptional preservation. However, rapid burial and 

high carbon concentrations – coupled with low sulphate conditions preventing the formation of pyrite 

(Kozłowska 2003) and anoxia preventing oxidation (Kholodov and Butuzova 2004) – can result in the 

formation of early diagenetic siderite (FeCO3, otherwise known as ironstone) concretions (Kholodov and 

Butuzova 2008).  

 

Low Mg and Ca concentrations in the pore water (and hence minimal production of calcium carbonate or 

dolomite) further aids siderite formation, resulting in the preferential development of siderite in brackish 

and freshwater environments (Coleman 1993). Evidence for the rapid formation of such nodules includes 

the exceptionally preserved fossils themselves, failed escape trails of bivalves found with their maker 

(Nudds and Selden 2008) and laminations surrounding the concretion which show evidence for spring 

and neap tides (Feldman et al. 1993). In such anoxic, sulphate-scarce sediments the major control on 

diagenetic modification is solute availability, here dictated by the breakdown or degradation of detrital 

constituents of the sediment (Bahrig 1989). Unstable compounds react first, hydrated iron oxides are 

reduced, and this raises Fe2+ concentrations, Fe / Ca ratio and alkalinity (Curtis and Coleman 1986). 

With no sulphate to form pyrite, the principal organic degradation pathway is microbial methanogenesis 

(Curtis 1967), which forms siderite. This creates a taphonomic bias as organic material provides a locus 

for precipitation of carbonate nodules, which occurs early and quickly, possibly within weeks (Allison and 

Pye 1994), prior to compaction and close to the sediment-water interface. As a result the nodule protects 

the fossils from further deformation during lithification. 
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To reiterate, the palaeogeography of the time (outlined in the opening section of this literature review) 

lent itself to a prevalence of shallow marine and deltaic environments in the Carboniferous. These 

created the ideal conditions for siderite nodule formation, which in turn makes exceptional and three-

dimensional preservation a common feature in Carboniferous Coal Measures deposits (Allison and Pye 

1994). Examples of such siderite-hosted Lagerstätten include Mazon Creek, Illinois, USA (Baird et al. 

1986), and European Coal Measures deposits (Figure 2.24) – for example Coseley near Dudley in the 

UK (Wilson and Almond 2001) and Montceau-les-Mines, France (Poplin and Heyler 1994).  

 

 

 

 

Figure 2.24 – A. The position of 
numerous Carboniferous Lagerstätten 
mentioned herein. MM = Montceau-

Les-Mines, Autun, France. MC = 
Mazon Creek, Illinois, USA. CO = 
Coseley, near Dudley, UK. LA = 

Lancashire Lagerstätten, e.g. Sparth 
Bottoms, Westhoughton, and 

Bickershaw. Modified after Guion, 
Gutteridge, and Davies (2000). B. The 

approximate position of these 
Lagerstätten on a map showing the 
Carboniferous palaeogeography. 

Modified after Perrier et al. (2006) and 
Racheboeuf, Hannibal, and Vannier 
(2004).Map by Blakey (2008). C. A 
comparison of global and regional 
Carboniferous stages (Heckel and 

Clayton 2006). 

This pattern is enhanced by a sampling bias; siderite formation is concentrated immediately above or 

below coal seams (Kholodov and Butuzova 2008), and the numerous Lagerstätten are associated with 

extensive mining operations (Mazon Creek, Montceau-les-Mines; Denimal et al. 2005) making the 

discovery of such fossils more likely. It is also of note that in the Victorian era when many Carboniferous 
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fossil collections were gathered in the UK, several of the deposits were commercially mined for their iron 

content (Lones 1930) 

2.3.1 Montceau-Les-Mines Lagerstätte 

 

The Lagerstätte at Montceau-Les-Mines (‘Montceau’) is located in the north-east portion of the Massif 

Central (Morvan), south-central France (Figure 2.25). It is part of the Blanzy-Le Creusot-Bert graben, 

Stephanian to Permian in age, and belongs to the Variscan tectonic complex – one of a series of 

intramontane coal basins of the period (Golitsyn, Courel, and Debriette 1997). The Montceau basin 

comprises a 40km-long continuous band of Carboniferous deposits, and is bounded by two Variscan 

fault systems. Sedimentation is thought to have begun in the Late Stephanian (306.5 to 299 +/- 0.8 Ma, 

based upon plant assemblages; Ogg, Ogg, and Gradstein 2008; Doubinger 1994), continuing into the 

Permian. Being in an equatorial position at the time of deposition (Figure 2.24B), the basins were 

forested and dominated by detrital sedimentation between regular coal deposits (Perrier et al. 2006). 

Suggested depositional environments include paludal and fluviolacustrine, different facies juxtaposed 

due to synsedimentary faulting (Courel, Valle, and Branchet 1994).  

 
Figure 2.25 – Montceau-Les-Mines coal basin. A. Regional map. B. Basin location in the Blanzy-Le Creusot graben. C. Three principle mines 

from which fossil material derives. D. The stratigraphy of the coal basin (Charbonnier et al. 2008). 

Coal was first discovered in the 16th Century, and mining at Montceau began in earnest towards the 

middle of the eighteenth century. A picture of the stratigraphy has been built over the last century, most 

recently reviewed in Courel, Valle, and Branchet (1994). The stratigraphy comprises the Assise de 

Montceau (Great Seams Formation) at its base, with the Assise des Carrières (Upper Seams Formation) 

above this, and the Assise du Ponsad (Carboniferous – Permian transition) at the top. The nodule-rich 



47 
 

layers with fossil material are found towards the top of the Assise de Montceau, just above the first coal 

seam (Figure 2.25D), in clayey siltstones and silty claystones, and the majority of the fossil material 

comes from four opencast mines in the area: St-Louis (over 100,000 fossiliferous nodules), La Sormes, 

St-Hélène and St-François (Perrier et al. 2006).  

 

The exceptional preservation at Montceau is thought to result from rapid burial in anoxic conditions, with 

minimal transport. It is suggested that oxygen depletion towards the bottom of the water body could have 

killed the organisms, or they could have been trapped by turbidity currents and buried almost 

instantaneously (Perrier et al. 2006). Early mineralization occurred in the form of phosphatization leading 

to the mineralisation (and preservation) of soft tissues – apparent as a thin black layer in Montceau 

fossils (Poplin and Heyler 1994). Precipitation of siderite then took place around the carcass, due to 

anoxia coupled with high iron concentration (linked to chemical changes induced by microbial activity), 

preventing compaction. Some replacement with kaolanite occurred; Perrier et al. (2006) suggest that this 

could result from alteration of the rocks surrounding the nodule. Calcite is also found infilling some 

features, and pyrite halos surround some fossils, occasionally picking out cuticle. Exceptionally 

preserved fossils are also found in the shales at Montceau; these are flattened, however, and thus not 

conducive to the computer reconstruction techniques applied to siderite hosted fossils.  

 

The faunal assemblage varies between the layers, but includes chelicerates (Racheboeuf, Vannier, and 

Anderson 2002), bivalves (Babin 1994), annelids (Pleijel, Rouse, and Vannier 2004), myriapods 

(Racheboeuf, Hannibal, and Vannier 2004), arachnids (Selden 1996), crustaceans (Vannier, Thiery, and 

Racheboeuf 2003; Perrier et al. 2006), insects (Béthoux and Nel 2010), fish (Poplin, Sotty, and Janvier 

2001; Poplin and Heyler 1994b), and tetrapods (Dutuit and Heyler 1994). The flora represents a luxuriant 

vegetation, and includes lycopsids, sphenopsids, ferns, pteridosperms, and cordaites (Charbonnier et al. 

2008). Coprolites are also common, most probably produced by fish (Racheboeuf, Vannier, and 

Anderson 2002), and they contain actinopterygian (ray-finned fish) scales and teeth (Poplin and Heyler 

1994b) that indicate predation. The fauna is dominated by aquatic forms yet contains amphibian and 

terrestrial elements, and is thus compatible with a freshwater restricted (basinal) depositional 

environment. The diverse fauna and outstanding preservation makes Montceau an excellent record of 

Carboniferous freshwater biotas, and provides an unparalleled overview of life during the period (Rolfe et 

al. 1982). 

2.3.2 Coseley Lagerstätte 

 

The Coseley Lagerstätte, near Dudley in the West Midlands (Figure 2.26) has received much less 

attention than the comparable Montceau Lagerstätte. Work on the deposit prior to this study is limited to 

four papers in the last thirty years (Dunlop 1999; Wilson and Almond 2001; Wilson 2005; Dunlop, Zhou, 

and Braddy 2007); the vast majority of the fauna and flora was described at the turn of the 20th century 

(e.g. Woodward 1877; Pocock 1911; Petrunkevitch 1913). The fossils come from the Clay Croft open-

cast works, within the nodules of the 10 Foot Ironstone in the Lower Similis-Pulchra zone (Westphalian B 

in age, ~310Ma, Figure 2.26; Ogg, Ogg, and Gradstein 2008). Analogies to Mazon Creek suggest the 
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depositional environment may have been a brackish to freshwater prograding delta complex (Wilson 

2005). Recent studies posit a freshwater lacustrine delta environment that formed within a typical coal-

measure swamp forest, however, on the basis of the interbedded sandstones, mudstones and coals 

expected from this setting (Braznell 2005). The latter author suggests the plant fossils sample both a 

marginal open lake type environment and a river levee environment. While information on the 

stratigraphic position of the fossils was not recorded on collection, Braznell (2005) analysed the Coseley 

succession from still accessible exposures at the nearby Saltwells Nature Reserve at Netheron, near 

Dudley. She reports five lithofacies, which progress from sandstones of later stage flood flow deposits, 

through interbedded sands and silts and then clays suggestive of overbank deposits, with autochthonous 

peat swamp deposits towards the top. This is overlain by a lacustrine delta deposit. It is likely the 

Coseley fossils were collected from towards the top of this sequence.  

 

 
Figure 2.26 – The location of The Coseley Lagerstätte in the UK (*) with its position on the stratigraphy of the  

UK Westphalian deposits on the right (Wilson 2005). 

The Lagerstätte was highly productive, and collected extensively in the late 19th century, but is no longer 

accessible (Dunlop, Zhou, and Braddy 2007). The fossils occur as hard parts and mineralised soft tissue 

within the siderite nodules. The soft tissues are generally replaced by kaolinite, while voids have 

occasionally been filled with sulphide minerals (Braznell 2005). The authigenic growth of fine grained 

clay minerals on decaying organisms is likely to be due to bacterial activity, creating biofilms that 

preserve fine anatomical detail, accompanied by early pyrite formation. Siderite formation began shortly 

after soft tissue preservation, creating a nodule, and this was accompanied by void filling sphalerite, 

galena and pyrite precipitation. Plant fossils include sphenopsids, ferns, pteridosperms and lycopsids, 

while the fauna consists of xiphosurans, arachnids, millipedes, winged insects, crustaceans, 

cartilaginous jawed fishes and bony fishes (Braznell 2005).  
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2.3.3 Crock Hey and Sparth Bottoms 

 

Also included in this thesis are fossils from Lancastrian Westphalian A deposits Crock Hey and Sparth 

Bottoms; these are even more underrepresented in the literature. Two papers have described taxa from 

the former, near Wigan, UK (Prokop et al. 2006; Prokop, Nel, and Tenny 2010), which is geographically 

and stratigraphically proximal to the better reported Westhoughton locality (Anderson et al. 1999). A 

twenty-two metre interval exposed in the open-cast pit includes three main coals, and fossils are sourced 

from an 11m coarsening-upward succession above the thickest of the coals, the ‘Wigan Four Foot’ 

(Prokop et al. 2006). The authors suggest this could represent delta progradation into a lake, and 

Braznell (2005) posits a lacustrine delta complex, with cyclical coarse grained overbank deposits, peat 

mire deposits and fine grained overbank deposits. The latter author also notes that the majority of fossils 

are sourced from a lacustrine siltstone horizon above the Wigan Two Foot Coal seam, contra Prokop et 

al. (2006). This is a region affected by subsidence of the underlying peat mire allowing flooding and the 

formation of a lake, in turn preventing recolonization of the swamp floor by vegetation. Braznell (2005) 

further reports that the site provides a diverse assemblage of fragmentary plant fossils, including leaves, 

stems, cones and seeds of the lycopsids, sphenopsids, ferns and pteridosperms typical of a Coal Forest. 

The fauna comprises a diverse assemblage of arthropods, molluscs and vertebrates, similar to that of 

Coseley Lagerstätte; this includes xiphosurans, arachnids, crustaceans, hexapods, myriapods, bivalves, 

chondryichthyans and osteichthyans (Braznell 2005).  

 

The Sparth Bottoms locality (Lancashire, UK) was last mentioned in an issue of 'The Geological Curator' 

(Howell 1985) which reported that the site was no longer accessible. The author also provides a 

bibliography of Sparth Bottoms fossils, beginning with Platt (1895), and the last reported paper dating 

from 24 years later (Jackson, Brade-Birke, and Brade-Birke 1919). Notable works on the fossils from this 

isolated brick-quarry include Baldwin and Sutcliffe (1904), Baldwin (1911), and a number of publications 

by Woodward (1907, 1911). The last described fossil from the locality appears to be by Hansman (1972). 

Information about the site, and geology is limited. Woodward (1907) reports the outcrop lies "half a mile 

south-west of Rochdale Town Hall, in beds estimated to occur 135 feet above the Royley Mine Coal-

seam. In the clay-ironstone nodules occur well-preserved ferns, Calamites, Sigillariœ, shells of 

Carbonicola acuta and other Coal-measure lamellibranchs, whilst "the number of Arthropoda obtained is 

probably unsurpassed in any locality of this formation." The fossils are siderite hosted, as with Coseley, 

and the fossiliferous horizons occur within grey-blue shales (Baldwin and Sutcliffe 1904). Bolton (1920) 

suggested these represent true lagoon or swamp-pool deposits. The fossils were found within the 

communis Zone (Figure 2.24A; Hansman 1972) making them Langsettian, ca. 318-313 Ma in age (Ogg, 

Ogg, and Gradstein 2008). The fauna includes insects, both mature and juvenile, annelids, arachnids, 

myriapods, crustaceans, a small number of fish and a strong molluscan element (Schram 1979). There 

do not appear to be any studies that have directly addressed the flora of the deposit. 
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2.3.4 Conclusion 

 

As a result of a number of factors – palaeogeography, palaeoclimate, sampling bias – flora and fauna of 

the Carboniferous Period are often preserved as three-dimensional voids within siderite nodules. Many 

descriptions are dated, however, and the material is in need of restudy. Further, due to the limitations of 

physical study – which relies on splitting nodules with a hammer or rock saw, and reporting results from 

the visible, two dimensional, portion of the fossil – data within the concretion remains unrecovered. Such 

limitations can be overcome with the aid of tomographic reconstruction – a technique outlined in the next 

chapter.  
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3 Methods 

"Machines take me by surprise with great frequency.” 
Alan Turing, 1950, Computing Machinery and Intelligence 

3.1 Introduction  

 

Historically palaeontologists have had a limited arsenal of techniques at their disposal. The basic 

approach in studying fossils is to split a rock and examine the exposed morphology (early examples of 

such study include Hooke 1665, Hutton 1795 and Lyell 1837). For the majority of fossils – those 

compressed onto a single bedding plane – this approach is invaluable and highly effective; the split 

reveals the entirety of the preserved morphology. Some of the most valuable Lagerstätten are those with 

low levels of compression; organisms are three-dimensional and when they are preserved as such 

fossils contain more information, allowing a better understanding of extinct organisms' palaeobiology. 

These fossils present problems for traditional approaches to study, as morphology not visible on any split 

surfaces in the rock remains unrecovered (Sutton 2008).  

 

To maximise data recovery from these fossils a number of techniques have traditionally been applied. 

Isolation methods are those which recover the three-dimensional morphology of fossils by separating the 

specimen from the rock in which it is hosted. This can be done by easing or washing fossils out of the 

surrounding matrix, a technique most applicable to loosely consolidated sediments (Armstrong and 

Brasier 2005). Some combinations of host and fossil compositions allow the chemical isolation of the 

specimens by dissolving the matrix – a common approach in micropalaeontology (Haq, Boersma, and 

Berggren 1998), and one that has had some success recovering cuticle from early terrestrial arthropod 

communities (Jeram, Selden, and Edwards 1990; Edwards et al. 1995). Such approaches usually lead to 

the disarticulation, and often damage, of the delicate fossils (e.g. Fig 1Q, Jeram, Selden, and Edwards 

1990). The same applies to physical preparation of fossils with needles or drills; although this can 

preserve associations, it cannot always expose a fossil in its entirety, and can potentially be influenced 

by the views of the preparator (Béthoux and Briggs 2008; also a risk with manual editing during 

tomographic reconstruction, however). The preparation of latex casts may help obtain hidden 

morphological data (e.g. Petrunkevitch 1949, figs 200–202), but rarely recovers all available details, and 

risks damaging delicate structures 

 

Such limitations can be overcome with the aid of slice-based (or tomographic, from the Greek tomos: 

slice, section) reconstruction techniques; an approach that forms the basis of this PhD. As outlined in the 

previous chapter, three-dimensionally preserved fossils are common in the Carboniferous, and here 

X-ray micro-tomography is used to investigate arthropods from this period. The techniques employed are 

outlined in the present chapter; first a literature review covers the background of the tomographic and 

reconstruction techniques used throughout the thesis, and the field of virtual palaeontology as a whole. 

Following this is a section outlining the methods used to create the models presented here, and the 

chapter finishes by documenting the methodological developments – writing part of the SPIERS software 

suite – undertaken during the course of this PhD.   
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3.2 Literature review  

 

Tomography requires a tomographic dataset – a series of sequential, parallel two-dimensional images 

(tomograms) showing the cross-section of the object being investigated (Figure 3.1).  

 
Figure 3.1 – A diagram showing tomography. A. Three tomograms through a gastropod fossil. 

B. The corresponding tomographic dataset. After Sutton (2008). 

These are collected with the aid of a tomograph (Sutton 2008). This in itself is not a new technique, as 

serial sawing and grinding have been used for over a century (e.g. Sollas 1904), but was historically a 

protracted process, largely limited to regional 'schools' of palaeontology such as that of Stockholm 

(Schultze 2009). Tomograms can either be studied directly, or reconstructed in three dimensions, 

traditionally with the aid of wax or cardboard models. This is, however, difficult, time consuming, and 

somewhat subjective. Recent advances in the form of computed tomography and digital visualisation 

have allowed both faster data acquisition and higher quality, faster reconstructions. Three principle 

means of data acquisition are outlined below, and then background is provided on digital visualisation.  

3.2.1 Physical optical tomography 

 

Physical optical tomography is destructive and laborious, but was the only form of slice-based 

investigation possible prior to the development of the non-destructive scanning techniques outlined 

below. It necessitates the physical exposure and imaging of sections created in two principle ways. The 

first is serial sawing – using a fine blade and parallel cuts to expose surfaces millimetres apart. This is 

not entirely destructive, preserving slices of the fossil, however the relatively high slice spacing 

necessitates application to larger organisms such as vertebrates (Kermack 1970). Digital visualisation of 

such datasets is complicated by irregular and often high slice spacing, and the fact that slice images face 

in alternating directions.  

 

Serial grinding is more common. This uses specialised grinding equipment to repeatedly remove very 

small thicknesses from the surface of a specimen, recording each newly exposed surface. While 

necessitating the destruction of a fossil, it has the advantage of creating polished surfaces – preferable 

for accurate photography – and greater versatility, both in terms of scale, hardware, and taphonomy. 

While a wide variety of hardware exists to conduct the grinding, much palaeontological work is 

conducted with variants of the hand-operated Croft grinder (Croft 1950). All approaches require mounted 

samples, allowing the collection of parallel sections through the specimen. An example of the basic 

process is shown in Figure 3.2. 
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Figure 3.2 -The major steps in the serial grinding of a fossil using a slide holder to dictate slice-spacing.  

After Sutton et al. (2001). 

This technique has been applied to vertebrates (Stensiö 1927, Romer 1941), brachiopods (Muir-Wood 

1934), plants (Walton 1928), carpoids (Jefferies and Lewis 1978), and more recently a wide range of 

invertebrates from the Herefordshire Lagerstätte (Figure 3.3), including chelicerates (Sutton et al. 2002, 

Siveter et al. 2004), crustaceans (Briggs et al. 2004) and their relatives (Siveter, Sutton, et al. 2007), 

ostracods (Briggs et al. 2007; Siveter et al. 2010), marellamorphs (Siveter, Briggs, et al. 2007), and 

lophophorates (Sutton et al. 2005; Sutton et al. 2010). 

 

However surfaces are exposed, a record of the tomogram has to be created. This can be done by 

drawing, photography or the use of acetate peel techniques. All these have advantages and 

disadvantages. Acetate peels create physical replicas of the tomogram, and as such do not rely upon 

accurate drawing or the photographic capabilities of the tomograph. They are subject to artefacts, 

however, such as tears and distortion (Sutton 2008). Such limitations do not affect drawings or 

photographs. However, the former are to an extent subjective and very time consuming, and the latter 

require a constant scale, brightness and contrast. More recent work has made use of digital photography 

– either microscope-mounted (Thomson, Sutton, and Thomas 2003), direct (Maloof et al. 2010), or even 

using an office scanner (Hammer 1999). Direct digital data capture of images has many practical 

advantages, and renders later digital visualisation simpler. 

 

To create a computer reconstruction tomograms need to be digitized. This can be achieved by scanning 

of images or direct transfer in the case of digital photography. Visualisation is most effective with high 

resolution datasets (good quality images of closely-spaced slices), parallel slices, and consistent 

spacing, scale, brightness and contrast.  

 

Further, prior to visualisation (outlined below) the tomograms need to be registered – i.e. each slice has 

to be transformed to ensure alignment throughout the dataset. This is a time consuming process – made 
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intervention of tracing structures by hand, a problem at times compounded by the absorbance of light 

making it harder to identify the biological structures of interest. Both these techniques have been applied 

to palaeontological problems – CLSM to aid the morphological characterisation of chert-hosted 

Precambrian microbes (Schopf, Tripathi, and Kudryavtsev 2006) and traditional microscopy to assess 

the microstructure of book lungs from a Rhynie Chert trigonotarbid (Kamenz et al. 2008).  

 

In common with X-ray micro-tomography, described in the next section, these approaches have the 

advantage of providing digital, pre-aligned data, making the later visualisation less laborious. Further, 

both optical tomography and XMT are entirely non-destructive.  

3.2.3 X-ray micro-tomography 

 

X-ray computed tomography (CT) is a scanning technology allowing the rapid and non-destructive 

acquisition of interior and exterior structures of an object with the aid of x-rays. It was originally 

developed as a clinical diagnostic tool in the 1970s (Hounsfield 1973; full accounts of this remarkable 

achievement can be found in Friedland and Thurber, 1996 and Petrik et al. 2006) in which x-ray source / 

detector pairs rotate around a patient. Soon after the development of CT, its applicability to other fields 

became apparent, and the technique was co-opted by a number of academics to great success. Early 

examples in the earth sciences / palaeontology include the analysis of meteorite inclusions (Arnold et al. 

1983), petrophysics / petroleum geology (Wellington and Vinegar 1987), vertebrate palaeontology 

(where the leap from diagnostic applications was small; Conroy and Vannier 1985), sedimentology 

(Kenter 1989), soil science (Petrovic, Siebert, and Rieke 1982) and geotechnics (Raynaud et al. 1989).  

 

It soon became clear that the limitations on X-ray energy, maximum dosage, and imaging time integral to 

medical scanners, were restricting the application of CT to these dense materials, and higher X-ray 

energies were required. This drove the rapid evolution of industrial technologies capable of higher 

resolution and greater penetration (Carlson 2006) and ultimately resulted in the development of micro-

CT / x-ray micro-tomography (µCT or XMT, the preferred term herein). Initially developed for engineering 

and materials applications, this allows the high-resolution scanning of dense objects, making it perfect 

for palaeontology (notably invertebrate palaeontology where fossils tend to be too small for medical CT 

scanners) and a whole host of other geological applications (Mees et al. 2003; Carlson et al. 2003) .  

 

The following is a brief overview of the technique. XMT, as with medical scanning, places a sample 

between an X-ray source and a detector. In XMT, however, it is the sample that rotates between the two 

(Figure 3.4). Volume CT is the standard for XMT – rather than a linear array of detectors, taking a single 

slice at a time, the detector is instead a two-dimensional charge-coupled device (CCD) array (Ketcham 

and Carlson 2001). Each CCD measures the energy of the X-rays that reach it, and hence indicates the 

attenuation of the source beam (usually a fan-beam of coplanar X-rays) on its journey through the 

sample. As the specimen rotates – usually through a 360° – a large number of digital radiographs are 

collected. The aforementioned attenuation occurs as a result several processes. Photoelectric 

absorption results from the transference of the total energy from an incoming X-ray photon to an inner 
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electron, causing the electron to be ejected, and is the dominant attenuation mechanism at energies up 

to ~100 keV. At higher energies (to the maximum possible with XMT scanners) the X-ray photon ejects 

an outer electron, losing a part of its own energy and in the process being deflected (Pettersson et al. 

1998). The former process is proportional to Z4-5 (Z being atomic number), and the latter to just Z. Thus 

at low X-ray energies, compositional differences have a greater impact on contrast, while at higher 

energies mass density has a greater effect (Carlson 2006). Ideal scanning energies can normally be 

chosen to differentiate different mineral phases, as adjustment of the exposure time for each radiograph 

allows a range of beam energies to be used for any given material / sample.  

 

 
Figure 3.4 – Basic XMT apparatus. A rotating sample is placed between the source and detector, differentially attenuating the beam. The 

resulting radiographs are used to create a tomogram. After Sutton (2008). 

Once these radiographs have been collected, tomograms mapping the x-ray attenuation within a sample 

can be created. Radiographs contain no depth information, being an integration of the linear attenuation 

coefficient along the propagation path of the beam. To recover this depth information and create a 

tomographic dataset, the raw data is first organised into a sinogram (Figure 3.5) – for each line of CCDs 

in the detector panel (which, when reconstructed, will constitute a single slice image) every radiographic 

reading is stacked, with time progressing from top to bottom (Heethoff and Norton 2009). Expressed 

differently this shows a 1-dimensional projection of the attenuation in the sample for a single slice at 

every angle of acquisition, placed top to bottom in order of acquisition (Bruyant, Sau, and Mallet 2000). 

Following this step, reconstruction (the mathematical process of converting sinograms into two-

dimensional slice images) is normally conducted using a process known as filtered backprojection. 

 

The maths of this process, based on Radon’s theorem (Radon 1917) is best explained in the account of 

Natterer and Ritman (2002). In its most simple form, each line from the sinogram is successively 

superimposed over a square grid (a backprojection) at an angle corresponding to that of its acquisition 

(Figure 3.5). The result of this process is a tomographic dataset mapping the x-ray attenuation at right 

angles to the axis of rotation (although datasets can later be re-exported as image stacks at arbitrary 

angles from this data).  
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Figure 3.5 – The reconstruction process showing initial sample, the sinogram created for reconstruction and the process of filtered 

backprojection used to create tomograms. Redrawn and emended from Betz et al. (2007). 

To create a reconstruction the lateral edges of the scanned object are required to be within the limits of 

each radiograph; filtered back projection requires each sinogram to contain data for the entire sample 

within the tomographic plane (Sutton 2008). Thus the spatial resolution of a scan is related to the size of 

the object scanned perpendicular to the axis of rotation. For example, a 2000 × 2000 detector panel 

would dictate a maximum resolution 1 / 2000 specimen's width (for elongate items a composite dataset 

can be created from concatenated scans). Such limitations can be overcome by removing unnecessary 

material from the specimen (e.g. the host rock surrounding a fossil). Recent advances have bypassed 

this with the development of techniques that scan just a region of interest within a sample (Dierick et al. 

2007; note, however, severe artefacts reported by Simon, Sauerwein, and Tiseanu 2004). Further, the 

absolute resolution (smallest possible voxel size) of XMT depends on the X-ray source focal-spot size 

and detector resolution (Cnudde et al. 2006), the current maximum resolution is in the range of 3-5µm 

(Ritman 2004).  

 

 
Figure 3.6 – Examples of artefacts in XMT tomograms. A. Ring artefacts in a siderite-hosted arachnid; fossil in the centre and nodule split the 
diagonal line. B. Beam hardening in a siderite-hosted insect; note the difference in grey levels between the interior and edges in an otherwise 

homogenous material. 

Artefacts can present problems in scans of Earth Science specimens, which are often some of the 

densest materials scanned. A tomogram's grey levels are related to the attenuation, and hence material 
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properties. Artefacts can alter these grey levels, the most problematic examples with fossil material 

being beam-hardening and ring artefacts (Figure 3.6). Beam hardening causes the edges of an object to 

appear brighter than the interior – even in an homogenous material – and is caused by the uneven 

attenuation of differing energy x-rays from the polychromatic source (Akin and Kovscek 2003). In 

irregular objects this can make it difficult to differentiate between beam hardening artefacts and actual 

material variations. Ring artefacts, the superimposition of concentric circles centred on the rotation axis 

over the tomogram, result from shifts in output from individual detectors or sets of detectors (Sijbers and 

Postnov 2004). With a combination of hardware (such as beam filtering which cuts out low energy X-

rays, and improved detector calibration) and software solutions (wedge correction) the impact of these 

artefacts can be minimised (Jones et al. 2003; Sijbers and Postnov 2004; Tafforeau et al. 2006). Further 

reconstruction difficulties can arise when the x-ray attenuation of the different phases in a sample is the 

same, resulting in very similar grey-levels representing – in palaeontology, for example – fossil and host 

rock. The batch processing of such datasets in image manipulation software such as GIMP (gimp.org, 

e.g. Thomsen et al. 2005) and ImageJ (rsb.info.nih.gov/ij/, Collins 2007) to optimise the brightness and 

contrast can help, but in some cases will remain insufficient. Such fossils – for example, those of the 

Herefordshire Lagerstätte (Briggs, Siveter, and Siveter 1996; Sutton et al. 2001) – require other 

approaches for successful tomographic investigation.  

 

Medical CT has been used in palaeontological studies of large fossils such as vertebrates (Rayfield et al. 

2001, Brochu 2002), which have further facilitated biomechanical work (Rayfield 2007). XMT is 

becoming increasingly accessible (to the extent that discussion regarding storing and sharing this data is 

beginning to emerge – Ziegler et al. 2010). In palaeontology it has been used on a wide range of fossils, 

including arachnids (Selden, Shear, and Sutton 2008), Archaeopteryx (Alonso et al. 2004), early 

multicellular life (Albani et al. 2010), and early hominids (Suwa et al. 2009). 

3.2.4 Visualizing data 

 

Tomographic datasets can be studied directly, an approach with a rich history in palaeontology through 

serial sectioning (e.g. Secretan 1985). This can be performed non-destructively with the aid of CT (e.g. 

Anderson, Carroll, and Rowe 2003), which provides the added advantage of allowing arbitrary section 

planes. Historical attempts to visualise data with the construction of physical models (e.g. Sollas 1904) 

were limited by the inherent difficulty of manipulation, dissection and maintaining articulation in 

reconstructions. The advent of computers powerful enough to facilitate digital visualisation has 

revolutionised the field, and the last two decades have seen virtual palaeontology – the use of computers 

to create digital visualisations – become a reality. These can be viewed in any orientation, virtually 

dissected or made locally translucent, be false coloured, highlighting chosen structures, are easily 

disseminated, and also allow associations between non-contiguous structures (Sutton 2008). Further, 

they can still be used as the basis for a physical model via the application of rapid-prototyping 

technology ('3D printing').  
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Visualization is typically aided by a small interval between tomograms, yielding more slices, and a higher 

(Z-plane) resolution. Ideally this should match the XY (pixel) resolution and be regularly spaced. 

Following registration and cropping of physical-optical datasets, and cropping for CT data, a tomographic 

dataset can be visualised in two ways. The less popular is the use of two-dimensional vector graphics 

(e.g. spline curves) to trace structures of interest in each tomogram (Figure 3.7). While it is theoretically 

a possibility to automate this process, the high noise levels typical of palaeontological data makes this 

impractical. As a result, when this reconstruction technique is chosen, manual placement of curves 

based upon a raster tomogram is required (e.g. Kamenz et al. 2008). Models can then be created from 

these curves by surfacing with a triangle mesh; a computationally inexpensive approach, and thus one of 

the first used for palaeontological physical–optical datasets (Chapman 1989). This approach is laborious, 

makes the definition of gradational boundaries difficult, and because tracings must be made on every 

slice, interpretations of the tracer can affect the resulting model. Additionally, certain structures (e.g. 

those with a dendritic branching pattern) are very difficult to model.  

 

 

Figure 3.7 – The vector-based visualisation process. After Sutton et al. (2001), method from Herbert (1999). 

These limitations led to the development of volume rendering, where tomogram pixels are treated as 

voxels in a three-dimensional array (Drebin, Carpenter, and Hanrahan 1988). Scalar values for the 

voxels are required (native to CT data, but colour photography datasets require reduction to scalar form), 

allowing the direct rendering of volumes by projecting virtual beams through them (e.g. Figure 3.8). The 

computational attenuation of these beams can then be defined by the user (e.g. only voxels above or 

below a threshold should attenuate) to allow visualisation. This requires little user input in the 

reconstruction process, but is not supported by most graphics hardware, so is often slow, and can 

produce noisy reconstructions (although modern volume rendering software allows the isolation of 

regions of interest through region growing tools, Spoor, Jeffery, and Zonneveld 2000).  

 

 
Figure 3.8 – A volume-rendered semi-transparent micro-CT model of possible multicellular fossils from 2.1 

Gyr rocks in Gabon (Albani et al. 2010). 

The most common method for creating visualisations is the modelling of isosurfaces computed from the 

volume (Ketcham and Carlson 2001). Data require thresholding (conversion into binary) on the basis of 

user-defined rules. The surfaces defined by this threshold can then be modelled using a triangle mesh 
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created with, for example, the marching cubes algorithm (Lorensen and Cline 1987). This approach is 

advantageous as it allows clean surface-based models, but does not require the manual tracing of 

structures. It also avoids connectivity problems. Interpretation is optional; the user can locally adjust 

voxel values, moving individual voxels above or below the threshold, and thus altering the isosurface. 

This ‘editing’ allows the removal of noise, and accurate modelling of any visually identifiable structure. 

Further, visualization software often facilitates specification of regions of interest and multiple threshold 

levels. This facilitates the rendering of multiple isosurfaces, each representing different anatomical 

structures and / or preservational materials (e.g. Rahman and Zamora 2009). The resulting composite 

models allow virtual dissection, and can be interactive as it is possible to model triangle meshes in real 

time using graphics hardware. Limitations include the ability to model gradational transitions, fossils 

distinguished by textural differences, or linear features such as the organic film fossils of the Rhynie / 

Windyfield Cherts (e.g. Anderson and Trewin 2003). If tomogram spacing is large with respect to pixel 

spacing the slices can be obvious in final reconstructions.  

 

For publication quality images or animations the finished models can be ray-traced, allowing realistic 

shadow and lighting effects (Whitted 1980). In brief, this technique models the path of light rays 

backwards from an imaginary eye, through each pixel in a virtual screen (Arvo 1986). Each ray is tested 

for intersection with the objects in a rendered scene, and once the nearest object is identified, the 

incoming light at this point is combined with the material's texture and properties to calculate the correct 

colour for a given pixel. If the object is reflective or refractive, further rays are cast into the scene (Cook, 

Porter, and Carpenter 1984), until a maximum number of reflections or maximum distance without 

intersection is reached, and the pixel colour can be updated.  

3.3 CT scanning of siderite  

 

All results presented in this thesis are the result of CT-scanning siderite-hosted Carboniferous fossils 

(Figure 3.9), where the fossil (kaolinite or void, with low X-ray attenuation) is usually easily differentiated 

from the host nodule (high X-ray attenuation). Previous work in this area is limited, being conducted in 

two dimensions (Anderson, Carroll, and Rowe 2003) and the few studies published have reported 

problems penetrating nodules (Moberg, Meeks, and Manger 2001) and beam hardening (reported in 

Siderite and Pyrite-rich coal; Remeysen and Swennen 2006). 

 

Representatives of all major terrestrial arthropod clades during the Carboniferous were borrowed, 

originating from the Coseley Lagerstätte (NHM, LMB, ~50 specimens; institutional abbreviations page 

13), Montceau Lagerstätte (MNHN, ~25 specimens) and Crock Hey Lagerstätte (private collections, ~20 

specimens). All were scanned on a Metris X-Tek HMX-ST scanner in the Natural History Museum, 

London, except three which were conducted on the same model scanner at the Henry Moseley X-ray 

Imaging Facility, Department of Materials, Manchester University. All were scanned with a high current 

and voltage (usually in the region of 200mA / 225kv, with 3142 projections) and a tungsten reflection 

target. This provided the high energy X-rays which were – coupled with a long exposure time (~0.5 

seconds) for each projection – necessary to penetrate the iron-rich siderite. The use of a thick filter – 
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generally 1mm, copper – and lengthy calibrations helped limit beam hardening. Any remaining artefacts 

were mitigated in data processing. 

 
Figure 3.9 – An example of a siderite-hosted fossil; trigonotarbid Anthracomartus hindi from the Coseley 

Lagerstätte. Nodule 4.2cm in length.  

Both scanners used are fitted with a 2000 x 2000 Perkin Elmer detector panel, giving a 20 micron 

resolution for 4cm nodules – the average size of those scanned. Details of scanning protocols are given 

for every fossil scanned in the relevant chapters. The resulting tomographic datasets were used as a 

basis for three-dimensional models of the fossil within the nodule. While a number of commercial 

packages exist (usually volume-based, e.g. Amira, VGStudio Max) the custom SPIERS suite (Sutton et 

al. 2002) was chosen here, for a number of reasons. SPIERS is free and available to all, while other 

packages are prohibitively expensive ($1000-$12,000 a licence), does not require high-end hardware, is 

better suited to fossil datasets being written specifically for this purpose, and allows manual tomogram-

by-tomogram ‘editing’ of data. Using SPIERS in this manner enables the creation of highly detailed and 

accurate reconstructions; with experience the visualisation process is not notably slower than 

comparable models created with other packages, and the finished reconstructions are of the same (or 

better) quality. The SPIERS suite comprises three applications: SPIERSalign for previewing, aligning 

(registering), and cropping datasets, SPIERSedit for tomogram thresholding, editing and segmenting, 

and the viewing software SPIERSview. To create the models presented here data were loaded into 

SPIERSalign – although registration was not needed, this allowed cropping and hence faster processing. 

The cropped datasets were then loaded into SPIERSedit, and a threshold was created – for siderite this 

required all pixels darker than a certain grey level to be considered fossil (i.e. void or kaolanite), and 

turned 'on' (coloured white, Figure 3.10).  

 

 
Figure 3.10 – The pre-rendering editing process with SPIERS A. CT tomogram. B. Unedited threshold image. C. Cleaned threshold with masks 

applied for different parts of the anatomy. Field of view 5mm. 
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These 'on' / white pixels are those surfaced when rendering to create the model. In some fossils partial 

pyrite infill (which appears as a lighter white than siderite in tomograms) was present, requiring the 

lightest and darkest pixels to be included in the threshold. SPIERSview can run an island removal filter; 

this means that isolated meshes (i.e. those not connected to the main object) can be removed post-

SPIERSedit, and as a result noise (isolated threshold pixels / white dots) was not removed from the 

slices. Universal thresholding of this form generally provides a good approximation of the fossil, however 

localized editing was necessary for all fossils to ensure the threshold matched the fossil accurately 

(Figure 3.10).  

 

It is possible for artefacts and other non-informative objects (e.g. other organisms in composite fossils, 

cracks) to be removed at this stage by manual editing, but the preferred method here was to do so 

during masking (below). Further, manual editing was at times required where there was little contrast 

between different phases to ensure correct assignment in the threshold. At this stage in some models 

(noted in the relevant chapters) where structures were present but poorly resolved by thresholding, they 

were manually traced on with spline-based curves. These features are rendered as translucent in the 

final models. This editing process is time consuming and to an extent subjective, but creates higher 

quality reconstructions, and in later versions of SPIERS has become increasingly automated through the 

ability to apply different complex thresholding rules to isolated areas.  

 

Finally the datasets were ‘masked’ (=segmentation in volume rendering terminology). The tomograms 

were studied to identify significant characters, and different parts of the anatomy assigned to different 

(coloured) structures in reconstructions (i.e. separate isosurfaces). Cracks and other artefacts were 

removed in this manner, because the application of masks via spline-based curves (which could be 

interpolated over multiple slices) significantly increased the speed of this process in later versions of 

SPIERS. Masking necessitated the occasional arbitrary termination of structures when they could be no 

longer distinguished from each other (e.g. limb attachment), but this is a requirement with any composite 

models, and boundaries were dictated using interpolated curves to minimise inconsistency in 

interpretation. Models were then rendered and visualised as isosurfaces in SPIERSview. Through 

visualisation and iterative improvement of the masks and editing, clean and accurate models were 

created. An island removal filter was applied to the finished meshes in SPIERSview to remove floating 

elements (noise), and smoothing was applied, if necessary. Study of the 'virtual fossils' was then 

conducted at this stage; models can be manipulated at will, and different structures viewed separately 

and studied in detail. The finished models were then exported as STL files, and imported into open-

source raytracer Blender (blender.org). Here they were re-coloured, user-drawn portions of the anatomy 

rendered as transparent, and the model lit by a virtual 'hemi' (diffuse) and spot light source. High 

resolution images of the fossils were then ray-traced, and movies showing axial spins were rendered.  

3.4 Methodological development  

 

During the course of my PhD I have been involved in the development of SPIERS2.0, designing and 

programming the SPIERSalign portion of the SPIERS tomographic reconstruction software suite; this 
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work represented a complete re-write from version 1, and no code was re-used. As outlined above, 

registration is a necessity prior to the visualisation of physical-optical tomographic datasets, and the 

software is also beneficial for previewing and cropping of datasets of CT datasets. The following is a 

brief outline of the program's capabilities, operation and programming.  

 

SPIERSalign (manual in Appendix I) is intended to facilitate digital alignment of images; that is transform 

them so the vector offset in real space between point (x, y) in tomograms n and n+1 is perpendicular to 

the tomographic planes (Sutton 2008). The software allows the user to load an image sequence in 24-bit 

RGB or 8-bit greyscale bmp, jpg, png and tiff file formats (Figure 3.11). Datasets can be stepped through 

at will under user-control, viewing the images. To perform registration of the tomograms, each image can 

be manually rotated, translated and scaled as desired. This is performed with the aid of visual guidance 

from static markers – either circles or lines placed on fiduciary markings and other notable features in a 

reference image (that to which others are being aligned). These appear in the same position on every 

tomogram, allowing each to be adjusted until fiduciary features match the position of the markers, and an 

image is hence aligned to the reference. Once an unlimited number of markers has been positioned, and 

their colour, size and line thickness changed to aid alignment, they can be locked to prevent further 

movement.  

 
Figure 3.11 – A diagram showing the default user interface of SPIERSalign with a loaded dataset. The tomogram is shown in the centre, with 

the markers superimposed, used as reference to fiduciary features. Marker options and info box on the right, autoalign options on the left. 

Further tools are provided to aid manual alignment; images can be hidden once aligned, allowing the 

user to flick between the reference tomogram and that being aligned without seeing those in between. A 

locking mode is provided – this facilitates the forwards and backwards manual alignment of datasets, 
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allowing the user to flick only between the previously aligned tomogram and the working image. The 

previously aligned tomogram is 'locked' preventing any further accidental realignment (this can 

additionally be applied to any tomograms required in normal alignment mode). A propagation function 

allows changes to any tomogram to be applied to all those before (or after) it in the dataset; if for, 

example, a slice is accidentally skipped, and all subsequent images are aligned to an unaligned 

tomogram, the dataset can comprise two separately aligned sections. These can be aligned with each 

other by recording the changes to the skipped image and then propagating these throughout the dataset. 

The order of images can be changed, and images can be reset. Semi-automated, and automated 

alignment is also possible. In semi automated alignment markers can be created as previously. When 

semi-automated alignment mode is entered ('automarkers') a grid over these markers appears (Figure 

3.12). The user can then scroll through to unaligned tomograms, and drag / rotate this grid and the 

markers until they lie on the fiduciary marks of the unaligned image. The user can then instruct the 

program to align the image with the reference tomogram on the basis of the markers' positions.  

 
Figure 3.12 – A. The default user interface of SPIERSalign when in semi-automated (automarkers) mode. Note the grid in addition to the 

markers; this is shown superimposed on the reference tomogram. B. An unaligned tomogram, with the grid rotated (white arrow) to align the 
markers with the boundaries of the fossil. C. The same tomogram, aligned by resetting the grid and transforming the underlying image. 

Automated alignment relies on the presence of two fiduciary edges at >30° to each other. The user 

enters autoalignment mode and is requested to define two areas which contain as large a proportion as 

possible of both edges in all tomograms requiring registration. When these are defined, the program 

finds the edges in the first image selected in a file list on the left and asks for confirmation this was 

successful. It then finds the edges in all subsequent selected images and aligns these with the first. 

Once a dataset is aligned it (or a subset of the dataset) can then be cropped. On entering crop mode a 

crop box appears (Figure 3.13). The user can scroll through the dataset to ensure the fossil is not 

truncated on any of the tomograms, and when this is done they can crop the dataset to the cropbox. 

Images can be saved as .png, .bmp or .jpg formats.  
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3.4.1 Programming 

 

SPIERSalign was written in C++, using the Qt cross-platform application and UI framework 

(qt.nokia.com). This framework provides C++ class libraries which can be used to build programs with a 

graphical user interface (GUI) that can be compiled for a number of different operating systems, both 

desktop and embedded. The following is a very brief overview of the programming of SPIERSalign (full 

code in Appendix III). 

 

 
Figure 3.13 – SPIERSalign in crop mode, showing the crop box defining the area to be included 

in the final dataset.  

The resampling process involved in rotating, scaling and sub-pixel shifting images produces slight 

blurring. Hence, the repeated transformation of an image is undesirable. To avoid this SPIERSalign goes 

back to the original image every time a rotate, scale or sub-pixel shift is applied, and performs a single 

operation combining all rotates / scales / shifts specified to that point. When transformations are applied 

to the image, a working file is created (.xxx in the working folder, but saved in the same format as the 

dataset) by mapping the original to a transformation matrix of the form: 

 

Here the m31 (dx) and m32 (dy) elements specify horizontal and vertical translation, m11 and m22 

specify horizontal and vertical scaling, m21 and m12 elements horizontal and vertical shearing and m13 
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and m23 the horizontal and vertical projection. When changes are applied to an image the 

transformations are in fact used to modify the above matrix. The matrix is then used to transform the 

original image and replace the working .xxx file, which is loaded rather than the original image. This 

avoids multiple sequential transformations of an image, and the associated artefacts. When the program 

exits a list of the images, their transformation matrices, and other attributes, in addition to the marker 

attributes is written into a file called settings.txt. All of these are reloaded the next time a dataset is 

opened. The same form of matrix is employed in the semi-automated align feature (automarkers) where 

user inputs are used to alter the transformation matrix applied to the automarkers grid and markers. 

Once this grid has been correctly placed the underlying image is aligned by inverting this (grid and 

markers) transformation matrix and then applying it to that of the image. 

 

Autoalign uses a simple edge-finding algorithm based upon curve fitting; the two 'testing' zones are 

rectangles transformed by a matrix (as above) to contain the two straight edges required for alignment 

(Figure 3.14). This matrix allows much of the maths subsequently involved to be applied to the 

untransformed horizontal or vertical rectangles, and then mapped to the correct position. Within each of 

these zones a series of 'testing' points moves from one long edge of the rectangle to the other, parallel to 

the short edge. At each iteration the RGB values of the ten pixels either side of the point, on the same 

straight line, are summed, and the calculated values from either side subtracted from each other, giving 

a measure of the difference in colour either side of the testing point (in effect taking the second derivative 

of the RGB values as in a Laplacian edge finding algorithm). This is done for every pixel in the testing 

region, and the coordinates of the maximum difference is stored. Once all pixels have been tested a 

series of points representing the maximum difference are listed, their coordinates in the image roughly 

locating an edge. These are then ordered by distance from the median long axis of the testing zone, and 

outliers are discarded. A least squares linear regression is then applied to the points, of the form: 

 

 

 

 

 

where f(x,a,b) = a+bx is the line equation for the desired edge. Using this process two edges can be 

defined on the reference tomogram. By simultaneously solving the two line equations, their crossing 

point can be defined. Subsequent tomograms can then be aligned to this by using the same process to 

find the edges and crossing point in each, and translating the unaligned image to place the crossing 

point in the correct position (i.e. the same as that in the reference tomogram). The tomogram can then 

be rotated around this corner by the average angular difference the equivalent edges in the reference 

and unaligned tomogram, calculated from the line equation. This process successfully aligns datasets 

with only minor manual adjustments subsequently necessary (see video for auto-aligned dataset, 

Appendix III).
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Figure 3.14 -The edge finding algorithm written for SPIERSalign. A. The user defines zones containing the two edges required for alignment on every tomogram to be aligned, shown here as white dashed boxes. B. 

'Test points' are used to assess the colour change ten pixels either side of each point (red circles). These are spaced every five pixels in the testing zone, and the testing moves perpendicular to the longest edge (white 
arrows show path of motion). C. The test points are then placed on the image at the point of greatest colour change based on the difference in the summed RGB values ten pixels either side of the test points. The 
outliers (here coloured in green) are then discarded. D. A least squares linear regression is applied to the remaining points to find the line equations (lines shown in red dashed stroke). The line equations are then 

solved simultaneously to find where they cross (green x). This corner and the line equations are then used to transform tomograms to match the reference image.
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The SPIERSalign source code is included in Appendix III. While this is itself commented, to further clarify 

and document the code, the purpose of each function is outlined below. This serves as an introduction to 

the operation and behaviour of the program. The most basic behaviour of the program – the use of a 

temporary .xxx file to store an altered image, transformed on the basis of a matrix – is outlined above. 

Data in SPIERSalign is stored in a class, ImageData. This comprises the file name, matrix, format, and 

hidden status (i.e. whether it is skipped when scrolling through a dataset) of an image. A dataset has one 

of these classes for each image, stored as a list. Markers are similarly stored in a class, with a rectangle 

that defines their size, a record of their shape (line, or circle) when drawn, a pointer (memory address) of 

the marker, and coordinates defining the position for both marker shapes. These are also stored as a list. 

The graphics are handled with a Qt class called QGraphicsScene, which manages 2D graphical items, 

henceforth referred to as the scene. This comprises the main panel of the GUI, and is surrounded by 

dockboxes - GUI menus that can be dragged and dropped by the user to customise the running 

program's appearance. The majority of the code can be found in the file mainwindowimpl.cpp, with 

mouse handlers found in scene.cpp. The functions found in mainwindowimpl.cpp are as follows:  

 

MainWindowImpl::MainWindowImpl ( QWidget * parent, Qt::WFlags f) – This is the constructor. It creates 

numerous GUI elements, and dictates their behaviour, in addition to initialising a number of global 

variables. Further, it initiates a number of signals and slots – the callback technique used in Qt to 

communicate between objects ('linking up' user commands from the GUI or keyboard shortcuts to 

functions in the code). The keyboard shortcuts are also defined here.  

 

ReadSuperGlobals() – Reads the recently used files (part of the GUI file menu) from the PC's registry, 

and appends them to the recently used files list. Called from constructor. 

 

WriteSuperGlobals() – Writes the recently used file list back to the registry. Called from destructor. 

 

RecentFile(QString fname) – Places a file at the top of the recently used files list, and removes it from 

elsewhere in the list if already present. Called from open file function. 

 

showInfo(int x, int y) – Updates the info box. Called whenever mouse moves or scene is refreshed.  

 

MainWindowImpl::BuildRecentFiles() – Builds recently used files list, whenever the list is changed. 

 

MainWindowImpl::Clear_List() – Clears the recently used files list. 

  

MainWindowImpl::openRecentFile() – If an entry is clicked in the recently used file list this sends the 

address of the dataset to the open file function. 
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MainWindowImpl::selectMarker() – Slot linking a change in the selected marker to the marker list in the 

markers GUI dockbox. If a new marker is selected with the mouse, this updates the highlighted marker in 

the marker list.  

 

MainWindowImpl::changeMarkerSize() – Slot linking changes in the marker size spin box (a menu where 

the user selects a value), found in the markers GUI dockbox, to the size of any circular markers. 

 

MainWindowImpl::markersLockToggled() – Turns markers on and off. This largely sets check boxes in 

the GUI, which are then used to dictate the display properties when markers are drawn to the scene. 

 

MainWindowImpl::autoMarkersToggled() – Toggles automarkers (the semi-automated alignment system 

- see above and Appendix I). If turning on, checks permissions (i.e. unlocks markers if locked), creates 

the rectangle and grid for automarkers, and then adds them to the scene by redrawing it. Removes these 

if turning off.  

 

MainWindowImpl::setupAlign_triggered() – This deals with the setup of autoalign mode (see above and 

Appendix I). It first checks semi-auto align mode or crop mode aren't on, then creates two rectangles to 

delineate the edge zones, and adds these to the scene (Figure 3.14). If turning setup off, this first checks 

the boxes aren't parallel to each other, provides the user with instructions, and gives the option of 

cancelling the automated alignment.   

 

MainWindowImpl::executeAlign_triggered() – When execute align is triggered the automated alignment 

process previously described begins. The edges are found first on a control image, and then a for loop 

repeats this process and applies the required transformations to subsequent selected images. The 

transformations are conducted by calling transformation functions later in the program, and described 

below. Once transformations have been applied the working .xxx image is recreated, and the scene 

redrawn.  

 

MainWindowImpl::autoMarkersGrid () – Dictates whether the grid for automarker alignment is displayed.  

 

MainWindowImpl::aMTopLeftXChanged(int value)/ MainWindowImpl::aMTopLeftYChanged(int value) – 

Changes the x- or y-coordinate of the top left of the grid to value dictated by spin boxes in automarker 

options. Called when these values are changed.  

 

MainWindowImpl::aMWidthChanged(int value)/MainWindowImpl::aMHeightChanged(int value)  – 

Changes the height and width of the grid to value dictated by spin boxes in automarker options. Called 

when these are changed.  

 

MainWindowImpl::aMThicknessChanged(int value) / MainWindowImpl::aMHorizChanged(int value) / Mai

nWindowImpl::aMVertChanged(int value) – These are slots which merely call for the grid to be redrawn 
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when the automarkers thickness or number of gridlines is changed. As these are defined from the GUI 

spin boxes in the redraw grid function, nothing else is necessary – just a refresh.  

 

MainWindowImpl::autoMarkersAlign() – Aligns an image from its automarker grid: takes the current 'grid' 

matrix, inverts it, and then applies the inverse to the image. Redraws .xxx working image, and then 

refreshes scene. Called from GUI align button. 

 

MainWindowImpl::addMarker() – Adds a marker when called from GUI by creating a new marker object, 

and appending it to the marker list.  

 

MainWindowImpl::removeMarker() – Checks if markers are locked, or list is too small. If not, removes the 

last entry on the marker list.  

 

MainWindowImpl::changeShape() – Changes a marker from circle to line or vice-versa. This is stored in 

the 'shape' variable of the marker object, so just changes this number and redraws the scene.  

 

MainWindowImpl::changeRed(int value) / MainWindowImpl::changeGreen(int value) / MainWindowImpl::

changeBlue(int value) – Colour change slots called when the colour dials in the GUI are changed. All set 

the variables used to dictate the marker colour, and force a refresh of the image. 

 

MainWindowImpl::~MainWindowImpl() – Destructor: saves settings, writes recently used files list to 

registry, and frees the memory. 

 

MainWindowImpl::on_actionOpen_triggered() – Opens a dataset: first checks if one is open already, and 

if it is does the same as the destructor. Prompts the user to find a dataset if one has not already been 

defined (e.g. by selecting an entry in recently used files list), if this is an existing SPIERSalign dataset it 

loads the settings from settings.txt, otherwise it starts a new dataset. Also enables most GUI functions. 

 

MainWindowImpl::LogText(QString text) – Adds text to a log file (called from RedrawImage at several 

points) providing information on error position in the case of a crash.  

 

MainWindowImpl::RedrawImage() – Deletes members of and then redraws the graphics scene from 

scratch; here just the image. Loads .xxx image of position CurrentImage if it exists, otherwise loads the 

true image file. Also sets the title bar text.  

 

MainWindowImpl::RedrawDecorations() – This redraws the crop area, markers and other graphic items 

on top of the image. Called from RedrawImage(). 
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MainWindowImpl::RedrawJustDecorations() – Deletes all graphics items other than the image and then 

redraws. This is a separate function is it is far quicker to redraw just these when a high refresh rate is 

required (i.e. the user is dragging a graphics item) than to redraw the image every refresh.  

 

MainWindowImpl::RedrawJustAM() – Deletes and redraws just the automarkers grid. This involves more 

matrix maths than most of the other graphics items so is included in its own redraw function for speed.  

 

MainWindowImpl::RedrawJustCropBox() – Deletes and redraws cropbox, and updates info on taskbar. 

Isolated function for speed.  

 

MainWindowImpl::on_actionInfo_triggered(bool checked) – Shows or hides info box. Called from GUI. 

 

MainWindowImpl::on_actionAuto_align_triggered (bool checked) – Toggles auto align GUI dockbox. 

 

MainWindowImpl::on_actionAdd_Markers_triggered(bool checked) – Displays markers by changing the 

markersUp variable, or turns them off by setting this to zero.  

 

MainWindowImpl::on_actionSelect_Marker_triggered() – Changes the selected marker; predates mouse-

based GUI selection (legacy function). 

 

MainWindowImpl::on_actionMove_Marker_Left_triggered() / MainWindowImpl::on_actionMove_Marker_

Right_triggered() / MainWindowImpl::on_actionMove_Marker_Up_triggered() / MainWindowImpl::on_acti

onMove_Marker_Down_triggered() – Legacy functions to move markers, which predate the ability to 

position markers with mouse actions. 

 

MainWindowImpl::on_actionZoom_In_triggered() – Zooms in by changing the CurrentScale variable 

(which dictates the scale when drawing the scene), and then calling RedrawImage(). 

 

MainWindowImpl::on_actionZoom_Out_triggered() – Zooms out in a similar fashion.  

 

MainWindowImpl::on_actionZoom_100_triggered() – Sets Zoom to 100% (CurrentScale = 1.0).  

 

MainWindowImpl::on_actionFit_Window_triggered() – Fits image to window using graphicsview object 

fitInView function based on image dimensions to set CurrentScale. 

 

MainWindowImpl::on_actionRotate_Clockwise_More_triggered() / MainWindowImpl::on_actionRotate_Cl

ockwise_triggered() / MainWindowImpl::on_actionRotate_Clockwise_Less_2_triggered() / MainWindowI

mpl::on_actionRotate_Anticlockwise_More_triggered() / MainWindowImpl::on_actionRotate_Anticlockwis

e_triggered() / MainWindowImpl::on_actionRotate_Anticlockwise_Less_triggered() – Rotating functions – 
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all are called from keyboard shortcuts or the GUI, and send a different angle of rotation to the function 

below which performs this rotation.  

 

MainWindowImpl::rotate (qreal rotateAngle) – Rotates the image by the angle rotateAngle. This rotates 

around the centre of the image by translating the image until its centre is at the top left corner (about 

which Qt matrix rotation functions act). It then returns image to centre and redraws the .xxx file, and if 

propagate mode is selected, records this transformation to allow it to be repeated.  

 

MainWindowImpl::on_actionEnlarge_More_triggered() / MainWindowImpl::on_actionEnlarge_triggered() 

/ MainWindowImpl::on_actionEnlarge_Less_triggered() / MainWindowImpl::on_actionShrink_More_trigg

ered() / MainWindowImpl::on_actionShrink_triggered() / MainWindowImpl::on_actionShrink_Less_trigger

ed() – Scaling functions – all are called from keyboard shortcuts or the GUI, and send resize factor to the 

function below.  

 

MainWindowImpl::resize(qreal sizeChange) – Resizes the image by the factor sizeChange. Transforms 

image centre to top left corner, performs resize around this point, returns it and then draws a new .xxx 

file. If propagate mode is selected, records this transformation to allow it to be repeated. 

 

MainWindowImpl::on_actionShift_Right_Less_triggered() / MainWindowImpl::on_actionShift_Right_trigg

ered() / MainWindowImpl::on_actionShift_Right_More_triggered() / MainWindowImpl::on_actionShift_Lef

t_less_triggered() / MainWindowImpl::on_actionShift_Left_triggered() / MainWindowImpl::on_actionShift

_Left_More_triggered() – Functions defining a lateral shift. Called from keyboard shortcuts or the GUI, 

and send differing lateral shifts to the function below.  

 

MainWindowImpl::lateralShift(qreal shiftSize) – This applies the lateral transformation of amount 

sizeShift by manually editing the transformation matrix of the image (in contrast to the rotate and resize 

functions which use Qt matrix transformation functions to change an image's matrix). If propagate mode 

is selected, records this transformation to allow it to be repeated. 

 

MainWindowImpl::on_actionShift_Up_More_triggered() / MainWindowImpl::on_actionShift_Up_triggered(

) / MainWindowImpl::on_actionShift_Up_Less_triggered() / MainWindowImpl::on_actionShift_Down_Mor

e_triggered() / MainWindowImpl::on_actionShift_Down_triggered() / MainWindowImpl::on_actionShift_D

own_Less_triggered() – Functions defining a vertical shift. Called from keyboard shortcuts or the GUI, 

and send differing shift amounts to the function below.  

 

MainWindowImpl::verticalShift(qreal shiftSize) – Applies the vertical transformation of amount sizeShift 

by manually editing the transformation matrix of the image. If propagate mode is selected, records this 

transformation to allow it to be repeated. 
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MainWindowImpl::redrawShift() – Redraws images following translations (lateral and vertical). Both shifts 

need to redraw the image after altering the matrix, so this is done in a separate function which can be 

called from both.  

 

MainWindowImpl::on_actionPropogate_mode_triggered(bool checked) – Toggles propagate mode, asks 

the user whether this should be applied forwards or backwards, and checks position in dataset to ensure 

the user's choice is applicable. Recording of transformations is performed by checking the GUI to see if 

propagate mode is checked.  

 

MainWindowImpl::on_actionApply_propogation_triggered() – Applies a propagation. Loops between all 

the images required and applies all of the changes stored in the propagation list to each in turn. Redraws 

each, and then turns off propagation mode.  

 

MainWindowImpl::on_actionCreate_Crop_Area_triggered(bool checked) – Creates crop area (Qt 

rectangle object) and displays it.  

 

MainWindowImpl::on_actionCrop_triggered() – Crops by saving the area of each dataset image within 

the user-defined crop area. Starts with pop up asking the user for a subset of the data to be cropped 

(which defines the extent of the cropping for loop) and the file format for the cropped images. 

 

MainWindowImpl::resizeCropW(int value) / MainWindowImpl::resizeCropH(int value) – Resizes the crop 

area when the spin boxes in the crop dockbox are changed. 

 

MainWindowImpl::on_actionAbout_triggered() – Opens about dialogue box. 

 

MainWindowImpl::on_actionLock_File_triggered(bool checked) – Called when GUI lock file option is 

checked. No code necessary as locking is tested for in all transformation functions on the basis of the 

GUI checkbox. 

 

MainWindowImpl::on_actionLock_Forward_triggered(bool checked) / MainWindowImpl::on_actionLock_

Back_triggered(bool checked) – Toggles file lock. Sets up dataset position spin box and slider as 

required, and updates the info box.  

 

MainWindowImpl::on_horizontalSlider_valueChanged(int value) – Changes CurrentImage variable and 

redraws image when dataset position slider's value changes. 

 

MainWindowImpl::on_actionSave_triggered() – Writes setting.txt – loops through all images, and writes 

attributes of each (the matrix, hidden status, and filename) to file, in addition to the number, position and 

shape of markers, and comments in the info box.  
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MainWindowImpl::on_actionSave_Backup_triggered() – Writes the same backup file, but saves it with a 

date and time in the file name.  

 

MainWindowImpl::on_actionHide_Image_triggered() – Hides an image by making its hidden variable 

true. If this is the case it is skipped when moving through the dataset using the keyboard shortcuts.  

 

MainWindowImpl::on_actionShow_All_triggered() – Sets all images' hidden variable to false, making all 

visible.  

 

MainWindowImpl::on_actionAdvance_to_hidden_triggered() / MainWindowImpl::on_actionRetreat_To_Hi

dden_triggered() – Advance or retreat in dataset ignoring hide variable.  

 

MainWindowImpl::on_actionNext_Image_triggered() / void MainWindowImpl::on_actionPrevious_Image_

triggered() – Move on to next image; checks if images are locked or not, and then increases the 

CurrentImage variable and redraws.  

 

MainWindowImpl::on_actionReset_Image_triggered() – Resets image by blanking the transformation 

matrix, deleting the .xxx file and then calling RedrawImage(). 

 

MainWindowImpl::on_actionReset_Scene_triggered() – Resets the graphics scene to the dimensions of 

the current image (the scene can be enlarged by dragging markers off it). 

 

MainWindowImpl::on_actionSwap_Image_With_Next_triggered() – Swaps two images in the dataset by 

changing their names, and swapping the .xxx files and transformation matrices.  

 

MainWindowImpl::on_actionLoad_settings_file_triggered() – Allows a user to apply a previous settings 

file by blanking dataset, loading new image data into memory, and then applying the matrices to the 

images and redrawing each.  

 

MainWindowImpl::on_actionCompress_dataset_triggered() – Loops through dataset deleting all .xxx 

files, then converts dataset to PNGs (losslessly compressed image format). 

 

The functions found in scene.cpp are as follows: 

 

CustomScene::CustomScene() – A constructor creating a custom scene class which inherits the class 

QGraphicsScene. 

 

CustomScene::mousePressEvent(QGraphicsSceneMouseEvent *event) – Custom behaviour on a 

mouse press event. This either selects the nearest marker using simple trigonometric calculations to find 

closest (left click), or places the selected marker in the clicked position (right click).  
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proximity to the centre, corner, or edge of the rectangle. It then 

respectively, as the mouse is moved. 

to maintain a constant position in respect to 

If a linear marker is beneath the cursor, 

Details of the mouse movement functions in SPIERSalign. A. A rectangle prior to rotation showing the screen axes in red and t
s are handled by applying transformations to the

used to store the rectangle's corners in Qt, and does not allow oblique 
a correction is required in the rectangle's Y direction

e horizontal translation in an unrotated rectangle 
C. The process of mapping a rectangle (original in grey dashed line) 

his is done by rotating the item around the grey circle. D. The approach utilised when calculating 
to the rectangle's coordinates, but applying 

is reduces the number of points to be mapped to just one. 

Mouse move event. If the 

crop box, auto align setup boxes, or 

If a button is pressed, the function's 

crop area is showing and the buttons are pressed, 

proximity to the centre, corner, or edge of the rectangle. It then 

as the mouse is moved. 

to maintain a constant position in respect to 

If a linear marker is beneath the cursor, a click and 

Details of the mouse movement functions in SPIERSalign. A. A rectangle prior to rotation showing the screen axes in red and t
to the graphics object 

does not allow oblique 
in the rectangle's Y direction

e horizontal translation in an unrotated rectangle – it will move at 
C. The process of mapping a rectangle (original in grey dashed line) to the rectangle 

his is done by rotating the item around the grey circle. D. The approach utilised when calculating 
to the rectangle's coordinates, but applying 

is reduces the number of points to be mapped to just one.  

Mouse move event. If the 

crop box, auto align setup boxes, or 

If a button is pressed, the function's behaviour 

crop area is showing and the buttons are pressed, 

proximity to the centre, corner, or edge of the rectangle. It then 

as the mouse is moved. 

to maintain a constant position in respect to 

a click and 

75 

 

Details of the mouse movement functions in SPIERSalign. A. A rectangle prior to rotation showing the screen axes in red and the 
object 

does not allow oblique 
in the rectangle's Y direction 

it will move at 
the rectangle 

his is done by rotating the item around the grey circle. D. The approach utilised when calculating 
to the rectangle's coordinates, but applying 

crop box, auto align setup boxes, or 

behaviour 

crop area is showing and the buttons are pressed, 

as the mouse is moved. 

to maintain a constant position in respect to 
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drag will either move the ends of the line, or the line as a whole, depending on whether the initial click is 

most proximal to the edges of the line, or its centre. If setting up the automated alignment (i.e. the edge-

zone rectangles) the function allows resizing as with the crop box, but a corner click allows the 

rectangles to be rotated. These rectangles are only rotated to the required extent immediately prior to 

drawing them (i.e. the rectangles are never rotated themselves – they are used to create graphics scene 

rectangle objects which are then rotated prior to display). As a result, if a rotated rectangle is dragged 

with the mouse a simple translation along the X plane will make the rectangle move at an angle rather 

than horizontally (i.e. in the X plane of the rectangle, not the screen; Figure 3.15A,B). Thus, when such a 

rectangle is dragged, a correction is calculated and applied to make the movement in the XY coordinates 

of the screen rather than that of the rectangle. In automarkers mode the same process is applied to the 

grid and markers, which are grouped together into a single object. In both these cases, to optimise the 

function, the position of the rectangles is not calculated by mapping them to the screen coordinates (i.e. 

working out their position on the screen once the rotation is applied, as will be done in the draw function, 

Figure 3.15C). Rather the position of the cursor is mapped back to the rectangles using an inverse 

matrix (Figure 3.15D); this requires a single XY coordinate to be changed rather than the four which 

define a rectangle.  

 

CustomScene::mouseReleaseEvent(QGraphicsSceneMouseEvent *event) – A mouse release function, 

which resets a number of variables, and returns the cursor to its default arrow.  

 

The other files contain relatively little code. Globals.cpp defines a number of global variables, needed 

throughout the program, main.cpp executes the program, and dialogaboutimpl.cpp handles the about 

box.  
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4 Trigonotarbida 

"By degrees we beheld the infinite Abyss, fiery as the smoke of a burning city; beneath us, at an 
immense distance, was the sun, black but shining. Round it were fiery tracks, on which revolv'd vast 

spiders crawling after their prey, which flew, or rather swam, in the infinite deep, in the most terrific 
shapes of animals sprung from corruption; and the air was full of them, and seem'd composed of them: 

these are Devils, and are called Powers of the air. I now asked my companion which was my eternal lot? 
he said, ‘Between the black and the white spiders'."  

William Blake, 1790-1793, The Marriage of Heaven and Hell  

4.1 Introduction  

 

The trigonotarbids are an extinct arachnid order, superficially similar in appearance to spiders but  

lacking silk-producing spinnerets, and possessing nine opisthosomal tergites divided into median and 

lateral plates (Poschmann and Dunlop 2010). Members of the group are found amongst the earliest 

multicellular terrestrial communities of the Late Silurian (Přídolí, ~414 – 411 Ma; Dunlop 1996c; Edwards 

2000, however see also latest estimates in Ogg, Ogg, and Gradstein 2008), making the trigonotarbids 

amongst the first predators in these nascent ecosystems. They peaked in diversity during the 

Westphalian stage of the Upper Carboniferous, by which time numerous families had developed heavy 

ornamentation in the form of spines and dense dorsal tuberculation, and increased structural complexity 

in the carapace (Pocock 1911). The latest appearance of the order in the fossil record is in the Lower 

Permian (Asselian, ~290 Ma, Rössler, Dunlop, and Schneider 2003). Factors posited in their demise 

include climate change and associated habitat reduction, out-competition from other arthropods including 

spiders, and predation by more sophisticated reptilian predators (Garwood and Dunlop 2010; Dunlop 

1994a). There are currently in excess of sixty trigonotarbid species described. This is probably an 

overestimate as a result of work by Fritsch (1904) and Petrunkevitch (1949; 1953), who erected genera 

and species based upon superficial and preservational differences, such as a fossil’s compaction (Shear 

2000; Dunlop and Rössler 2002). Accordingly, revisions usually result in numerous synonyms; for 

example Rössler (1998). Trigonotarbid anatomy is best known from the exceptionally preserved fauna of 

the Scottish Rhynie Cherts (e.g. Fayers, Dunlop, and Trewin 2005; Dunlop, Kamenz, and Talarico 2009), 

however, the majority of the group's diversity – and most of the oversplitting which has plagued 

trigonotarbid taxonomy – is found within siderite-hosted Lagerstätten from the Late Carboniferous Coal 

Measures of Europe and North America (Dunlop 1996a; Dunlop et al. 2008). XMT can provide, for the 

first time, accurate and complete reconstructions of the organisms' morphology allowing a greater 

understanding of the anatomy, mode of life and phylogeny of a wide range of trigonotarbid taxa, 

representing much of the group's biodiversity. Further, computer reconstruction can greatly aid 

taxonomic work, allowing more accurate identification of any given group's synapomorphies, and a more 

accurate assessment of different species' diagnostic characters. This chapter applies the technique to 

representatives the Anthracomartidae and Eophrynidae. Following an overview of the previous work on 

the trigonotarbids, there is a methods section, and then a systematic palaeontology. This combines 

results from the XMT with relevant background for each family and revisions of both based on the new 

findings. Finally there is a discussion of some of the implications of these results. The systematic 

palaeontology for the Anthracomartidae is from Garwood and Dunlop (2011). 
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Note: This chapter is based upon collaborative work with Jason Dunlop (Museum für Naturkunde, 

Berlin). RG conducted the scans and created the XMT reconstructions, wrote the descriptions, literature 

review, methods, and the first draft of the discussion. JD commented on these, provided the systematics 

and created idealised reconstructions of the taxa.  

4.2 Literature review  

4.2.1 Overview of previous work 

 

Trigonotarbid fossils were amongst the earliest described arachnids. Much of the group's history is a 

cornucopia of differing taxa, relationships and synonymies; the following is a brief attempt to elucidate 

this tangled web. Their story begins with Buckland's (1837) description of a putative beetle, Curculioides 

prestvicii, referred to the weevil family Curculionidae (Coleoptera). This was later identified as an 

arachnid by Woodward (1871a), who – with the aid of an excellently preserved conspecific fossil from 

Coseley collected by E. Hollier of Dudley – erected the genus Eophrynus for the two fossils. Woodward 

believed these to be Pseudoscorpiones, but Karsch (1882) rejected such affinities, and raised a new, 

extinct order Anthracomarti. In the same paper he described another new species, Anthracomartus 

voelkelianus, also placed in this family, as well as taxa now recognised as phalangiotarbids (Dunlop 

1996a). Scudder (1884) retained Anthracomarti, which by now included species of spiders, ricinuleids 

and phalangiotarbids in addition to taxa now recognised as trigonotarbids. Haase (1890) moved the 

Anthracomarti to a suborder of the Opiliones, and removed incorrectly referred material, while Pocock 

(1902) discussed returning the Anthracomarti to ordinal status.  

 

Fritsch (1904) reclassified fossil arachnids, renaming Anthracomarti Meridogastra due to the similarity of 

the former with the genus name Anthracomartus; a change suggested originally by Thorell and 

Lindström (1885). Pocock (1911) re-established the Anthracomarti as an order, synonymising the 

Pleuraraneae of Fritsch (1904), defined by divided opisthosomal tergites. Petrunkevitch (1913; 1946) 

retained the Anthracomarti, but a few years later (Petrunkevitch 1949) split the group into two orders. 

The Anthracomarti sensu Petrunkevitch were taxa with tergites split into five plates, an order he now 

placed in a new subclass (Stethostomata, with the Haptopoda), while the remaining fossils were placed 

in the order Trigonotarbi (itself in a new subclass Soluta). These were retained in his further works, but 

changed in Petrunkevitch (1955) to Anthracomartida and Trigonotarbida in order to fit nomenclatural 

conventions. This scheme was largely accepted in subsequent works; Savory (1971) placed both orders 

within the infraclass Trigonotarboidea which, along with the Opiliones, Ricinulei, Acari and 

Phalangiotarbida formed his subclass Opilionomorphae. Firstman (1973) placed both orders within his 

pulmonate arachnids, and Van Der Hammen (1977) united the two with Araneae, Amblypygi, Uropygi 

and Schizomida to create taxon Arachnidea. Grashoff (1978) placed the Trigonotarbida close to the 

Araneae and Pedipalpi (Amblypygi + Uropygi + Schizomida) and Anthracomartida as more primitive 

arachnids with the palpigrades and phalangiotarbids. This abundance of schemes culminated in the 

revision of Shear and Selden (1986) and Shear et al. (1987), which removed Soluta – defined by 

variable characters such as prosoma-opisthosoma junction width – and placed the Trigonotarbida as 
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sister group of Araneae and Pedipalpi (=Tetrapulmonata, Shultz 1990). They further questioned the 

validity of the Anthracomartida as a distinct order. This has since been formalised by Dunlop (1996b), 

because the synapomorphies suggested by Petrunkevitch (1949, 1953) were identified as 

misinterpretations or characters too trivial to justify a separate order. Despite the priority of Karsch's 

(1882) Anthracomartida, by the late 1980s the name Trigonotarbida was more widely used, better 

defined, and embraced more of the fossil record, thus Dunlop (1996b) referred Anthracomartida to 

Trigonotarbida. Since this further extensive revision and work has been published, largely by Jason 

Dunlop (Rössler and Dunlop 1997; Dunlop and Brauckmann 2006; Dunlop and Craven 2008; Dunlop, 

Penney, and Jekel 2010), yet some taxa (such as the family Anthracomartidae) remain heavily over-split.  

4.2.2 Morphology 

 

Trigonotarbids are tetrapulmonate arachnids, with a body split into two halves (Shear et al. 1987; Figure 

4.1). These are the prosoma (anterior) and opisthosoma (posterior), the latter of which possesses twelve 

somites (Dunlop 1994b). The prosoma comprises the carapace, or dorsal shield, which is a single 

undivided plate that varies greatly in form between different families. All trigonotarbids have eyes on a 

median tubercle, and some families have two lateral eye tubercles towards the margins of the carapace 

(Shear 2000). The median tubercle can be drawn into an anterior median projection known as the 

clypeus (Zonstein 2004).  

 
Figure 4.1 – A hypothetical trigonotarbid with anatomy labelled, based upon the primitive family Palaeocharinidae from the Rhynie Chert (from 

Garwood and Dunlop 2010). 

The coxo-sternal (ventral) region features a sternum – a single undivided plate around which leg coxae 

attach, and immediately anterior to this is a very small labium and mouth; in the exceptionally preserved 

Rhynie Chert fossils this is slit-like, with upper and lower lips (Dunlop 1994a). Between these there is a 

specialised filtering system indicative of pre-oral digestion of liquefied food (Figure 4.2). Pre-oral 

digestion requires a filter to prevent large particles entering the gut and creating a significant risk of 

blockage; the filtration system in trigonotarbids combined pre-oral elements such as brushes of plumose 

setae and another filtration device just in front of the mouth opening – a tube-like structure of cuticle lined 
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with downward-pointing setae (Dunlop 1994c). This ‘buccal cavity’ would have further filtered fluid drawn 

through it toward the mouth and into the pharynx. The two-segmented chelicerae are in a ‘palaeognath’ 

orientation, hanging vertically and paraxially from the ventral surface (Dunlop 1994c).  

 
Figure 4.2 – A longitudinal cross-section through a trigonotarbid's head, with a close up showing the mouth region.  

The Labium (lower lip) and Labrum (upper lip) are labelled, as is the buccal cavity between (from Garwood and Dunlop 2010). 

Also attached to the prosoma are a pair of pedipalps and four pairs of walking legs. All appendages are 

pediform (Dunlop and Selden 2004). The pedipalps comprise six elements – coxa, trochanter, femur, 

patella, tibia and tarsus, while the walking legs have seven: coxa, trochanter, femur, patella, tibia, 

metatarsus (basitarsus in some literature) and tarsus. Some have tarsal claws (Dunlop, Kamenz, and 

Talarico 2009), and it is thought trigonotarbids had a plantigrade stance. In addition to mechanoreceptive 

hairs, the limbs of the trigonotarbids are thought to have had slit sense organs on their penultimate 

articles.  

 

 

Figure 4.3 – A trigonotarbid of the family Anthracomartidae from 
the Coseley Lagerstätte, West Midlands, UK, showing the 
specialised locking ridge (L.R; from Garwood and Dunlop 

2010).Specimen whitened with ammonium chloride. 

Found on the ventro-lateral surfaces of the metatarsus, 

these fine slits are thought to have acted rather like a 

strain-gauge to prevent overloading the cuticle (Dunlop 

1994a). There is no fusion of the coxae (Hirst 1923). 

The opisthosoma comprises twelve segments. Tergite 

one is not subdivided into plates, and has no associated 

sternite. It attaches to tergite two posteriorly, and tucks 

under a fold in the posterior margin of the carapace 

anteriorly to form a locking ridge (Figure 4.3), which acts 

to lock the prosoma and opisthosoma together (Dunlop 

and Selden 2004). This is reduced, or lost, in some 

Carboniferous trigonotarbids. Tergites two through to 

eight, and nine in some families, are divided into median 

and lateral plates, and each family shows characteristic  

modification through fusion and / or loss of segments. Segments four to nine are never fused, but two 

and three form a diplotergite in the Palaeocharinidae and Anthracomartidae. Tergite nine can be 

subdivided into median and lateral plates, or undivided, and in the Anthracomartidae can also show 

longitudinal subdivision (Pocock 1911).  
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Further, the Anthracomartidae, possess four lateral plates, two either side of the median sclerite (Figure 

4.3). The dorsal surface is highly ornamented in some taxa (e.g. Dunlop 1996c), particularly the 

'eophrynid assemblage' (Eophrynidae, Kreischeriidae and Aphantomartidae; Dunlop 1995b; Miller and 

Forbes 2002; Dunlop and Brauckmann 2006). The terminal three segments are not divided into tergites 

and sternites, being entirely ventral in their expression. Sternite ten is often triangular, while eleven and 

twelve form the pygidium, which is thought to have borne the anal opening in life (Dunlop and 

Brauckmann 2006). Ventrally, a sternite for segment one is not visible, while the first two ‘sternites’ are 

thought to be – by comparison with Uropygi, and based upon evidence from the Rhynie Chert 

Palaeocharinidae (Dunlop 1994a) – highly modified, flattened appendages. These, the anterior and 

posterior operculae – are homologous with xiphosuran gill operculae, and bear book lungs. There is 

evidence for a reduced third sternite in Rhynie Chert material dorsal to the fourth sternite, only visible in 

cross-section (Dunlop 1994a). The rear margin of the posterior operculum bears a pair of lobed 

structures, the ventral sacs. These are thought to be homologous with similar structures seen in 

amblypigids (Dunlop 1994b), and as such would not be genital organs as suggested in Petrunkevitch 

(1949); their function is obscure (Rowland and Sissom 1980). Posterior to this are sternites four to ten, 

sometimes divided into median and lateral plates, creating a marginal rim around the opisthosoma 

(Fayers, Dunlop, and Trewin 2005), and often becoming increasingly convex in shape towards the rear 

of the trigonotarbid (Pocock 1903). There are no clear external genitalia in keeping with living Uropygi 

and Amblypygi. Further details on the group's palaeoecology and behaviour can be found in Garwood 

and Dunlop (2010).  

4.2.3 Systematics and phylogeny 

 

The trigonotarbids are usually placed as a basal member of the Pantetrapulmonata group of arachnids 

(Figure 4.4A).  

 
Figure 4.4 – Two possible trigonotarbid phylogenies. A. Trigonotarbids basal to the Pantetrapulmonata. B. Trigonotarbids as sister group to the 

Ricinulei (from Garwood and Dunlop 2010). 

This clade – formalised by Shultz (2007), and posited in a number of earlier studies (e.g. Shear et al. 

1987; Selden, Shear, and Bonamo 1991) – also comprises Uraraneida (the ‘proto-spider’ of Selden, 
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Shear, and Sutton 2008 with spigots but no spinnerets), Araneae, Uropygi (whip scorpions), Amblypygi 

(whip spiders) and Schizomida. The clade is recognised by the presence of paired book lungs on the 

second and third segment of the opisthosoma and clasp-knife chelicerae with a fang articulated against 

a basal article. An alternative sister group (Figure 4.4B) suggested for the Trigonotarbida in some recent 

studies is the rare Carboniferous – recent Ricinulei (Dunlop 1996b; Giribet et al. 2002; Dunlop, Kamenz, 

and Talarico 2009), with whom they share opisthosomal tergites divided into median and lateral plates, 

ventral recesses in the opisthosoma to accommodate the rear pair of legs, a distally chelate tarsus and a 

locking ridge. Most studies, however, place the Ricinulei closer to Acari (mites and ticks, Figure 4.4A, 

see also review in Dunlop 2010a).  

 

Little work has been conducted on the internal relationships of the Trigonotarbida; the most complete 

overview of trigonotarbid phylogeny is found in the unpublished thesis of Dunlop (Dunlop 1994a, Figure 

4.5). This scheme does, however, include unpublished and – in all likelihood now incorrect – family 

names (J. Dunlop, pers. comm.).  

 
Figure 4.5 – A phylogeny of the trigonotarbid families (after Dunlop 1994b) 

Prior to the work of Dunlop (1994a), the last attempt at building a trigonotarbid phylogeny was that of 

Petrunkevitch (1949; 1953; 1955), whose practices have been called into question (Selden 1993a, 

Dunlop 1996a). An example indicative of the quality of his work is found in Petrunkevitch (1953) where 

part and counterpart of the same fossil were placed in different genera. In recent literature numerous 

familial relationships have been suggested – for example between the Palaeocharinidae, 

Archaeomartidae and Anthracomartidae (Poschmann and Dunlop 2010), and between the heavily-

armoured taxa Eophrynidae, Kreischeriidae and Aphantomartidae (Dunlop and Brauckmann 2006) – but 

a published cladistic reassessment of the families’ phylogeny is lacking.  

4.3 Method and materials  

 

Representatives of two families, the Anthracomartidae and the Eophrynidae, were chosen to reconstruct. 

Anthracomartid fossils currently assigned to Cryptomartus Petrunkevitch, 1945 and Cleptomartus 

Petrunkevitch, 1949, both from Coseley, were obtained from the NHM, and particularly complete, well-

preserved examples of Cryptomartus hindi (NHM In 22841, Pocock 1911) and Cleptomartus plautus 
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(NHM I. 15857, Petrunkevitch 1949) were scanned. Additionally, a specimen of Maiocercus celticus 

Pocock 1902 – the type and only known species of the genus Maiocercus Pocock, 1911 – was obtained 

from the private collection of Mr Lee Cherry, collected at Crock Hey.  

 

The holotype of Eophrynus prestvicii, from Coalbrookdale, Shropshire (NHM In 49322) is poorly 

preserved, and due to the superposition of dorsal and ventral features the specimen was not considered 

suitable for scanning. Rather a specimen described by Woodward (1871a) from Coseley, and currently 

held in the Lapworth Museum of Birmingham University (BU 699) was chosen to scan.  

 

All specimens were scanned with a current of 200 mA, a voltage of 225 kv and exposure times of 

between 0.25 and 2 seconds. A tungsten reflection target and 1 mm copper filter were used for all, and 

the models were all between 20 and 45µm in resolution. Part and counterpart of the Cleptomartus 

plautus specimen (NHM I. 15857) were scanned separately to test the potential of this approach, and the 

higher resolution scans it provides. However, this made manually removing the crack between the 

nodule halves in the final model impossible, thus in the other scans part and counterpart were scanned 

together. 

 

Additionally, for the systematic palaeontology of the Anthracomartidae, comparative material was 

examined by Jason Dunlop (pers. comm.), including Czech Republic anthracomartids held in the 

National Museum Prague (NMP), preserved compressed in shales from Bohemian Coal Measures, and 

siderite-hosted specimens collected by Carl Horrocks from Lancashire, UK and held in the Manchester 

Museum (MM). The latter specimens were described by Dunlop and Horrocks (1996). Previous studies 

have been conducted on the type of Maiocercus celticus (Pocock, 1902) from the South Wales Coalfield 

(Dunlop and Horrocks 1996), held in the National Museum of Wales (NMW), and the holotype of its 

junior synonym Maiocercus orbicularis Gill 1911, recently rediscovered in the Bolton Museum, UK 

(Dunlop and Craven 2008). It was not possible to locate the type material of the anthracomartids 

Brachypyge carbonis Woodward, 1878 and Cleptomartus denuiti (Pruvost 1922) which should have 

been in Belgium.  

 

Figure key: 1-12 = segment numbers; ce1-4 = coxal endites 1-4; ch = chelicerae; cl = clypeus; le = 

lateral eye tubercle; L1-4 = legs 1-4; ln = lateral notch; lo = lateral lobes; me = median eye tubercle; mt = 

metatarsus; pg = pygidium; pp = pedipalp; pt = patella; ta = tarsus; ti = tibia; tr = trochanter; us = upward 

pointing spine; vs = ventral sacs. 

4.4 Systematic palaeontology  

 

Order Trigonotarbida Petrunkevitch 1949 

 

1882 Anthracomarti Karsch, p. 560. 

1885 Meridogastra Thorell and Lindström, p. 31. 
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1895 Eurymarti Matthew p. 277.  

1949 Trigonotarbi Petrunkevitch, pp. 235–236.  

 

Remarks. For a more extensive account see Overview of previous work. Petrunkevitch (1949) divided 

the anthracomartid fossils into two families, the Anthracomarti Karsch, 1882 (taxa with abdominal 

tergites divided into five distinct plates = modern Anthracomartidae) and Trigonotarbi Petrunkevitch, 

1949 (three lateral plates). Formalised in the Treatise on Invertebrate Palaeontology (Petrunkevitch 

1955), this division into two distinct orders was maintained by later workers (Guthörl 1964, 1965; 

Brauckmann 1984; Opluštil 1985,1986). 

 

Shear et al. (1987) questioned the validity of this anthracomartid–trigonotarbid division sensu 

Petrunkevitch, and Dunlop (1996b) argued that the diagnostic taxa of the families – the orientation of the 

mouthparts and three pairs of lungs with longitudinal spiracles – were largely based on 

misinterpretations of the fossils. Similarities between Anthracomartidae and the Devonian trigonotarbid 

family Palaeocharinidae were highlighted, and these similarities have been largely supported (carapace 

shape, opisthosomal segmentation) and augmented (coxal endites, pedipalpal claw) by the present 

study. On the basis of such similarities, anthracomartids and trigonotarbids were recombined as a single 

ordinal taxon (Dunlop 1996b), the Trigonotarbida. Two further, poorly-known and redundant names for 

trigonotarbids can be found in earlier publications (Thorell and Lindström 1885; Matthew 1895), see also 

Dunlop and Miller (2007), and are listed here for completeness. 

  

Family Anthracomartidae Haase, 1890 

 

1890 Anthracomartidae Haase, pp. 650–651. 

1903 Promygalidae Frič, p. 865 [nomen nudum]. 

1904 Promygalidae Frič, p. 19.  

1911 Brachypygidae Pocock, pp. 58–59. 

1945 Coryphomartidae Petrunkevitch, p. 50. 

1945 Pleomartidae Petrunkevitch, p. 49. 

 

Type genus. Anthracomartus Karsch, 1882. 

 

Included genera. Brachypyge Woodward, 1878, Maiocercus Pocock 1911.  

 

Emended diagnosis. Trigonotarbids with tergites 2–9 divided by longitudinal sutures to form rows of five 

plates across the dorsal opisthosoma; the outer suture line parallel to the outline of the opisthosoma to 

subdivide the median plate of tergite 9 into an anterior and posterior element. Tergite 1 retained as a 

locking ridge. Carapace subquadrate, somewhat box-like. Median and lateral eye tubercles retained and 

anterior margin of the carapace pronounced into a short, steeply descending projection or clypeus. 
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Endite-like elements retained on the mesal part of the leg coxae. (Emended from Dunlop and Horrocks 

1996)  

 

Remarks. Anthracomartids are one of the most instantly recognisable trigonotarbid groups by virtue of 

their five plates across the dorsal opisthosoma; as opposed to the three seen in all other members of the 

group. Study of some known – and some new – Early Devonian fossils from Alken and der Mosel and 

related localities in Germany now suggests that there is a bridging taxon, whose morphology is 

consistent with being intermediate between the palaeocharinid and anthracomartid grades of 

organisation (Poschmann and Dunlop 2010). Anthracomartidae have been recorded widely from 

numerous Late Carboniferous Coal Measures localities across Europe and North America. The family 

currently comprises 23 valid species in 10 genera (Dunlop, Penney, and Jekel 2010) As suggested by 

Dunlop and Rössler (2002), many of these genera seem to be based on preservational features rather 

than explicit apomorphies and their apparent palaeodiversity is almost certainly an overestimate (see 

below).  

 

Frič (1904), Pocock (1911) and Petrunkevitch (1945) all proposed separate families for particular 

anthracomartid genera, but none of their family groups have become established in the literature. As its 

name implies, Promygalidae was actually created as a family of Araneae, since its type genus was 

mistaken for a spider. Pocock (1910, pp. 505–507) effectively referred Promygalidae to 

Anthracomartidae through his synonymy of the respective genera (see Promygale Frič 1901 below). 

Pocock (1911) created Brachypygidae to accommodate those anthracomartid genera (Brachypyge and 

Maiocercus) with a scalloped opisthosomal margin. Petrunkevitch (1913, p. 94) formally referred 

Pocock’s Brachypygidae to Anthracomartidae. Petrunkevitch (1945) introduced two monotypic families, 

Coryphomartidae and Pleomartidae, for their respective genera based on minor differences in which 

segments had lateral plates (his marginal fields). These differences seem to have been based on 

misinterpretations and Petrunkevitch (1949, p. 208) himself listed Coryphomartidae – together with 

Promygalidae and Brachypygidae – as synonyms of Anthracomartidae. Finally, Petrunkevitch (1953, p. 

59) formally added Pleomartidae to the Anthracomartidae synonymy list.  

 

Note that Frič (1903) published a summary of his forthcoming monograph which, unfortunately, listed all 

his new taxa, but without diagnoses or indications. His 1904 family, genus and species names can thus 

be found – as nomina nuda – in the 1903 publication. It should also be noted that he typically published 

under the germanised form of his name, Fritsch.  

 

 

Genus Anthracomartus Karsch, 1882 

1882 Anthracomartus Karsch, p. 560. 

1901 Promygale Frič, p. 58. [syn. by Pocock (1910)] 

1903 Perneria Frič, p. 866 [nomen nudum]. 
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1904 Perneria Frič, p. 22. [syn. with Brachylycosa by Petrunkevitch (1953)] 

1903 Brachylycosa Frič, p. 866 [nomen nudum]. 

1904 Brachylycosa Frič, p. 24. syn. nov. 

1945 Coryphomartus Petrunkevitch, p. 50. syn. nov. 

1945 Cryptomartus Petrunkevitch, p. 49. syn. nov.  

1945 Pleomartus Petrunkevitch, p. 49. syn. nov. 

1949 Cleptomartus Petrunkevitch, p. 211. syn. nov. 

1953 Oomartus Petrunkevitch, p. 66. syn. nov.  

 

Diagnosis. Anthracomartids with a smooth opisthosomal margin, lacking the scalloping seen in 

Brachypyge and Maiocercus. (After Dunlop and Rössler 2002.)  

 

Type species. Anthracomartus voelkelianus Karsch, 1882.  

 

Included species. A. bohemica (Frič, 1901), A. carcinoides (Frič, 1901), A. elegans (Frič, 1901), A. 

granulatus Frič, 1904, A. hindi Pocock 1911, A. kustae (Petrunkevitch, 1953) (comb. nov.), A. janae 

Opluštil, 1986) (comb. nov.), A. minor Kušta 1884, A. palatinus Ammon 1901, A. planus (Petrunkevitch, 

1949) (comb. nov.), A. plautus (Petrunkevitch, 1949), A. priesti Pocock 1911, A. nyranensis 

(Petrunkevitch, 1953) (comb. nov.), A. radvanicensis (Opluštil, 1985) (comb. nov.), A. triangularis 

Petrunkevitch, 1913, A. trilobitus Scudder, 1884.  

 

Remarks. Despite their apparent diversity in the literature (Petrunkevitch 1955), anthracomartids seem to 

be, anatomically, a fairly homogeneous group. There are, however, considerable differences in their 

mode of preservation. Material from nodules (e.g. this study) tends to be better preserved, and more 

three-dimensional than that of shales which has usually been compressed. As well as lacking external 

relief, shale fossils can also be deformed by shearing or stretching. Alexander Petrunkevitch, in 

particular, seems to have had a poor appreciation for taphonomic processes and the way in which they 

can influence the final appearance of a fossil. This is important given the fairly box-like construction of 

the anthracomartid carapace (Dunlop 1996b, Dunlop and Horrocks 1996, Garwood, Dunlop, and Sutton 

2009; see also below) and the fact that numerous genera were diagnosed on carapace shape: e.g. high 

versus flat, with or without a clypeus (Petrunkevitch’s median crest), or a rectangular versus a rounded 

outline. The three-dimensional models of complete and well-preserved anthracomartids from the British 

Middle Coal Measures presented here offer a good approximation of the appearance of a typical 

anthracomartid in life (Figure 4.6 – Figure 4.10). Indeed, a similar gross morphology was reconstructed 

in Dunlop and Horrocks’ (1996, fig. 6) study of Maiocercus celticus Pocock, 1902. On this basis the 

sections below suggest that most of the previously proposed diagnostic characters for other genera 

which differ from this groundplan are likely to be taphonomic artefacts and thus poor grounds for 

maintaining separate taxa.  
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A further problem – a discussion of which can be found in Dunlop and Rössler (2002) – was that 

Petrunkevitch was unable to study the Anthracomartus genotype, A. voelkelianus Karsch, 1882, from its 

repository in (East) Berlin. He was thus reluctant to compare other anthracomartids with the holotype of 

the oldest available name. Petrunkevitch (1953) in fact treated Anthracomartus as an incertae sedis 

genus. Dunlop and Rössler (2002) redescribed A. voelkelianus, from the Langsettian (= Westphalian A) 

Coal Measures of Silesia in Poland, and it is now possible to compare other taxa directly with this 

species. Eight previously proposed genera are treated here as synonyms of Anthracomartus and the fate 

of individual taxa are discussed in detail below. Two species described by Goldenberg (1873) – which 

were subsequently referred to Anthracomartus – are based on unidentifiable material and have already 

been effectively treated as nomina dubia (Petrunkevitch 1953; Guthörl 1965, Dunlop and Rössler 2002).  

 

Promygale. This genus was introduced by Frič (1901) in an important paper on the ‘Fauna der Gaskohle 

und der Kalksteine der Permformation Böhmens’. Note that there is some confusion about the date of 

publication of this work which is sometimes cited as 1899 or 1902, but was cited by Frič himself in 

subsequent work as 1901; see also comments in Harvey and Selden (1995). Promygale was established 

for three species from Nýřany in the Czech Republic; a locality which is now dated at Late Carboniferous 

(Westphalian D) (cf. Opluštil 1986), rather than Permian as originally presumed. Frič interpreted 

Promygale as true spiders (Araneae); Mygale being an older genus name for tarantulas 

(Theraphosidae). Curiously, Frič believed he could see comb-like organs, similar to the pectines of 

scorpions, on the underside of the opisthosoma and used these to diagnose the genus. These features 

could not be confirmed by Petrunkevitch (1953). In his subsequent monograph on ‘Palaeozoische 

Arachniden’, Frič (1904) formally raised a suborder Pleuraraneae for spiders possessing divided 

opisthosomal tergites (or pleurae). Promygale, and some other trigonotarbid genera, were erroneously 

included here as putative spiders. Pocock (1910) argued convincingly that Promygale was a 

trigonotarbid and not a spider, and he explicitly (p. 507) synonymised Promygale with Anthracomartus.  

  

Petrunkevitch (1953) resurrected Promygale for some of the Nýřany anthracomartids and transferred a 

further species described by Kušta (1884) from the slightly younger Rakovník locality in the Czech 

Republic to this genus too. Opluštil (1986) more recently added another species, differentiated from a 

previous taxon on the most trivial of characters. Promygale was redefined by Petrunkevitch as 

anthracomartids with a flat carapace, longer than wide, and no clypeus. The flatness of the carapace is 

quite simply due to the fact that these fossils are compressed in shales, and probably also the reason 

why the clypeus is not clearly preserved. In fact, careful examination of his figures (Petrunkevitch 1953, 

figs 67, 153) together with the original material (J. Dunlop, pers. comm.) suggests that in some Nýřany 

fossils the carapace does (in outline) come to a point anteriorly, which is entirely consistent with the 

clypeal region shown in the present study (e.g. Figure 4.6). The front of the carapace is probably missing 

in the genotype, A. voelkelianus, which leaves it without the clypeus and a preserved carapace only 

about as long as wide. In the more complete A. hindi reconstruction presented here, the carapace is 

slightly longer than wide, as per the diagnosis of Promygale, and for this reason the synonymy of Pocock 

(1910) of this genus with Anthracomartus is endorsed here.  
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Brachylycosa. This genus was introduced by Frič (1904) for a single species from Nýřany, B. carcinoides 

(Frič 1901), and interpreted as a “spider of uncertain position”. The genus name implies a truncated type 

of wolf spider (Lycosidae), but Frič‘s (1904) reconstruction does not inspire confidence, being based on 

“an imperfectly preserved example”. Four eyes were recognised and used to diagnose the genus. In fact 

this fossil shows the typical outline of a fairly stocky anthracomartid, but without the characteristic 

opisthosomal segmentation preserved. Petrunkevitch (1913) correctly listed Brachylycosa as a 

trigonotarbid, albeit under the family Eophrynidae. However, he incorrectly assigned the genus name to 

Frič’s 1901 paper rather than the 1904 monograph.  

 

In 1953 Petrunkevitch assigned Brachylycosa to Anthracomartidae and added a second species from 

Rakovník. Brachylycosa was redefined on having a rounded, rather disc-like carapace. This character 

seems unconvincing and the roundness in the line drawings – Petrunkevitch (1953, fig. 64) essentially 

just sketched a circle – is much too strongly emphasised when compared to both the photographs and 

the original material (J. Dunlop, pers. comm.). Even in the A. hindi model, the postero-lateral corners of 

the carapace curve slightly inwards and a poorly-preserved fossil under compression could easily yield 

the impression of a more rounded structure. In the absence of other characters differentiating this genus 

from Anthracomartus, Brachylycosa is here consider to be a junior synonym.  

   

Perneria. This genus was introduced by Frič (1904) for another single species from Nýřany, P. 

salticoides (Frič 1901), and again interpreted as a “spider of uncertain position”. The species name is 

clearly implicit of the jumping spider family Salticidae and this is reflected in the drawing of a rather 

squat, short-legged arachnid. Salticids are not known prior to the early Cainozoic, however. The P. 

salticoides holotype is quite small (5 mm) when compared to typical anthracomartids (15–25 mm) and 

thus possibly immature. Petrunkevitch (1953) examined the type and recognised it as a synonym of the 

anthracomartid species Brachylycosa carcinoides (see above). Perneria was explicitly mentioned as a 

synonym of Brachylycosa (Petrunkevitch 1953, p. 63) and can thus now be treated as a synonym of 

Anthracomartus.  

 

Coryphomartus. This genus was introduced by Petrunkevitch (1945) for a species previously described 

(Scudder 1884) under Anthracomartus from the Joggins Mines of Nova Scotia in Canada. Petrunkevitch 

(1945, 1953, 1955) interpreted both Brachypyge (see below) and Coryphomartus as having a distinctly 

triangular carapace. In the case of Brachypyge, earlier studies (Woodward 1878; Pruvost 1922, 1930) 

found no evidence for a carapace, but Petrunkevitch claimed to have prepared the fossil and revealed a 

subtriangular structure. His photographs of this (Petrunkevitch 1953, fig. 145) are unconvincing. The 

opisthosoma is very well preserved, but the alleged carapace is, by contrast, at best a vague outline 

which could conceivably be due to fortuitous planes of fracture between the part and counterpart.  

 

The situation for Coryphomartus is similar. It has not been possible to examine the C. triangularis 

(Petrunkevitch, 1913) type, but the original photographs are relatively clear (Petrunkevitch, 1913, fig. 61; 
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Petrunkevitch 1949, fig. 191) and reveal a typical Anthracomartus opisthosoma associated with a badly 

deformed carapace region crossed diagonally by a large fracture plane through the nodule. These, and 

other lines within the nodule, again admittedly leave the impression of a subtriangular area in front of the 

opisthosoma, but in this state of preservation caution against reading too much into this observation is 

recommended. Petrunkevitch (1953) differentiated Coryphomartus from Brachypyge on the ratios of 

some of the opisthosomal sclerites and Brachypyge’s marginal scalloping (see also below). Given the 

smooth margin of the C. triangularis opisthosoma and the unreliability of the triangular carapace 

Coryphomartus is regarded a junior synonym of Anthracomartus.  

 

Cryptomartus. This genus was introduced by Petrunkevitch (1945) for the two British species of 

Anthracomartus from the Duckmantian (= Westphalian B) of Coseley described by Pocock (1911). 

Further species were added by Guthörl (1964) and Brauckmann (1984) from Germany and by Opluštil 

(1985) from the Czech Republic respectively. The diagnosis of Cryptomartus was expanded by 

Petrunkevitch (1949, 1953, 1955) and related to the carapace being high and steep-sided with the 

anterior region pronounced into a median crest (clypeus). These features are all correct and can clearly 

be seen in the 3D model (Figure 4.6). They are, however, not seen in anthracomartids like Karsch’s 

Anthracomartus voelkelianus, which is the oldest available genus and species name, or in many of the 

flattened specimens from Nýřany, Rakovník and other localities in the Coal Measures of Bohemia. That 

said, it seems that Petrunkevitch failed to appreciate that the exact plane at which a rock splits directly 

affects the appearance of three-dimensional structures. Thus the flatness of the carapace and the 

absence of the clypeus in Karsch’s – essentially less well preserved fossil – are more likely to be 

artefacts of taphonomy rather than useful taxonomic features. Fossils assigned to Cryptomartus are 

probably the most complete and least distorted example of anthracomartids available. Thus the 

diagnostic features of carapace shape proposed for this genus are probably part of the ground pattern 

for Anthracomartidae in general. In the absence of any convincing biological differences, Cryptomartus is 

considered a junior synonym of Anthracomartus.  

 

Pleomartus. This genus was introduced by Petrunkevitch (1945) for a species originally assigned to 

Anthracomartus from the Coal Measures of Arkansas, USA (Scudder 1884). A further species from 

Germany (Ammon 1901) was subsequently referred to Pleomartus by Petrunkevitch (1949). Pleomartus 

was defined primarily on a flattened, subrectangular carapace, wider than long (Petrunkevitch 1949, 

1953, 1955). Problems in using the degree of flatness of the carapace and in the presence / absence of 

a clypeus have been noted above. The proportionally wider carapace may be a genuine feature, 

although the photograph of one specimen (not the type) of P. trilobitus (Scudder, 1884) offered by 

Petrunkevitch (1913) suggests that the width has been exaggerated in his drawing of the same 

specimen. The German P. palatinus (Ammon, 1901) does look quite broad from published illustrations 

(Ammon 1901; Petrunkevitch 1953; Guthörl 1965), but restudy would be welcome. Pending formal 

revision, a wide carapace, in isolation, seems insufficient to justify a separate genus; here Pleomartus is 

considered a junior synonym of Anthracomartus.  
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Cleptomartus. This genus was introduced by Petrunkevitch (1949) for two new Coseley species. A 

Belgian species (Pruvost 1922) previously described as Anthracomartus was also referred to 

Cleptomartus and Güthorl (1965) later added another species from the German Saar region. 

Cleptomartus was diagnosed by Petrunkevitch (1949, 1953) on a flattened carapace, about as wide as 

long, and with a rounded anterior margin. Some of the material contributing to C. plautus was originally 

part of the paratype series for Pocock’s A. priesti and Petrunkevitch’s (1949, p. 211) remark that “The 

abdomen does not present distinctive characters.” is illuminating. A Cryptomartus-style carapace (see 

above) could be easily turned into a Cleptomartus one simply by truncating (via breakage) the anterior 

margin and removing the clypeus, eyes, etc. Exactly this seems to have happened in one of the 

otherwise very well preserved C. plautus examples (NHM In 15896; Petrunkevitch 1949, fig. 217). As 

with the Anthracomartus / Cryptomartus comparison, the flatness of the carapace is dependent on 

taphonomic processes, even in nodules. In this case it is not the whole carapace which has been 

compressed, as happens at Nýřany for example. Instead, a nodule which splits near the top (dorsal) 

surface of the carapace will reveal only this uppermost part and would superficially appear to lack depth 

(see In 15896 again, and especially Petrunkevitch 1949, fig. 66). A split further down, near where the 

legs emerge, would reveal the carapace at its full thickness and probably include most or all of the 

clypeus too. It would be closer to the 3D reconstructions presented in this paper. Since the defining 

characters of Cleptomartus are likely to be preservational artefacts Cleptomartus is here regarded as a 

junior synonym of Anthracomartus.  

 

Oomartus. This genus was introduced for a single species, O. nyranyensis Petrunkevitch, 1953, from 

Nýřany, and defined on an essentially egg-shaped body with no obvious constriction between the pro- 

and opisthosoma. As with Brachylycosa, the sketch reconstruction overemphasizes features seen in 

compressed, and in this case slightly sheared, material (cf. Petrunkevitch 1953, figs 70, 158, 176). As a 

result of poor preservation no prosomal morphology is know. The opisthosomal segmentation is visible, 

and is typical of Anthracomartus, with a smooth outline, and two suture lines defining a median tergal 

zone. Comparison between the limbs described here from XMT and those of the paratype (Petrunkevitch 

1953, fig 158) – to the extent allowed by the latter's taphonomy – provides further similarities in terms of 

podomere shape and proportions. This leaves little justification for maintaining a separate genus; thus 

Oomartus is referred to Anthracomartus.  

 

Anthracomartus hindi Pocock 1911 

1911 Anthracomartus hindi Pocock, pp. 64–67, text-figs 30–32, pl. 3, fig. 3. 

1913 Anthracomartus hindi Pocock; Petrunkevitch, p. 95. 

1919 Anthracomartus cf. hindi Pocock; Pruvost, pp. 355–357, text-fig. 43, pl. 23, fig 4. 

1930 Anthracomartus hindi Pocock; Pruvost, pp. 214–215. 

1945  Cryptomartus hindi (Pocock); Petrunkevitch, p. 49.  

1949 Anthracomartus hindi Pocock; Millot, p. 759, fig. 552.  

1949 Anthracomartus hindi Pocock; Waterlot, p. 904, fig. 685.  

1949 Cryptomartus hindi (Pocock); Petrunkevitch, pp. 223–227, figs 34, 36–37, 42, 64–71, 195–199. 
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1949 Cleptomartus planus Petrunkevitch, pp. 220–222, figs 90–93, 218–220. syn. nov. 

1953 Cryptomartus hindi (Pocock); Petrunkevitch; p. 67, fig. 155.  

1953 Cleptomartus planus Petrunkevitch; Petrunkevitch, p. 66. 

1955 Cryptomartus hindi (Pocock); Petrunkevitch, p. 105, figs 66(3), 68(3).  

1955 Cleptomartus planus Petrunkevitch; Petrunkevitch, p. 107, fig. 67(4).  

1964 Cryptomartus hindi (Pocock); Guthörl, p. 101.  

1964 Cryptomartus meyeri Guthörl, pp. 98–101, text-fig 1, pls 13, fig 1A–B, pl. 14, figs 1A–B. syn. nov. 

1965 Cleptomartus hangardi Güthorl, pp. 15–17, text-fig. 4, pl. 2, figs 2a–b. syn. nov.  

1984 Cryptomartus hindi (Pocock); Brauckmann, pp. 97–99, fig. 4.  

1984 Cryptomartus meyeri Guthörl; Brauckmann, p. 96–99, fig. 3.  

1985 Cleptomartus hangardi Güthorl; Brauckmann, p. 96. 

1984 Cryptomartus rebskei Brauckmann, pp. 97-99, figs 1a–b, 2. syn. nov. 

1985 Cryptomartus hindi (Pocock); Opluštil, p. 42.  

1985 Cleptomartus planus Petrunkevitch; Opluštil, p. 41.  

 

Holotype. GSM 60173 (ex Kidston collection).  

 

Type locality and horizon. Coseley near Dudley, Staffordshire, UK. Late Carboniferous, Duckmantian (= 

Westphalian B in more traditional terminology).  

 

Additional material. NHM I. 7918 (holotype of Cleptomartus planus); NHM In 22841 (the scanned 

specimen); Geological-Palaeontological Institute of the Technical Hochschule Aachen, Germany (Nr. 

415) (holotype of Cryptomartus meyeri; not seen); Bergschule Saarbrücken, Germany (Nr. E/883) 

(holotype of Cleptomartus hangardi; not seen); Rebske collection, Bergisch Gladbach, Germany (Nr. Ca 

1293) (holotype of Cryptomartus rebskei; not seen). Other material listed in Petrunkevitch (1949).  

 

Distribution. British Middle Coal Measures. Also recorded from the Coal Measures of Anzin in north-

eastern France (Pruvost 1919) and the Aachen and Saarland regions of Germany. Stratigraphic 

distribution thus Langsettian–Bolsovian.  

 

Diagnosis. Anthracomartus with a relatively narrow median tergal region, the lateral margins of tergites 

4–8 tapering only slightly posteriorly. Chevron-shaped ventral sternites forming an angle of ca. 115 

degrees where they come to a point anteriorly. 

 

Description. Scanned specimen of A. hindi, NHM In 22841 (Figure 4.6, reconstruction in life Figure 

4.8,fossil shown in Figure 3.9), typical of species; 23 mm long, 8 mm wide across prosoma, 14 mm 

across opisthosoma. Carapace well resolved, undivided and box-like, a little longer than wide, 4.1mm 

deep. Anterior displays ventrally-directed clypeus (Figure 4.6C), with small median eye tubercle towards 

carapace front, immediately posterior to clypeus. Larger lateral eye tubercles on antero-lateral margins 
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Figure 4.6 – Reconstruction of the anthracomartid Anthracomartus hindi (formerly Cryptomartus) from the Coseley Lagerstätte, UK (NHM In 22841).  
A. Dorsal view. B. Ventral view; of note are the coxal endites on the inside of each walking limb and the prominent ventral sacs.  

C. Anterior view showing the lateral and median eye tubercles, clypeus and laterigrade stance. Scale bar 5mm.From Garwood and Dunlop (2011).



93 
 

of carapace (small raised bumps forming the corners – Figure 4.6C). Immediately anterior to tubercles 

are two shallow, semi-circular notches into dorsal margin of the carapace. Two further, evenly spaced 

notches on each side posterior to lateral eye tubercles. Slight median depression running length of 

carapace, meeting transverse linear depression with raised edges marking posterior of prosoma. 

Carapace with granular texture comprising micro-ornament of sub-mm tubercles. Ventral prosomal 

region (Figure 4.6B) comprises recessed sternum accommodating prominent coxal endites of walking 

legs. Latter well-developed, anteriorly flattened in cross-section, more cylindrical posteriorly. Positioned 

closer to midline posteriorly; leg 4 endites almost touching. Chelicerae immediately posterior to clypeus, 

comprise two elements (basal pautron and moveable fang), and of clasp-knife form (cf. Shear et al. 

1987). Chelicerae posteriorly directed in palaeognath orientation (hanging down in parallel under the 

animal, facilitating a primarily backwards bite). Other appendages fully resolved. Pedipalps consist of six 

podomeres: long tarsus; tibia and patella about half this length; femur and trochanter, two-thirds tarsal 

length; basal coxa, similar size to tibia. Pedipalp terminates in chelate tarsal claw. Anterior walking limbs 

with prolateral side facing upward, allowing forward-directed appendages which can be held aloft (see 

Discussion). Walking legs comprise seven podomeres: tarsus; metatarsus (a third tarsal length); tarsal-

sized tibia and patella; longest element the femur (twice the length of tarsus); and smaller trochanter and 

coxa. Legs robust, increasingly triangular in cross section towards tarsus.  

 

Opisthosoma sub-oval to pear-shaped, wider posteriorly (Figure 4.6A). First tergite raised above those 

that follow (a locking ridge – see Remarks). Other tergites ex-sagittally divided into median, two lateral 

and two marginal sections, creating five dorsal sclerites per segment (Figure 3.9, Figure 4.7). Posterior-

most (ninth) tergite further divided longitudinally. Segments two and three fused to form diplotergite 

posterior to locking ridge. Chevron-shaped sternites at ca. 115 degree angle . Terminal (tenth) sternite 

consequently almost triangular, bearing prominent pygidium comprising opisthosomal segments eleven 

and twelve. Two strong ridges run outwards and anteriorly from sternite eight towards base of walking 

leg 4.  

 

 
Figure 4.7 – An isolated opisthosoma of Anthracomartus hindi from the NHM, London (NHM In 31253) demonstrating 

the characteristic anthracomartid suture lines dividing each somite into five lateral sclerites. Scale bar 10mm.  
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Anterior opisthosoma bears two prominent lobed structures – tentatively homologised with so-called 

ventral sacs of other arachnids – anterior to gently curving transverse ridge. The opisthosoma strongly 

dorso-ventrally compressed, 0.23 mm thick towards posterior. Opisthosomal thickness at diplotergite two 

/ three 1mm. Detailed examination reveals a row of sub-mm tubercles bordering dorsal opisthosomal 

margin, and sub-division of sternites forming a broad marginal rim ventrally.  

 

Remarks. The palaeognath chelicerae seen here are similar to those observed in the Rhynie Chert 

palaeocharinids, where it has been suggested (Dunlop 1994a) that they could have been partially 

withdrawn into the clypeal region. As in other trigonotarbids, tergite one of A. hindi forms a locking ridge 

(Dunlop 1996b) whereby the modified first tergite slots into a corresponding fold under the posterior 

margin of the carapace, securing the two halves of the body together. This feature is reduced in some 

Carboniferous trigonotarbids, but its presence here demonstrates that this is not the case with the 

anthracomartids. Pocock (1911) originally described two Anthracomartus species from Coseley as A. 

hindi and A. priesti. They were redescribed by Petrunkevitch (1949), who reported body lengths for A. 

hindi of up to 25 mm. The most obvious difference between these two species (cf. Pocock 1911, figs 30, 

33; Petrunkevitch 1949, p. 223) is the relative width of the median tergal plates on the opisthosoma. In A. 

hindi these form a comparatively narrow band which tapers only slightly towards the posterior end (see 

Diagnosis). In A. priesti by contrast, they are wider, at least anteriorly, and thus the median tergal region 

tapers more distinctly. These straightforward criteria appear to neatly distinguish two Coseley 

[morpho]species, and can be further applied to some stratigraphically coeval (i.e. Westphalian) material 

from continental Europe. Hence it is suggested that some further species may be junior synonyms of 

either A. hindi or A. priesti respectively.  

 

In general, the systematics of the anthracomartids is complicated by Petrunkevitch’s application of the 

names Crypto- and Cleptomartus for different modes of preservation (see above). Individual cases for 

species level synonymies are outlined in detail below. Shale-preserved material from the Czech Republic 

has not been integrated into the present revision; many specimens have been deformed by shearing, 

and retro-deformation is necessary to analyse them effectively. The Bohemian fossils are typically less 

well-preserved than the western European nodular material, but since Frič’s nomenclature predates 

Pocock’s the possibility that some the former names will eventually have to take precedence cannot be 

excluded.  

 

Cleptomartus planus Petrunkevitch, 1949 was raised for a single Coseley specimen (NHM I. 7918) with 

a body length of only 9 mm. Its supposed generic position was evidently based on preservational factors: 

a flat carapace without eyes or a clypeus (see generic discussion above). NHM I. 7918 appears to me to 

show no further unique characters that justify a separate species, and since it expresses the relatively 

narrow median tergites characteristic of Anthracomartus hindi it is regarded a junior synonym of this 

species; probably an immature specimen.  
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Figure 4.8 – Reconstruction of Anthracomartus hindi in dorsal view. Scale bar 5mm. By Jason Dunlop, from Garwood, Dunlop, and Sutton 
(2009). 

Cryptomartus meyeri Guthörl, 1964 is held in the geological-palaeontological institute of the Technische 

Hochschule in Aachen and originates from the Langsettian (= Westphalian A) of Palenberg near Aachen, 

Germany. Guthörl’s (1964) diagnosis is essentially a description, offering little in the way of unique, 

apomorphic characters and discussing instead various ratios of body measurements. Such ratio-based 

differences derived from single specimens are problematic – fossils can yield differing ratios based on 

their ontogenetic stage and / or their taphonomy (Phillips 1983 documents similar problems with plants). 

The application of such ratios has been one of the main contributory factors towards the current inflation 

of diversity among Coal Measures anthracomartids. In the case of C. meyeri, the opisthosomal tergites 

match those of A. hindi rather well, with the diagnostic narrow median band. Apart from a slight 

difference in age, there is nothing morphologically to differentiate these species; C. meyeri is here 

treated as a junior synonym of A. hindi.  

 

Cleptomartus hangardi Guthörl, 1965 is held in the Bergschule Saarbrücken and originates from the 

Westphalian D of Neunkirchen in the Saar region of Germany. The holotype, and only known specimen, 

consists of nothing more than an isolated dorsal opisthosoma. Guthörl attempted to diagnose this 

species on its somewhat narrow form, although this could be influenced by taphonomy and in the 

absence of any other useful characters there would be grounds for treating the name as nomen dubium. 
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Since the median tergal region again appears to be rather narrow, this species is tentatively referred to 

Anthracomartus hindi as a putative junior synonym.  

 

Cryptomartus rebskei Brauckmann, 1984 was described from the private Rebske collection (Nr. Ca 

1293) and originates from the Bolsovian (= Westphalian C) of Luisenthal in the Saar region of Germany. 

Brauckmann (1984) diagnosed this species based again on various ratios (prosoma:opisthosoma length; 

opisthosoma length:width) and a slightly more angular prosoma. The absence of wide intersegmental 

membranes between the tergal plates was also noted; although as mentioned in the discussion this may 

have more to do with the degree of expansion of the opisthosoma and is a poor taxonomic feature. This 

feature is not consistent even within Coseley material assigned to A. hindi: compare NHM I. 13955 (with 

thick membranes: also the source of Brauckmann 1984, fig. 4) and In 31250 (with little visible 

membrane). Overall, C. rebskei expresses a narrow tergal field, rather than a wide and tapering one. In 

the absence of convincing morphology to differentiate this species, C. rebskei is considered a junior 

synonym of A. hindi.  

 

Anthracomartus priesti Pocock, 1911 

 

1911 Anthracomartus priesti Pocock, pp. 67–68, text-figs 33–34.  

1913 Anthracomartus priesti Pocock; Petrunkevitch, p. 95. 

1922 Anthracomartus denuiti Pruvost, p. 353–354, fig. 2. syn. nov. 

1930 Anthracomartus denuiti Pruvost; Pruvost, pp. 214–215, text-fig. 9, pl. 11, fig. 4. 

1945  Cryptomartus priesti (Pocock); Petrunkevitch, p. 49.  

1949 Cryptomartus priesti (Pocock); Petrunkevitch, pp. 227–232, figs 26, 29, 35, 41, 53–54, 66, 72–80, 

200–210, 213–215, 225–226.  

1949 Cleptomartus plautus Petrunkevitch, pp. 212–220, figs 30, 47–48, 81–89, 211, 216–217, 221–

224, 227. syn. nov. 

1953 ?Cleptomartus denuiti Pruvost; Petrunkevitch, p. 211. syn. nov. 

1953 Cryptomartus priesti (Pocock); Petrunkevitch, pp. 67–68, fig. 156. 

1953 Cryptomartus priesti (Pocock); Waterlot, p. 571, figs 26–27. 

1953 Cleptomartus plautus Petrunkevitch; Petrunkevitch, pp. 65–66. 

1953 Cleptomartus denuiti Pruvost; Petrunkevitch p. 66, figs 69, 154.  

1955 Cryptomartus priesti (Pocock); Petrunkevitch, p. 105, figs 64B, 66(2), 68(5).  

1955 Cleptomartus plautus Petrunkevitch; Petrunkevitch, pp. 105–107, figs 66 (1), 68(2), 69.  

1965 Cryptomartus priesti (Pocock); Guthörl, p. 101. 

1965 Cleptomartus plautus Petrunkevitch; Guthörl, pp. 15–16.  

1984 Cryptomartus priesti (Pocock); Brauckmann, pp. 97–99, fig. 5. 

1985 Cryptomartus priesti (Pocock); Opluštil, p. 42.  

 

Holotype. NHM In 18333.  
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Type locality and horizon. Coseley near Dudley, Staffordshire, UK. Late Carboniferous, Duckmantian (= 

Westphalian B in more traditional terminology).  

 

Additional material. NHM I. 15857 (the scanned specimen); NHM I. 15896 (holotype of C. plautus), J. G. 

8938 (holotype of C. denuiti), apparently in the Royal Belgian Institute of Natural Sciences; not seen). 

Other material listed in Petrunkevitch (1949).  

 

Diagnosis. Anthracomartus with a relatively broad median tergal region, the lateral margins of tergites 4–

8 tapering quite distinctly. Chevron-shaped ventral sternites forming an angle of ca. 135 degrees where 

they come to a point anteriorly. 

 

Description. Scanned specimen, NHM I. 15857 (Figure 4.9) – Cleptomartus plautus of Petrunkevitch 

(1949) – slightly smaller than other members of the species, length 14 mm, 4.5 mm wide across 

carapace, 6 mm across opisthosoma (Figure 4.10). Carapace well resolved, box-like in form, with 

anterior ventrally-directed clypeus, median and lateral eye tubercles, and longitudinal median depression 

posterior to median eye tubercles leading into a transverse linear depression with raised edges (Figure 

4.10A). Ventral prosoma (Figure 4.10B) comprises coxal endites of limbs 2–4, flat in cross section, 

decreasing in size anteriorly, and coming closer to the midline posteriorly. Chelicerae present, two-

segmented, of clasp-knife form and palaeognath in orientation. Limbs largely resolved, apart from leg 3 

and proximal pedipalps, both obscured by cracks. Pedipalps robust and circular in cross-section; 

preserved extended in front of the body. Due to crack only three terminal podomeres visible; all similar in 

size. Legs better resolved – front pair orientated with prolateral side facing upward, appendages forward-

facing and held slightly aloft. All elements visible, metatarsus and trochanter significantly smaller, femur 

notably longer than otherwise similarly proportioned podomeres. Limbs triangular in cross-section  

 

 
Figure 4.9 –The scanned specimen of Anthracomartus priesti. Scale bar 10mm. 
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Figure 44.10 – A reconstruction of the anthracomartid A reconstruction of the anthracomartid 
been removed from this model. A. D

A reconstruction of the anthracomartid Anthracomartus plautus
been removed from this model. A. D

Anthracomartus plautus (formerly Cleptomartus
been removed from this model. A. Dorsal view. B. Ven

Cleptomartus) from the Coseley 
entral view. C. Anterior view. Scale bar 5mm.

) from the Coseley Lagerstätte, UK (NHM I. 15857). The crack through the nodule used to study the fossil has not
nterior view. Scale bar 5mm.

, UK (NHM I. 15857). The crack through the nodule used to study the fossil has not
nterior view. Scale bar 5mm. From Garwood and 

, UK (NHM I. 15857). The crack through the nodule used to study the fossil has not
 Dunlop (2011).

, UK (NHM I. 15857). The crack through the nodule used to study the fossil has not
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, UK (NHM I. 15857). The crack through the nodule used to study the fossil has not 
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distally. Opisthosoma sub-oval in outline, wider posteriorly (Figure 4.10A). Tergite one locking ridge, all 

other tergites divided to create five dorsal sclerites per segment. Ninth tergite divided longitudinally, 

segments two and three form diplotergite. Sternites chevron-shaped, and meet medially at ca. 135 

degrees. Tenth sternite triangular, and bears pygidium (segments eleven and twelve). Prominent ventral 

sacs present; forming two lobes between a posterior gently curving transverse ridge and an anterior 

small, straight transverse ridge. Opisthosoma dorso-ventrally compressed, but scanning method 

prevents measurement of this thickness. Sub-division of sternites creates a broad marginal rim visible in 

reconstruction.  

 

Remarks. The morphology of A. priesti is largely congruent with that of A. hindi. Minor differences 

include a carapace which lacks well-developed lateral notches, and a lateral ridge at the back of the 

carapace (Figure 4.10A), sternites which are comparatively narrower, most markedly in segments eight, 

nine and ten, and all are shorter in length. The angle between the sides of the chevron-shaped sternites 

is about 135 degrees, whereas this angle in A. hindi is closer to 115 degrees (Figure 4.10B). Coxal 

endites two, three, and four are present, but less well-developed and more flattened than those of A. 

hindi, while the endite on leg 1 is either absent or not resolved. The dorsal opisthosoma also has subtle 

differences in the suture line that marks the border of the median set of plates. In A. hindi, these are 

largely parallel between segments four and eight, whereas here the margins of the median region 

converge and taper slightly between segments four and six, and more strongly posterior to this. The 

scan also reveals a small possible transverse ridge anterior to the ventral sacs that is less well 

developed in A. hindi. Pocock (1911) and Petrunkevitch (1949) both previously described this species 

and noted body lengths of up to 13 mm; i.e. animals somewhat smaller than A. hindi. The species 

Cleptomartus plautus was largely derived from the original paratypes of Anthracomartus priesti; that 

Petrunkevitch (1949) separated out based primarily on the supposedly flattened carapace characterising 

his new genus (discussed above). Representatives of both A. priesti and C. plautus have the wider and 

more tapering median tergal region, and since minor differences in carapace shape are interpreted here 

as poor taxonomic characters (especially considering the lack of regard paid to taphonomy), these taxa 

are treated as synonyms. Within the Coseley material there are further minor differences among the 

fossils currently referred to A. priesti. Some have a slightly more rounded opisthosoma, such as I. 15896 

– the designated holotype of C. plautus – and Petrunkevitch (1949) attempted to designate andro- and 

gynotypes according to his interpretation of their likely gender. The functional significance of any 

differences in the ventral sac regions remains equivocal; thus complicating their interpretation as 

definitive secondary sexual characters. However minor differences often occur in opisthosomal shape 

between males and females among living arachnids, hence Petrunkevitch’s interpretation is not 

implausible.  

 

Anthracomartus denuiti Pruvost, 1922 is held in the Belgian Museum of Natural History and originates 

from the Langsettian (= Westphalian A) of Mariemon-Bascoup in Belgium. The carapace is only 

preserved in outline, but has the same medial and posterior depressions (Petrunkevitch 1953, fig. 154) 

as those resolved in the current XMT studies of the Coseley material. It was subsequently referred to 



100 
 

Cleptomartus on account of its flat carapace (Petrunkevitch 1949, 1953) and in the latter monograph the 

species was defined on a median tergal area considerably wider than long. Since Cleptomartus is no 

longer considered valid here, this previous diagnostic character of a wider median region accords well 

with the A. priesti opisthosomal pattern. In the absence of further diagnostic characters A. denuiti is 

treated as a junior synonym of A. priesti.  

 

Genus Brachypyge Woodward, 1878 

 

1878 Brachypyge Woodward, p. 436. 

 

Type and only species. Brachypyge carbonis Woodward, 1878; see Petrunkevitch (1953) for a 

synonymy list. 

 

Emended diagnosis. Anthracomartids with a scalloped opisthosomal margin; opisthosoma longer than 

wide and with median plates of tergites 4–8 narrow and barely tapering posteriorly. 

 

Remarks. This genus is based on an isolated opisthosoma from the Coal Measures of the Belle-et-

Bonne colliery near Mons in Belgium. Woodward (1878) originally misinterpreted it as the abdomen of a 

crab, before Scudder (1885) correctly recognised it as an arachnid and transferred the species to 

Anthracomartus. Also now accepting its arachnid affinities, Woodward (1887, 1896) preferred (in asides 

or footnotes to papers on different subjects) to refer the Belgian fossil to his own genus Eophrynus 

Woodward, 1871a. Eophrynus has posterior spines on the opisthosoma which vaguely resemble the 

marginal scalloping in the Belgian fossil, but Woodward’s transfer would later cause confusion about the 

correct name for the type species of the genus Maiocercus (see comments in Dunlop and Horrocks 

1996). Pocock (1902) returned to the original genus name Brachypyge and added a second species 

from South Wales (see below); again based on an isolated opisthosoma. Brachypyge was redefined by 

Pocock on the scalloped margin of the opisthosoma which differentiated it from the smooth-margined 

Anthracomartus.  

 

In his later monograph Pocock (1911) proposed using the scalloping to raise a separate family, 

Brachypygidae. This family name was accepted by some subsequent workers (e.g. Pruvost 1930; 

Waterlot 1953), but has since been abandoned. There seems no particular reason to resurrect 

Brachypygidae here, as it would leave Anthracomartus in a monogeneric Anthracomartidae family. 

Pocock (1911) also established a new genus, Maiocercus, for the South Wales specimen; whereby 

Brachypyge was diagnosed on an opisthosoma longer than wide and Maiocercus on an opisthosoma 

wider than long. This essentially reflects the current status of the genera. Both may well be closely 

related and the scalloped opisthosoma is a good potential synapomorphy. There may even be grounds 

for considering these genera as synonyms – as indeed Pruvost (1930) did – or even synonymising their 

species, whereby the thin Brachypyge and fat Maiocercus could be seen as extremes along a 

taphonomic gradient.  
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Brachypyge and Maiocercus are retained here as separate taxa pending further investigation; access to 

the B. carbonis type specimen was not possible and modern photographs of the original material lacking. 

Despite the lack of a carapace, published illustrations of the monotype of Brachypyge carbonis suggest it 

to be well-preserved fossil, with some surface relief and little obvious indication of post-mortem 

deformation. Significantly, the median band of tergites is quite narrow and of almost constant width, i.e. 

the lateral margins of tergites 4–8 essentially form parallel lines. By contrast, Maiocercus is not only 

broader, but this median band of tergites visible taper from anterior to posterior.  

 

Genus Maiocercus Pocock 1911 

 

1911  Maiocercus Pocock, p. 60. 

 

Type and only species. Maiocercus celticus (Pocock, 1902); see Dunlop and Horrocks (1996) for a 

synonymy list. 

 

Emended diagnosis. Anthracomartids with a scalloped opisthosomal margin; opisthosoma wider than 

long and median tergites 4–8 broad and distinctly tapering posteriorly. 

 

Description: Scanned specimen 28 mm in length, 8 mm across carapace and 18 mm across 

opisthosoma at its widest point (Figure 4.11, scanned fossil Figure 4.12, reconstruction in life Figure 

4.13). Carapace box-shaped with slight anterior taper, probably quite deep in life. Reconstructed 

specimen suffered from post-mortem dorso-ventral flattening; only an anterior peak represents the 

prosoma’s true depth (Figure 4.11A,C). Posterior to this peak internal (sclerotized) features of the 

prosoma are resolved rather than the true dorsal surface; small bi-lobed (1–3) and single-lobed (4) 

outgrowths associated with the emerging legs 1–4 are probably internal, and related to the coxae (see 

Remarks). Scan reveals projecting clypeus, lateral eye tubercles (Figure 4.11A,C), and posterior 

transverse depression in contact with a specialised segment one locking ridge. Ventral prosoma 

relatively poorly preserved. Pedipalps taper, almost triangular in cross-section distally. One curled 

beneath the body; femur, patella, tibia and tarsus discernable. Other disarticulated, comprising patella, 

tibia and tarsus only (Figure 4.11B). Chelicerae resolved off-centre; palaeognath in orientation, and 

reconstruction likely represents fangs (see Remarks). Walking legs well resolved – seven podomeres 

slightly dorso-ventrally flattened, proportions similar to A. hindi (see above). Weakly developed coxal 

endites present, front two limbs similar in orientation to A. hindi and A. priesti. Granular tuberculation of 

cuticle previously been reported (Dunlop and Horrocks 1996), but was not adequately recovered in these 

scans. Opisthosoma well resolved dorsally and ventrally (Figure 4.11A). Outline sub-circular, slightly 

wider than long. Segment one locking ridge, all posterior segments divided ex-sagittally into five plates. 

Segments two and three fused into diplotergite (Figure 4.12). Tergite nine divided longitudinally, resulting 

suture line follows opisthosomal margin fairly closely. Margin scalloped, each tergite corresponds to an 

embayment in opisthosomal boundary. Ventral opisthosoma features marginal suture line, chevron- 
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Figure 4.11 – A reconstruction of the anthracomartid Maiocercus celticus from the Crock Hey Lagerstätte, UK (from the private collection of Mr Lee Cherry). A. Dorsal view. B. Ventral view. C. Anterior view. Scale bar 
5mm. From Garwood and Dunlop (2011).
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shaped sternites meeting medially in a small longitudinal ridge, and triangular sternite of segment ten, 

bearing prominent pygidium (Figure 4.11B). Immediately posterior of coxae four are possible ventral 

sacs – two small transverse ridges, poorly resolved.  

 
Figure 4.12 – The scanned fossil of Maiocercus celticus. Scale bar 10mm. 

Remarks. The most complete example of Maiocercus celticus previously reported (Dunlop and Horrocks 

1996) displayed the carapace, dorsal and ventral opisthosoma, and fragments of a single leg. The new 

example of this species in the private collection of Mr Lee Cherry – scanned here and described above – 

is complete; yielding the entire prosoma and opisthosoma as well as all the appendages (Figure 4.11). 

As mentioned above, the carapace displays a degree of post-mortem dorso-ventral flattening, and the 

resulting outgrowths associated with the emerging legs are very similar to the internal views of the coxae 

found in spider exuviae (J. Dunlop, pers. comm.). In these, the coxo-sternal morphology becomes 

disarticulated from the carapace during moulting. The groove between these features is thus more likely 

to be related to the sternum than to the dorsal surface of the carapace (in contrast to the median 

depression seen in A. hindi). 

 

This raises the possibility that this specimen represents the moult of a trigonotarbid, rather than a 

mortality, a suggestion supported by the poor preservation of the ventral prosoma, which would be 

expected in exuviae. The chelicerae, as seen, are interpreted as showing the fangs; rather than being 

drawn upwards beneath the clypeus (as they are in the other models). In the present specimen the 

cheliceral fangs appear to be folded out and lie more or less in parallel along the midline of the body, 

appearing larger as a result. The origin of the opisthosomal scalloping is unclear; Dunlop and Horrocks 

(1996) suggested that it may relate to the presence of spines on sternites, but the data reported here 

suggests that the involvement of the tergites in this marginal ornament cannot be excluded. 
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Figure 4.13 – Reconstruction of Maiocercus celticus in dorsal view. Scale bar 5mm. 
By Jason Dunlop, from Garwood and Dunlop (2011). 

 

This genus was raised by Pocock (1911) for a species from the South Wales coalfield. Gill (1911) added 

a second species from Lancashire in the north-west of England. Gill’s name was synonymised with the 

South Wales species by Pruvost (1930); a synonymy confirmed by Craven and Dunlop (2008) who 

recently rediscovered and refigured Gill’s holotype. M. celticus is quite widespread across Europe and 

has now been recorded from the Coal Measures of England, France, Belgium, the Netherlands and 

Germany (see e.g. Essen, Steur, and Brauckmann 1997).  

 

Family Eophrynidae Karsch, 1882 

 

1882 Eophrynoidae Karsch, p. 560.  

1890 Eophrynidae Karsch; Haase, pp. 651–652. 

 

Type genus. Eophrynus Woodward, 1871a. 

 

Included genera. Nyranytarbus Harvey and Selden, 1995; Petrovicia Frič, 1904; Planomartus 

Petrunkevitch, 1953; Pleophrynus Petrunkevitch, 1945; Pocononia Petrunkevitch, 1953; Somaspidion 

Jux 1982; Stenotrogulus Frič, 1904.  
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Emended diagnosis. Large, long-limbed, ornamented trigonotarbids with nine opisthosomal tergites. 

Tergite 1 reduced, forming locking ridge, tergites 2 and 3 unfused. Tergite 9 divided into medial and 

lateral tergites. Opisthosoma bears two pairs of terminal spines originating from the lateral plates of 

tergites 8 and 9, and upward facing spines originating from the sternite on all anterior opisthosomal 

segments except tergite 1. Anterior margin of the carapace drawn out into a long spine. Dorsal surface 

densely tuberculated, ventral surface sparsely tuberculated (emended from Dunlop 1994b). 

 

Remarks. The first member of the Eophrynidae, and Trigonotarbida, was described as Curculioides 

prestvicii by Buckland (1837), from the Carboniferous ‘iron-stone’ of Coalbrookdale, Shropshire, UK. The 

specimen was interpreted as a weevil Curculionidae (Coleoptera). Woodward (1871a) described a “very 

perfect arachnide” from Dudley from the Coal Measures of Coseley, Staffordshire, UK. Both the dorsal 

and ventral surfaces were revealed in full, and Woodward identified this as an arachnid, conspecific with 

Buckland’s fossil. He erected the genus name Eophrynus Woodward, 1871a, for the fossils. Karsch 

(1882) raised a new, extinct order Anthracomarti, divided into two families Architarboidae (including 

Anthracomartus Karsch, 1882) and Eophrynoidae for Eophrynus. Haase (1890) provided the modern 

spelling Eophrynidae. Loman (1900) compared Eophrynus to the spined Opiliones of the order 

Laniatores to support a close relationship between this order and the Trigonotarbida. Pocock (1902) 

redescribed E. prestvicii, and redefined Eophrynidae on, among other things, the presence of spines on 

the posterior margin of the opisthosoma.  

 

Petrunkevitch (1955) recognised two eophrynid subfamilies: Eophrynidae, notable for its conspicuous 

large opisthosomal tubercles, and Areomartinae, characterised by a more granular dorsal opisthosoma. 

These subfamilies were adopted to some degree by subsequent authors. Rössler and Dunlop (1997) 

resurrected Haase’s (1890) family Kreischeriidae to accommodate the more ‘granular’ eophrynids, 

however, rendering Areomartinae largely superfluous. The eophrynid subfamilies are not recognised 

here. Some of the genera traditionally assigned to Eophrynidae (cf. Petrunkevitch 1953, 1955) are 

problematic, being based on incomplete and / or poorly described specimens. Dunlop (2010b) excluded 

two problematic taxa, treating Areomartus ovatus Petrunkevitch 1913 from West Virginia, USA – the type 

genus of Areomartinae – as Trigonotarbida incertae sedis. Vratislavia silesica (Römer 1878) from Poland 

was transferred to Anthracosironidae. The type is probably lost, but figures show an elongate 

opisthosoma with proportions consistent with anthracosironids, despite eophrynid-like terminal spines. 

 

Genus Eophrynus Woodward, 1871a 

1871a Eophrynus Woodward, p. 386.  

 

Type species. Curculioides prestvicii Buckland, 1837.  

 

Included species. Eophrynus udus Brauckmann, Koch, and Kemper, 1985 
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Remarks. Woodward (1871a) described a fossil arachnid, giving it the genus name Eophrynus derived 

from the modern whip spider (Amblypygi) genus Phrynus, to which he compared the fossil, although the 

author believed this to be a pseudoscorpion. A number of trigonotarbid fossils were originally assigned to 

Eophrynus (Stur 1877; Gill 1924; Dix and Pringle 1930; Guthörl 1938; Petrunkevitch 1949; Ambrose and 

Romano 1972). Other than E. prestvicii and E. udus these have all since been synonymised or 

transferred to other genera / families; see e.g. Dunlop (1994b; 1995b; 1998). ‘Eophrynus’ scharfi Scharf 

1924, from the early Permian Rotliegend of the Ilfeld region of Germany is an incomplete specimen in 

ventral view. It yields no unequivocal characters of Eophrynidae – or any other trigonotarbid family – and 

was treated by Rössler, Dunlop, and Schneider (2003) as Trigonotarbida incertae sedis. An Eophrynus 

sp. was described from the Coal Measures of Ohio by McComas and Mapes (1988), but is incomplete 

and mostly preserved in ventral view.  

 

Eophrynus prestvicii (Buckland, 1837) 

 

1837 Curculioides Prestvicii Buckland, p. 77, pl. 46, fig. 2. 

1856 Duma prestvicii (Buckland); Giebel, p. 137.  

1871a Eophrynus Prestvicii (Buckland); Woodward, p. 386, pl. 11. 

1876 Euphrynus [sic] prestvicii Buckland; Roemer, pl. 47, fig. 12.  

1882 Eophrynus Prestvicii (Buckland); Geinitz, p. 241. 

1882 Curculioides Prestvici Buckland; Karsch p. 560. 

1884 Eophrynus Prestvicii (Buckland); Scudder, p. 19. 

1885 Eophrynus Prestvicii (Buckland); Scudder, p. 737, fig. 913. 

1886 Eophrynus Prestvicii (Buckland); Scudder, p. 25. 

1890 Eophrynus Prestvicii (Buckland); Haase, p. 652. 

1891 Eophrynus prestvicii (Buckland); Scudder, p. 23 (also listed under Curculioides, Duma and 

Euprynus). 

1896 Eophrynus Prestvicii (Buckland); Howard and Thomas, p. 53, pl. 1C. 

1900 Eophrynus prestvichi [sic] (Buckland); Loman, p. 82, pl. 10, figs B, D (also as prestwichi in the 

plate legend). 

1902 Eophrynus prestvicii (Buckland); Pocock, pp. 440–448, fig. 1. 

1904 Eophrynus Prestwicii [sic] (Buckland); Frič, pp. 46–48, pl. 14, figs 3–4, text-figs 57–61. 

1911 Eophrynus prestvici (Buckland); Pocock, p. 77, text-fig. 39.  

1913 Eophrynus prestvici (Buckland); Petrunkevitch, p. 97.  

1913 Eophrynus prestvici (Buckland); Andrée, p. 90.  

1938 Eophrynus prestvici (Buckland);Guthörl , pp. 469–470. 

1949 Eophrynus prestvici (Buckland); Petrunkevitch, p. 246, fig. 122. 

1949 Eophrynus prestvici (Buckland); Waterlot, p. 903, fig. 683. 

1951 Eophrynus cf. prestvici (Buckland); van Der Heide, p. 66, pl. 8, fig. 10. 

1953 Eophrynus prestvici (Buckland); Petrunkevitch, pp. 76–77. 

1953 Eophrynus prestvici (Buckland); Waterlot, p. 574, fig. 32.  
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1955 Eophrynus prestvici (Buckland); Petrunkevitch, p. 112, figs 32, 78. 

1958 Eophrynus prestvici (Buckland); Přibyl, pp. 429–430, 432. 

1972 Eophrynus prestvici (Buckland); Ambrose and Romano, pp. 576–577. 

1979 Eophrynus prestvici (Buckland); Strachen, p. 309, 318, fig. 3.  

1982 Eophrynus prestvici (Buckland); Jux, p. 81. 

1985 Eophrynus prestvici (Buckland); Brauckmann, Koch, and Kemper, pp. 17–18, fig. 5.  

1990 Eophrynus prestvicii (Buckland); Shear and Kukalová-Peck, p. 1811, fig. 4. 

1991a Eophrynus prestvicii (Buckland); Brauckmann, p. 26, fig. 6. 

1994b Eophrynus prestvicii (Buckland); Dunlop, pp. 287, 293.  

1995a Eophrynus prestvicii (Buckland); Dunlop, p. 459.  

1995b Eophrynus prestvicii (Buckland); Dunlop, p. 119. 

1996c Eophrynus prestvicii (Buckland); Dunlop, p. 146. 

1997 Eophrynus prestvicii (Buckland); Rössler and Dunlop, p. 238.  

2009 Eophrynus prestvicii (Buckland); Garwood, Dunlop and Sutton pp. 841-844, figs 1c–e, 2b.  

2010  Eophrynus prestvicii (Buckland); Garwood and Dunlop, p. 36, fig. 4.  

 

Holotype. NHM In 49322. From the British Middle Coal Measures of Coalbrookdale, Shropshire, UK. 

Upper Carboniferous, Duckmantian (= Westphalian B).  

  

Additional material. BU 699 from the British Middle Coal Measures of Coseley near Dudley, 

Staffordshire, UK. Upper Carboniferous, Duckmantian (= Westphalian B). Further putative specimen 

from the ‘Faisceau de Wilhelmina, Mine Hendrik’, Limbourg, Belgium (not seen). Upper Carboniferous, 

Langsettian (= Westphalian A).  

 

Description. Detailed descriptions of Eophrynus prestvicii can be found in Pocock (1902) and 

Petrunkevitch (1953). These are expanded here on the basis of the XMT scans and examination of the 

hand specimens.  

 

Scanned specimen BU 699 (Figure 4.14) typical of species; large (30 mm long), and heavily 

ornamented. Lobed (not segmented, cf. Haase, 1890), sub-triangular carapace, bears three semi-

circular lobes on each side (Figure 4.14A), abutting a median ridge, drawn into a pointed, anteriorly 

directed clypeus. Median ridge also lobed, posteriorly splitting into four raised divisions, with a central 

eye tubercle and pair of median eyes.  

 

Carapace heavily tuberculated, edge marked by three gently curved borders corresponding to lateral 

lobes. The posterior margin delineated by raised, posteriorly inclined transverse ridge, edges abutting 

raised lateral margins of first and second opisthosomal tergite. Ventral prosoma with prominent, almost-

triangular coxae (Figure 4.14E), more closely spaced than shown in previous illustrations (Frič 1904, 

text-fig 59, pg 47). Steady increase in coxal size posteriorly, those of fourth walking limb occupying 
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Figure 4.14 – A reconstruction of the eophrynid Eophrynus prestvicii from the Coseley Lagerstätte, UK (BU 699). A. Dorsal view. B. Posterior view, legs removed, to show heavy ornamentation and spines on the 

opisthosoma (maximum width 15mm). C. Fourth walking limb, podomeres labelled. D. Pedipalps, podomeres labelled. E. Ventral view. Scale bars: A,C,E = 5 mm. D = 2 mm.
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posterior third of prosoma. Deeply recessed sternum gives prosoma thin, concave appearance. Deep 

but thin transverse ridge of cuticle attaches between coxae of legs three and four.  

 

Small closely spaced chelicerae tucked between pedipalp coxae, palaeognath in orientation, and lying 

left of midline. Basal article not clear, but attaches proximally between pedipalp coxae. Well-preserved  

fangs folded and tucked under the clypeus. Pedipalps are well preserved comprise almost-spherical 

trochanter, longer femur, short patella (but see remarks), longer tibia and tarsus. Legs long and slender, 

moving distally comprise femur (the longest podomere), short patella, long tibia (almost femoral in 

length), short metatarsus and slightly longer tarsus. Trochanter clearly also present (contra Haase 1890), 

almost spherical in form (Figure 4.14C). Best preserved limbs display longitudinal medial groove along 

more proximal articles, with small, regularly spaced tubercles on either side of the groove. Frič’s (1904) 

report of a single terminal claw could not be confirmed (see remarks).  

 
Figure 4.15 – The most complete specimen of Eophrynus prestvicii (BU 699). 

Specimen 25mm in length, whitened with ammonium chloride.  

Opisthosomal segmentation best understood through prominent dorsal ornamentation. First tergite 

present as narrow sclerite-bearing a row of small tubercles proximal to posterior margin of carapace. 

Subsequent segments bear six large tubercles, evenly spaced across opisthosoma, lying towards 

posterior margin of tergite. Two smaller medial tubercles at anterior margin (clearest in life 

reconstruction, Figure 4.16). Smaller tubercles fill remaining tergite surface, creating a heavily armoured 

and highly pustulate dorsal surface. Newly resolved are conical lateral tubercles / dorsally directed 

spines on postero-lateral margins of sternites five to seven (Figure 4.14B) and outward-pointing spines 

on segments eight and nine. First visible ventral elements are anterior and posterior operculae (Figure 

4.14E), followed by sternite 4, short and truncated anteriorly by ventral sacs. Sternite 5 longer, but 
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short patella. In the absence of better evidence for a long patella this more conservative interpretation is 

adopted in the above description. While Frič’s (1904) single terminal claw could not be confirmed, it 

should be noted that this character is typical for harvestmen (Opiliones) and may relate to Frič’s 

interpretation of trigonotarbids as a fossil harvestman suborder. Further, in instances of tarsal claws 

resolved in the Trigonotarbida, these have not been single (Dunlop, Kamenz, and Talarico 2009; 

Garwood, Dunlop, and Sutton 2009); most well-preserved trigonotarbids show a pair of large claws (or 

ungues) with a smaller medial or empodial claw between them.  

 

Trigonotarbid opisthosomal segmentation has traditionally proven problematic – for example, 

Petrunkevitch (1955) argued that the number of segments varied between 8 and 11 (see also Shear et 

al. 1987). Dunlop (1994b; 1995b) speculated that the locking ridge may be secondarily absent in the 

Eophrynidae and that a plesiomorphic fused diplotergite (2+3) may have undergone a reversal back to 

two separate sclerites. This study demonstrates that contra Dunlop (1994b; 1995b), tergite one is likely 

retained as a narrow and reduced dorsal element which has lost the locking function plesiomorphic to 

the trigonotarbids. Similarly there is no evidence of a diplotergite. Woodward’s (1871a) putative tracheal 

openings on sternites 5–9, while poorly resolved in the scans, seem likely to be a misidentification. Their 

interpretation as spiracles seems highly unlikely given that the Rhynie Chert trigonotarbids clearly 

preserve two pairs of book lungs opening on the second and third opisthosomal segments (e.g. Kamenz 

et al. 2008). The ventral sacs were first recognised by Pocock (1902) and confirmation here that they 

belong to the third opisthosomal segment argues against them being part of the primary genitalia, given 

that the arachnid gonopore consistently opens on segment 2. Unlike Anthracomartidae (Garwood and 

Dunlop 2011), there is no anterior curved transverse ridge associated with these ventral sac structures. 

The two ring-like segments of the pygidium have been adequately demonstrated in material such as the 

Rhynie Chert palaeocharinids (Hirst 1923; Fayers, Dunlop and Trewin 2005), and the same ground 

pattern morphology can be confirmed here for eophrynids too.  

 

Buckland’s original species epithet is ‘prestvicii’ and this spelling was retained by early workers (e.g. 

Woodward 1871a; Pocock 1902), with a lapsus to ‘prestvichi‘ in Loman (1900) and ‘prestwicii’ in Frič 

(1904). The form ‘prestvici’’ appears to have first been introduced by Karsch (1882) and again by Pocock 

(1911). This spelling was adopted by most authors after Pocock, albeit with a reversal to the original -ii 

form in, e.g. Brauckmann (1991a) and Dunlop (1994b; 1995b). To clarify this situation, following Article 

33.4 of the International Code of Zoological Nomenclature a change from an -ii ending to an -i should be 

regarded as an incorrect subsequent spelling. The valid name is therefore Eophrynus prestvicii 

(Buckland, 1837).  

 

Eophrynus udus Brauckmann 1985 

 

1985 Eophrynus udus Brauckmann in Brauckmann, Koch, and Kemper, pp. 14-18, pl. 1, figs 1–2, pl. 2, 

figs 1–2, text-figs. 2–3. 

1991a Eophrynus udus Brauckmann; Brauckmann, pp. 19–28, pl. 1a–b, text-figs 3–4. 
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2003 Eophrynus udus Brauckmann; Brauckmann, Schöllmann, and Sippel, pp. 51–52, fig. 21.  

2006 Eophrynus udus Brauckmann; Dunlop and Brauckmann, p. 131.  

 

Holotype. Part and counterpart in the private collection of K. H. Hellwig, Hagen. From Hagen-Vorhalle, 

North Rhine-Westphalia, Germany. Late Carboniferous, Namurian B (= higher Masdenian).  

 

Additional material. None. 

 

Description. Detailed descriptions were provided by Brauckmann, Koch, and Kemper (1985) and 

Brauckmann (1991a).  

 

Remarks. Eophrynus udus is known only from the Hagen-Vorhalle, North Rhine-Westphalia deposits, 

Namurian B in age, similar in form to E. prestvicii, but with a slightly shorter, wider body and different 

dorsal patterns of tuberculation.  

4.5 Discussion  

 

The XMT-based computer reconstructions generated here (Figure 4.6, Figure 4.10, Figure 4.11) offer 

high-quality spatial reconstructions of Coal Measures trigonotarbids, preserved in nodules. This is a key 

period when the trigonotarbids appear to be at a peak in their diversity (Garwood and Dunlop 2010), and 

the only three-dimensional record of the group outside the Rhynie Cherts. XMT offers a unique window 

into the appearance of these extinct animals in life and can reveal well-preserved specimens with greater 

fidelity than was possible using traditional methods of study. Here, XMT has allowed us to verify, and in 

many cases augment, previous descriptions. For the Anthracomartidae this has created a more accurate 

picture of a typical member of the family, while in the Eophrynidae – despite the iconic status of E. 

prestvicii resulting from its excellent preservation and striking form, and associated extensive study – it 

has newly revealed a number of morphological features. XMT has further allowed increasingly accurate 

idealised reconstructions to be created (Figure 4.8, Figure 4.11, Figure 4.16). The notable findings and 

their implications are discussed below.  

4.5.1 Morphology  

 

In both families this work has revealed median eye tubercles, and also palaeognath chelicerae. This is of 

note, being the first evidence for this arrangement (chelicerae with a downward / backwards bite, parallel 

to the body's longitudinal axis) outside the Rhynie Chert Palaeocharinidae, and evidence that this 

unusual orientation is a synapomorphy for the Trigonotarbida as a whole.  

 

Further, for each species a number of other features have been revealed. This work confirms the 

presence of a carapace with lateral eye-tubercles and a projecting anterior clypeus in the 

Anthracomartidae. The group's opisthosoma possesses five sclerites per tergite in all but two segments. 

Further, tergite one is modified to form a locking ridge, and tergites 2+3 are fused to create a diplotergite. 
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The anthracomartid ventral opisthosoma is bordered by a suture line, and chevron-shaped sternites are 

present. Two further novel features – coxal endites and chelate pedipalps – are discussed in greater 

depth below.  

 

The scans of the Eophrynidae – in addition to the features outlined previously – have revealed for the 

first time the long and slender limbs in full, including an almost spherical trochanter. Also newly 

recognised are high and conical lateral tubercles, and dorsally-directed spines on the postero-lateral 

margins of sternites 5 to 7 (Figure 4.14B). Finally transverse ridges marking the posterior margin of the 

prosoma on both the dorsal and ventral surfaces – presumably to strengthen the curved body – have 

been found.  

4.5.1.1 Coxal endites 

 

All members of the Anthracomartidae scanned possessed coxal endites – medial growths on the coxa of 

each walking leg. These are previously unreported in anthracomartids, probably as a result of being 

overlooked using traditional techniques. They have been illustrated in exceptionally preserved members 

of the family Palaeocharinidae from the Rhynie Chert (cf. Hirst 1923, fig. 5, pl. 14b), however. Their 

function is unclear – they are unlikely to be gnathobasic in function as the Trigonotarbida practiced pre-

oral digestion (see Literature Review). Their position corresponds, however, to the gnathobases seen on 

the inner (mesal) side of the coxae in arachnid outgroups such as Xiphosura and Eurypterida. In these 

taxa dentate gnathobases flank a food groove and are obviously used to actively masticate food 

preorally. It is possible therefore that palaeocharinid–anthracomartid endites are plesiomorphic elements 

retained in an early grade of arachnid. These features could have played a role in the immobilization and 

retention of prey while the animal was feeding. These could also be an apomorphic character supporting 

(Palaeocharinidae + Anthracomartidae). A formal assessment of the significance of this character would 

require a cladistic study of in-group trigonotarbid relationships, which is beyond the scope of this study.  

 

4.5.1.2 Chelate pedipalps 

 

This work has also revealed a chelate termination to the pedipalps of A. hindi. A claw-like tip to the 

trigonotarbid tarsus was recently identified in Rhynie Chert palaeocharinids (Dunlop, Kamenz, and 

Talarico 2009), and its presence here strengthens this discovery, making it a feature common to at least 

two trigonotarbid families. It could be viewed as a synapomorphy of (Anthracomartidae + 

Palaeocharinidae), but as these are an early grade of tetrapulmonate arachnid, it could be plesiomorphic 

to the Trigonotarbida. If this were the case, it could support a trigonotarbid-ricinuleid sister group 

relationship, as a very similar distal end of the pedipalp is seen in the enigmatic Ricinulei (Talarico, 

Palacios-Vargas, and Alberti 2008 provide a recent detailed account). While ricinuleids are traditionally 

placed as the sister group of mites (Acari), Dunlop, Kamenz, and Talarico (2009) suggest that this 

chelate pedipalp joins divided tergites and a locking ridge between the prosoma and opisthosoma as a 

suite of characters supporting a (Trigonotarbida + Ricinulei) relationship (see also Dunlop 1996d).  
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4.5.1.3 Flattened opisthosoma 

 

A further feature common to all the taxa scanned is a flattened, almost disc-like opisthosoma. This is not 

new, having been observed by Pocock (1911, text-fig 32), and creates a superficial similarity to ticks 

(Ixodida). Such a relationship has historical precedence (Schulze 1932), but can be easily discounted by 

the trigonotarbid’s mouthparts and book lungs. Similarities in habitus are thus convergent. The flattened 

opisthosoma is unlikely to be plesiomorphic to the Trigonotarbida, as sections through the opisthosoma 

of Rhynie Chert palaeocharinids (e.g. Shear et al. 1987, Fig. 5) suggest a somewhat thicker 

opisthosoma. It is unclear whether a collapse in opisthosomal thickness occurs due to taphonomy. 

Several specimens in the NHM collections preserve small gaps between the sclerites. This permits 

speculation that when well fed (or gravid) the opisthosoma could expand, a common trait in extant 

arachnids. This would necessitate flexible membranes between the opisthosomal plates, and accordingly 

the opisthosoma would provide less resistance to flattening than the prosoma and appendages during 

burial. These models show a marked decrease in thickness posteriorly, which could be a taphonomic 

effect. Nevertheless, other aspects of the body are well preserved, so it is probable that the opisthosoma 

was dorsoventrally flattened in life – albeit of a more constant thickness than reconstructed here – 

conceivably allowing the animals to conceal themselves in narrow spaces.  

4.5.2 Mode of life 

 

All anthracomartid scans have revealed a laterigrade stance; the first two pairs of legs in particular have 

their prolateral side facing uppermost, allowing the limbs to be directed forwards and held slightly aloft 

(Figure 4.6A, Figure 4.10A, Figure 4.11A). Pocock’s (1911, text-fig 32) original reconstruction of the 

Coseley fossils also hinted at this arrangement. This stance would have brought the anterior legs into an 

outstretched, forward position and transferred their bodyweight more onto the posterior limbs, 

comparable to that used by modern crab spiders (Thomisidae). These are sit-and-wait / ambush 

predators, who use their outstretched forelimbs to grasp at prey – often insects pollinating flowers – 

when it comes within their reach (Morse 2007). It seems possible that anthracomartids may have hunted 

in a similar fashion, grabbing and overpowering prey with their forelimbs. It is likely some other taxa 

hunted in a similar fashion – members of the family Anthracosironidae appear to have semi-raptorial 

forelimbs, for example – but a full investigation will require comparable three-dimensional 

reconstructions of additional Coal Measures trigonotarbids.  

 

Such a stance, however, is not present in E. prestvicii. As initially suggested by Loman (1900) laniatorid 

harvestmen offer good modern analogues for eophrynids, as numerous laniatorid taxa are heavily 

ornamented, with dorso-marginal spines and prominent dorsal tuberculation. Thus the Eophrynidae may 

have had a similar mode of life to this leaf-litter dwelling, derived harvestman lineage. A relatively flat and 

disc-like opisthosoma, similar to that of the Anthracomartidae, and very dorso-ventrally compressed 

prosoma may have been advantageous for crawling into narrow spaces. Further, the length of the limbs 

and lack of apparent raptorial adaptation suggests E. prestvicii could have been a cursorial predator. 

This is a high risk mode of life, and it is tempting to suggest that the robust ornamentation of E. prestvicii 
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– and other eophrynids – supports this inference. The armour is clearly a defensive adaptation to 

increase the handling time for predators, making these trigonotarbids generally less palatable, and to 

provide protection against attacks from above / prevent crushing. 

 

A plausible explanation for these adaptations is the increasing ecological strain both taxa (and the 

arthropod community as a whole) would have been subjected to at a time where amphibian predators 

were becoming more numerous (Shear and Kukalová-Peck 1990, see also Dunlop 1994a). The 

presence of ambush predation in the Anthracomartidae would allow these trigonotarbids to spend much 

of their time in the relative safety of hides, waiting for prey, rather than being in a vulnerable position in 

the leaf litter of the Coal Measures forest floor. No such specialisations are present – to our knowledge – 

in the 'Eophrynid assemblage'. Thus it seems that the Eophrynidae and associated taxa could have 

responded by increasing their defences.  
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5  Opiliones 

"We're low in the league. I want to see us up there with Manchester Grammar, Haberdasher Askes, 
Leighton Park... or is that an open prison?" 

Alan Bennett, 2006, The History Boys 

5.1 Introduction  

 

The harvestmen (Opiliones) are the third most diverse extant arachnid order (Giribet et al. 2010), with 

~6000 described species from an estimated true figure of between 7,500 and 10,000 species 

(Coddington et al. 2004, J. Dunlop, pers. comm.). They are amongst the oldest arachnids (Machado, 

Pinto-da-Rocha, and Giribet 2007), yet their terrestrial mode of life and leathery, poorly mineralized 

exoskeleton makes fossilisation unlikely. The order's fossil record is so sparse that only seven 

Palaeozoic, four Mesozoic, and few than thirty Cenozoic examples are known (Dunlop 2007). 

 

Of the fossil material, the best-preserved specimens to date come from the Early Devonian (~410 Ma) 

Rhynie Chert (Dunlop et al. 2003). These are incomplete, but preserve internal anatomy in three 

dimensions, hinting at an essentially modern body plan (Dunlop et al. 2004). Following the Devonian 

Period, well-preserved harvestmen are not recorded again until Cretaceous (~100 Ma) ambers (Giribet 

and Dunlop 2005). Other examples – such as a superficially modern-looking, long-legged fossil from the 

Early Carboniferous (~340 Ma) of Scotland (Dunlop and Anderson 2005) – are too poorly preserved to 

allow an unequivocal taxonomic placement, or inferences regarding their mode of life. Recently 

discovered examples from the Jurassic of China (Huang, Dunlop, and Selden 2009) show that the 

taxonomic placement of fossil Opiliones is possible, Mesobunus martensi being demonstrably a member 

of extant family Sclerosomatidae. 

 

The lack of resolution in the group's fossil record is unfortunate, providing little evidence to either support 

or contradict molecular phylogenies of the four Suborders that constitute the Opiliones, currently the 

subject of debate (c.f. Shultz and Regier 2001, Giribet et al. 2002). Further, recent molecular estimates 

have posited early Palaeozoic cladogenesis in the Opiliones (Giribet et al. 2010); corroboration of this 

hypothesis with palaeontological data is clearly desirable. Of the seven Palaeozoic harvestman species, 

six are found in the Carboniferous, five of these in Upper Carboniferous deposits (see Literature Review 

– Previous Work). The Coal Measures Lagerstätten thus represent one of most promising taphonomic 

windows for the high-fidelity preservation of Opiliones.  

 

Of the previously reported Upper Carboniferous Opiliones fossils, none appear well suited for CT 

scanning. An unnamed example figured by Dunlop (1996a) from Montceau Les Mines, however, is ideal, 

being a large three-dimensional void within a nodule. This chapter reports the application of XMT to this 

specimen, and another example from the same deposit. Both are new species, and their excellent 

preservation allows XMT to extract a high level of detail. The chapter comprises: a summary of previous 

work on fossil Opiliones; an introduction to their morphology; an overview of current hypothesis on their 
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phylogeny; methods; systematic palaeontology for both new species; and a discussion on the mode of 

life of the new taxa / the implications of their discovery for the harvestmen as a whole.  

5.2 Literature Review  

5.2.1 Overview of previous work 

 

The origin of work on the Opiliones lies in the publications of Latrielle (1796, 1807), who erected the 

family Phalangida for a number of genera now recognised as harvestmen, plus the Solifugae. Sundevall 

(1833) erected the order Opiliones for a number of these taxa, excluding the genus Siro (=modern family 

Cyphophthalmi), and the work of Hansen and Sørensen (1904) defined the order, established the 

systematics that largely remain in use, with four clades (Cyphophthalmi, Eupnoi, Dyspnoi and Laniatores 

– see Systematics and phylogeny). Cenozoic amber specimens were the first fossil Opiliones to be 

described by Schlotheim (1820) and Presl (1822). The vast majority of systematic work on these taxa 

was then carried out by Koch and Berendt (1854), Menge (1850) and Roewer (1939), while further 

species were sporadically described or reassigned (e.g. Bishop and Crosby 1924). Cenozoic ambers are 

still the biggest source of fossil Opiliones and associated works (e.g. Dunlop and Giribet 2003; Giribet 

and Dunlop 2005; Ubick and Dunlop 2005; Dunlop 2006).  

 

The first reports of Palaeozoic harvestmen were published by Thevenin (1901) from the Stephanian 

deposits of Commentry, France (Figure 5.1). The author described two new species Eotrogulus fayoli 

and Nemastomoides elavaris, both unequivocally true Opiliones. Dunlop (2007) notes E. fayoli is likely to 

be a dyspnoid (Trogulidae) and the N. elevaris species better resembles a member of the Eupnoi. 

 
Figure 5.1- Upper Carboniferous Opiliones from Commentry, France.  

A. Eotrogulus fayoli. B. Nemastomoides elavaris. From Thevenin (1901). 

The species Kustarachne tenuipes Scudder, 1891 was initially described as a phalangiotarbid, and – 

despite the assertion of Petrunkevitch (1913, 1949 ,1955) that this was the sole member of a new 

arachnid order, the Kustarachnida – is most likely also a harvestman (Beall 1986; Dunlop 2004a) . 

Petrunkevitch (1913) described a further two Carboniferous Opiliones from Mazon Creek, Illinois, his 

descriptive and taxonomic work being regrettably of his usual somewhat sub-par standard. The new taxa 

were initially placed within the genus Protopilio, later synonymised with Nemastomoides (Petrunkevitch 

1953). Of these, Nemastomoides longipes is a genuine long legged harvestman (Dunlop 2007), while N. 
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depressus is a Phalangiotarbid (Beall 1997). Petrunkevitch (1955) erected two families for the 

Carboniferous genera, whose diagnoses contained features not in the groundplan of the Opiliones (cf. 

Shultz 2000) such as free coxae (Eotrogulidae) and a well defined sternum (Nemastomididae).  

 

Following Petrunkevitch's contributions relatively little work on fossil Opiliones was conducted other than 

occasional amber studies (e.g. Cokendolpher and Poinar Jr 1992), until the work of Jason Dunlop. In 

addition to amber studies (Dunlop and Giribet 2003; Ubick and Dunlop 2005; Dunlop and Mitov 2009), 

his publications included the description of a new Palaeozoic species Eophalangium sheari (Dunlop et 

al. 2003; Dunlop et al. 2004), from the Rhynie Chert of Scotland. These specimens are prepared as 

slides, and so only a small proportion of each is visible. Nevertheless the internal structures revealed 

included the ovipositor in one example, hinting at eupnoid affinities. Further, the species hints at a 

remarkably modern groundplan, fairly early in the history of terrestrial life. Further studies brought to light 

an Early Carboniferous example from East Kirkton, Scotland (Dunlop and Anderson 2005) and a new 

Upper Carboniferous species from Missouri, USA (Dunlop 2004b). Additionally, two new species from 

the Mesozoic of China were recently described (Huang, Dunlop, and Selden 2009); this greatly 

expanded knowledge of Mesozoic fossils, which previously was almost entirely based on specimens in 

Burmese (Myanmar) Amber (Giribet and Dunlop 2005). 

5.2.2 Morphology 

 

Harvestmen are unlike most other arachnids in that the prosoma and opisthosoma are characteristically 

fused together (Shultz 2000) with little visible tagmosis of the body. Further synapomorphies are found in 

prosomal repugnatorial glands, a genital opening thrust forward between the leg coxae, a single pair of 

tracheae opening on the genital segment, and a penis (in the male) or ovipositor (in the female) (Dunlop 

et al. 2004).  

 
Figure 5.2 – The morphology of the Opiliones, reconstructions by Jason Dunlop, from Huang, Dunlop, and Selden (2009). A. Whole body 

including legs, ventral view. B. Ventral view of body. C. Dorsal view of body. Scale: A. 10mm. B,C. 1mm. 
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The dorsal prosoma is covered by a carapace, varied in morphology, but always formed from the 

sternites of six appendage-bearing somites (Shultz and Pinto-da-Rocha 2007). The posterior two 

somites are sometimes differentiated (Martens 1978). The carapace typically bears a pair of simple eyes 

placed on a tubercle, the ocularium, which can vary in position lying anywhere from the middle to 

projecting over the anterior border of the carapace, and are often lost in cave- and soil-dwelling forms. 

The prosomal repugnatorial glands open at the tip of an elevated cone, called an ozophore in the 

suborder Cyphophthalmi (e.g. Alberti, Lipke, and Giribet 2008), but are otherwise sessile (=ozopore). 

These are found either on the lateral prosoma or supracoxal pleural region (e.g. Gruber 1978), although 

said openings can be cryptic (Schaider and Raspotnig 2009). Ventrally prominent coxae are present, leg 

one being mobile, two-four variably immobile in most taxa. The coxapophyses of leg one and the 

pedipalps form the pre-oral feeding apparatus, the stomotheca with the epistome (a projection forming 

the anterior wall) and a labium (forming the posterior wall; Shultz 1990, Shultz 2007). The intercoxal 

sternal region lacks a distinct sclerite or sternite.  

 

The anteriormost prosomal appendages are three-segmented chelicerae, the middle and distal 

segments forming a chela. The chela close in a transverse plane, while the motion of the chelicerae is 

otherwise largely limited to a sagittal plane (Shultz and Pinto-da-Rocha 2007). The pedipalps attach 

between the chelicerae and coxae of leg one, and comprise a coxa, trochanter, femur, patella, tibia, and 

tarsus with terminal claw (Martens 1978b). These vary in character between groups, most notably in the 

distal segments. Posterior to this are the walking limbs, which possess one more podomere than the 

pedipalps – the tarsus is divided into metatarsus and the more distal tarsus (Hillyard 2005).  

 

The limbs can be very long and are thus easily trapped, but the trochanter-femur joint possesses a line 

of weakness, allowing the ejection of the rest of the limb in a behaviour known as appendotomy 

(Gnaspini and Hara 2007). The femur-patella joint forms the 'knee' of the leg, while the tarsal podomeres 

are highly variable; the metatarsus is undivided, but can possess points of flexibility in longer-legged 

examples. The tarsus can be undivided in the unguligrade Cyphophthalmi, but is usually annulated in the 

other (plantigrade) suborders, forming between three and more than a hundred tarsomeres (Shultz 

2000). Some taxa possess a terminal claw on walking legs (Dunlop 2002). In a number of harvestmen, 

the second pair of legs is longer than all the others, and has a tactile (antennal) function. 

 

The opisthosoma possesses 10 somites (Hansen and Sørensen 1904), the last being an anal 

operculum, with no associated sternite. There is wide variation in patterns of dorsal sclerotization of the 

opisthosoma (reviewed by Shultz and Pinto-da-Rocha 2007). The ventral gonopore is associated with 

the second opisthosomal segment, in common with all arachnids. This has been thrust forward to 

between coxae of limb four, with the first sternite (anterior to this) reduced (Winkler 1957). The second 

opisthosomal somite also bears spiracles (=stigmata) opening to the respiratory system. Posteriorly, the 

sternal and tergal arrangement of sclerites around the anus is variable.  
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5.2.3 Systematics and phylogeny 

 

Following the work of (Hansen and Sørensen 1904) the Opiliones has been recognised as a 

monophyletic group, with one interesting historical footnote in the suggestion of Savory (1977) to 

promote the Cyphophthalmi to an order on the basis of a straw poll. Of those polled, two did not reply, 

two respondents were uncertain, three disagreed and four were in favour. This promotion did not find 

subsequent favour, and all recent cladistic studies recover a monophyletic Opiliones (e.g. Giribet et al. 

1999). The sister group to the harvestmen is less clear cut (see summary trees, Figure 5.3). Posited 

groups include a Ricinulei / Acari clade (Weygoldt and Paulus 1979), Scorpiones and Xiphosura in the 

clade Myliosomata (Van Der Hammen 1985; Van Der Hammen 1989), and mites (Shear 1982).  

 

Cladistic studies have further added to the debate; the first, Shultz (1990), placed the Opiliones in a 

clade (the Dromopoda) as sister group to the Scorpiones, Pseudoscorpiones, and Solifugae 

(Novogenuata), a finding corroborated by the morphology and molecules study of Wheeler and Hayashi 

(1998). The addition of fossils in a study by Giribet et al. (2002), however, resulted in three alternative 

topologies, the Dromopoda; Opiliones + Haplocnemata (Pseudoscorpiones + Solifugae); or Opiliones + 

non-scorpion arachnids. One of the conclusions drawn from this pattern was that the inclusion of 

Eurypterida and early scorpions moved Scorpiones down the tree. In recent work a sister group 

relationship between the Opiliones + Scorpiones (Stomothecata), based on the presence of a 

stomotheca and elements of the mouth musculature has been posited (Shultz 2000; 2007). The fossil 

record, however, suggests the scorpion stomotheca is derived, being absent in early Palaeozoic 

examples; similarities to opilionid stomotheca may thus be homoplastic. 

  

The Opiliones were characterised for much of the 20th century on the basis of Hansen and Sørensen's 

(1904) monograph, being split into three suborders, the Cyphophthalmi, Laniatores, and Palpatores, the 

latter split into two tribes, the Eupnoi and Dyspnoi. The globally distributed Cyphophthalmi, comprising 

six families (see Figure 5.4A for constituent families and summary tree), are small, mite-like creatures 

that retain several probable Opiliones plesiomorphies and defined by the presence of ozophores.  

 

The Eupnoi, defined by extremely long legs and a lack of diaphanous (small and regular) teeth on the 

chelicerae, contains two superfamilies. The typical long-legged harvestmen seen in the Northern 

Hemisphere are a member of this suborder. The Dyspnoi – containing two major lineages – are found 

only in the Northern Hemisphere, and posses diaphanous cheliceral teeth.  

 

The Laniatores, globally distributed, is the most diverse suborder, characterised by the presence of 

single claws on legs one and two, and double on three and four. The work of Šilhavý (1961) suggested 

raising the Eupnoi and Dyspnoi to subordinal rank, a proposal eventually accepted; this is the current 

state seen in modern Opiliones systematics literature.  
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Figure 5.3 – Different topologies for the phylogenetic relationships of the extant chelicerates. Shultz (2007), the origin of the Stomothecata 

concept, additionally has fossil data. The recovery of Dromopoda in Shultz (1990), Wheeler and Hayashi (1998) and Giribet et al. (2002) is of 
note. After Shultz (2007). 
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Figure 5.4 – A. A summary of harvestman relationships, this tree based on 
Giribet et al. (2002), showing a monophyletic Phalangida, but paraphyletic 

Palpatores / the Dyspnoilaniatores topology, with constituent families. From 
Giribet and Kury (2007). B. Possible relationships of the four constituent 

suborders of the Opiliones – left, showing the Palpatores, and right showing the 
Dyspnoilaniatores. After Giribet and Wheeler (1999). 

The relationships between these suborders 

is widely debated, however. Martens (1980) 

presented a new phylogeny based on the 

genitalia, grouping Cyphophthalmi within 

the Palpatores, in the process making 

Palpatores and Dyspnoi paraphyletic (the 

Cyphopalpatores), and while this gained 

some acceptance in the following decade, 

the advent of cladistic methods did not 

support such a scheme, and rendered this 

view obsolete. Rather, cladistic studies 

universally place the Cyphophthalmi as 

sister group to the other harvestmen 

suborders, the Phalangida (Shultz 1998; 

Giribet et al. 1999, 2002; Shultz and Regier 

2001). While all of these studies resolved a 

monophyletic Phalangida, comprising 

Eupnoi, Dyspnoi and Laniatores, the 

Palpatores are not universally resolved 

(Figure 5.4B). Rather, the work of Giribet et 

al. (1999; 2002; 2009; Giribet and Wheeler 

1999) resolves Dyspnoi as sister group to 

the Laniatores (=Dyspnolaniotores), while 

Shultz (1998; Shultz and Regier 2001) 

supports a monophyletic Palpatores. 

 

5.3 Methods  

 

Two fossils from Montceau Les Mines, MNHN 079398 and MNHN 076167 were selected. Both are 

hosted within small siderite nodules, MNHN 079398 is void, while MNHN 076167 appears to be infilled 

with kaolinite – only the posteriormost opisthosomal spines and a cross-section of the fossil are visible in 

the cracks splitting the nodule. Both were scanned at the NHM, with a current / voltage of 190µA / 

180kV, an unfiltered tungsten reflection target, and 3142 projections, giving a resolution of 26.5µm 

(MNHN 079398) and 14.2µm (MNHN 076167). Cladistic analyses were performed by Gonzalo Giribet 

using a morphological matrix based on that of Giribet et al. (2002). The character discussions and 

analytical methods are included as Appendix II. 

 

  



123 
 

5.4 Systematic palaeontology  

 

Order Opiliones Sundevall, 1833 

Suborder Dyspnoi Hansen and Sørensen 1904 

Ameticos scolos gen. et sp. nov. 

 

Etymology. From Greek, ametikos, of harvest, and skolos, thorn.  

 

Holotype. Specimen MNHN-SOT 076167 (Collection Sotty 2, deposited in the Muséum d’histoire 

naturelle d’Autun) belonging to the Muséum national d’Histoire naturelle, Paris.  

 

Locality, horizon and age. Montceau-les-Mines Lagerstätte (Massif Central, France), Assise de 

Montceau, Late Stephanian. 

 

Diagnosis for genus and species. Dyspnoid harvestman with an elliptical body, broad prosoma / 

opisthosoma marked by ridge, and opisthosoma bearing three pairs of prominent spines. Dorsal body 

cuticle ornamented with deep rounded pits.  

 

Description. Large, elliptical body, 9.28 mm in length, prosoma / opisthosoma boundary with 0.49 mm 

thick, rectangular ridge (Figure 5.5A, reconstructed in Figure 5.6). Dorsal surface well resolved, prosoma 

wide, flat and pitted towards the posterior. Pits on average 0.25mm in diameter, preserved from mid-

carapace to posterior prosomal margin, and entire opisthosoma. None on limbs. Subtle medial ridge runs 

from posterior to a small ocularium at anterior margin of carapace, drawn into a small projection. Left 

ventral surface heavily crushed, coxae of walking legs resolved on right (Figure 5.5B,C), increasing in 

length from 1.87 mm (first) to 3.31 mm (fourth). Chelicerae small, three segmented, poorly resolved, total 

length 0.8 mm.  

 

Pedipalps also small, terminal claw not evident, either reduced or absent, podomeres tentatively 

identified as follows: femur 0.91 mm in length with distal apophysis, patella (0.46 mm), tibia (0.47 mm) 

and tarsus (0.47 mm). Most complete walking leg third left; trochanter 1.21 mm long, femur 6.07 mm, 

and bulbous, well built patella 1.38 mm. Femur proximally thin, but becomes bulbous towards the patella, 

longest in second limb despite premature truncation.  

 

Two walking legs (first and third right) truncate between trochanter and femur. Opisthosoma (5.68 mm 

long), bears three pairs prominent spines 2.39 mm in length, resulting dorso-ventral maximum thickness 

5.12 mm. Five tergites resolved (1: 1.21 mm long, 2: 1.15 mm, 3: 1.80mm, 4: 0.89 mm, 5: 0.80 mm), first 

three bearing two spines per somite. Surface strongly ornamented with spherical pits, 0.23 mm in 

diameter. Five sternites visible (fig. 1c, numbered 9-13), first (9) longest, but anterior extent unclear. Next 

four well resolved, decreasing in size posteriorly (Figure 5.5C). 
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Figure 5.5 – Computer reconstructions of Carboniferous Opiliones from the Stephanian Montceau-Les-Mines Lagerstätte, France. A-C. Ameticos scolos gen. et sp. nov. MNHN 076167. A. Dorsal view. B. Lateral view. 
C. Ventral view. D-G. Macrogyion cronos gen. et sp. nov. MNHN 079398. D. Lateral view, walking legs removed and proximal pedipalps outlined. E. Ventral view, walking legs removed. F. Lateral view. G. Chelicerae, 

segments labelled. 9-13 = segments 9-13; ch = chelicerae; ch 2-3 = cheliceral segments 2-3; cx 1-4 = coxae 1-4; fe = femur; mt = metatarsus; oc = ocularium; pa = patella; pp = pedipalps; ri = dorsal ridge; sp 1-3 = 
dorsal spines 1-3; ta = tarsus; ti = tibia; tr = trochanter. Scale bar a-c, 5mm; d-e, 5mm; f, 5mm; g. 0.5mm. 
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Figure 5.6 – Reconstruction of Ameticos scolos gen. et sp. nov. (above) and Macrogyion cronos gen. et sp. nov. (below). Scale bar 5mm. By Jason Dunlop.
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Suborder Eupnoi Hansen and Sørensen, 1904 

Macrogyion cronos gen. et sp. nov. 

 

Etymology. From Greek makros, long + gyion, limb and cronus / kronos, father of Zeus, Hades and 

Poseidon, and god of the harvest.  

 

Holotype. Specimen MNHN-SOT 079398 (Collection Sotty 2, deposited in the Muséum d’histoire 

naturelle d’Autun) belonging to the Muséum national d’Histoire naturelle, Paris. (MNHN 079398). 

Previously figured by Dunlop (1996a). 

 

Locality, horizon and age. Montceau-les-Mines Lagerstätte (Massif Central, France), Assise de 

Montceau, Late Stephanian. 

 

Diagnosis. Eupnoid with mid-prosomal ocularium, palp tibia bearing distal apophysis and a bi-lobed ridge 

on dorsal opisthosoma.  

 

Description. Oval body 6.53 mm in length, prosoma / opisthosoma boundary indistinct (Figure 5.5D, 

reconstructed in Figure 5.6). Third left coxa and opisthosoma partially crushed, cuticle poorly resolved, 

likely thin and leathery in life. Maximum dorso-ventral thickness 5.88 mm. Robust three-segmented 

chelicerae well preserved, between pedipalps (Figure 5.5G); first segment 0.93 mm in length, second 

1.78 mm, and distal segment 0.62 mm forming the chela. Gracile pedipalps well preserved, held aloft 

and in front of the prosoma. Terminal apotelic claw. Podomere (lengths) are tarsus (2.59 mm), tibia (1.09 

mm) with distal apophysis, patella (0.83 mm), femur (1.73 mm), trochanter (1.02 mm), and coxa (0.52 

mm). Walking legs elongate (Figure 5.5F), first left preserved in its entirety – coxa, trochanter (0.95 mm 

in length) and femur (1.77 mm) orientated dorsally. Limb bends to a sub-horizontal patella (2.17 mm 

long), followed by ventrally orientated tibia (7.07 mm), and metatarsus (14.46 mm). Curved, highly 

annulated tarsus (10.65 mm in length), tarsomeres poorly resolved. Third left walking leg ventrally 

orientated from trochanter, preserving a small portion of a disarticulated coxa, trochanter (0.81 mm long), 

femur (14.57 mm), patella (2.34 mm), and tibia (6.93 mm). Truncated mid-metatarsus. All other limbs 

directed dorsally and truncated to top of femur, with exception of first right truncated post-patella. 

Prosoma slightly distorted, 3.22mm wide, with mid-prosomal medial ocularium, triangular in section, eyes 

and ozopores not resolved. Coxae well preserved (Figure 5.5E), increasing in size posteriorly from 2.00 

mm (coxa 1) to 2.35 (coxa 4). Intercoxal region marked by medial groove but poorly resolved; expected, 

as sternum usually indistinct in the Opiliones. Opisthosoma (4.86 mm) smooth, dorsal segments fused 

prior to three visible at posterior. Anterior dorsal opisthosoma bears a small bi-lobed ridge. Ventral 

opisthosoma with five clear sternites (Figure 5.5E, numbered 9-13), anteriormost significantly longer 

(0.96mm) than those that follow (0.6 – 0.7 mm).  



127 
 

5.5 Discussion  

5.5.1 Systematics, phylogeny and evolution 

 

These fossils preserve remarkably high levels of structural detail, and are revealed in their entirety with 

the aid of XMT, allowing more accurate idealised reconstructions (Figure 5.6). Despite the excellent 

preservation in the Rhynie Chert fossils, these require study through the creation of slides, and this 

results in a fragmentary nature – only thin slices of the fossil tend to survive (Dunlop et al. 2004). This 

hinders cladistic analysis; owing to large amounts of missing data, the technique cannot place the fossil 

specimens. There are no such problems with Ameticos scolos and Macrogyion cronos, however, which 

are the most complete and thus arguably best preserved Palaeozoic Opiliones described to date, 

allowing the first cladistic analysis of pre-Amber fossils. The resulting cladogram is shown in Figure 5.7, 

derived from a combined analysis of morphological and molecular data. This places Ameticos within the 

Dyspnoi, and Macrogyion within the Eupnoi. The presence of a probable eupnoid in the Devonian 

Rhynie fauna has previously been inferred on the basis of preserved genital morphology (Dunlop et al. 

2004), but the confirmation of a Carboniferous eupnoid using a much broader set of characters adds 

weight to suggestions that this is an ancient suborder.  

 

Ameticos is the earliest unequivocal dyspnoid; contemporaneous taxa have only tentatively been 

assigned to the clade (Thevenin 1901, Dunlop 2004b) on the basis of gross morphology, or may even be 

misinterpreted eupnoids (such as the previously described Nemastomoididae taxa; Petrunkevitch 1953; 

Dunlop 2007). The earliest hitherto unquestionable dyspnoid is Late Cretaceous in age (Giribet and 

Dunlop 2005), thus Ameticos pushes the group's earliest appearance back significantly. These new 

fossils largely corroborate recent molecular work (Giribet et al. 2010) which postulates an Early 

Devonian origin for both the Dyspnoi and Eupnoi, and offer new, robust calibration points for future 

studies of this nature. The presence of two extant harvestman suborders during the Late Carboniferous 

– a time when arachnids such as spiders and scorpions are largely known only from their most basal 

lineages or from their stem forms (Dunlop 2010a) – provides compelling evidence for early Palaeozoic 

cladogenesis in the Opiliones. 

 

This work can also inform speculation regarding harvestman evolution. Ameticos bears a striking 

resemblance in all aspects of its morphology to certain living Dyspnoi; most notably ischyropsalidids of 

the genus Acuclavella (Shear 1986, Figure 5.7), while its limb shape / proportions are also comparable 

to those found in the Paranemastoma. Macrogyion, is similarly comparable to modern eupnoids in the 

Phalangiidae and Sclerosomatidae, even down to fine details such as the limb podomere proportions, 

body shape / size, and the anterior appendages (Figure 5.7). Further, the body of the fossil is partly 

crushed and less well preserved than the limbs which implies soft and leathery cuticle; another typically 

Eupnoid trait. Thus, despite their antiquity, both Montceau harvestmen are essentially modern in 

appearance. Both are members of different suborders, and provide excellent examples of evolutionary 

stasis. They represent essentially modern body plans that were established by the Late Carboniferous, 
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and which have remained largely unchanged in the 305 million years since. These species further 

highlight the Opiliones' old age and morphological stasis, which, together with their low vagility, have 

contributed to establishing this group of arachnids as an excellent model for studying biogeographical 

patterns and evolutionary processes (Giribet and Kury 2007). 

5.5.2 Mode of life 

 

The deep pits and associated heavy surface ornamentation in Ameticos suggests the species possessed 

a heavily sclerotized, strong cuticle, typical of extant ground (rather than canopy) dwelling harvestmen. 

Ameticos displays a remarkable similarity in morphology to the modern ischyropsalidid Acuclavella 

cosmetoides. This species lives at the margins of small perennial water features such as seeps, springs, 

and headwater streams, in moist, woody debris (C. Richart, pers. comm.), and its spines may provide 

defence against amphibian predators. Thus we can speculate that Ameticos inhabited such regions in 

the moist, detritus-rich Carboniferous Coal Forests, and the spines – also seen in the Palaeozoic 

Echinopustulus samuelnelsoni (Dunlop 2004b) – are a defensive adaptation against early tetrapod 

predators. Spines as a defence against predation – while effective against any vertebrate predator – 

would have been especially effective in early tetrapods, which were likely inertial feeders with little 

mastication of their food prior to intraoral transport (Reilly and Lauder 1990). The fossil displays no 

adaptations to digging such as a flattened body, or modifications of the carapace and anterior 

appendages. Furthermore we can infer behavioural similarities; using femoral length as a proxy for leg 

length, Ameticos would have had elongate second walking limbs, serving a tactile and sensorial function, 

as with Acuclavella (and a number of other modern harvestmen). Five of the walking legs truncate 

towards the edge of the nodule; a taphonomic effect. The first and third right walking legs break between 

trochanter and femur, however; this is the point at which modern Opiliones that practice appendotomy 

possess a line of weakness allowing detachment of the limbs (Gnaspini and Hara 2007). The second 

right walking leg truncates at the proximal femur, suggesting general damage to the limbs prior to burial. 

It is thus possible this species practiced autospasy, and post-mortem damage could have exploited the 

line of weakness associated with this behaviour.  

 

As outlined previously, the crushed body, but well resolved limbs of Macrogyion suggest a poorly 

sclerotized, leathery cuticle on the body; not ideal for the ground dwelling existence posited for Ameticos. 

The single complete leg has a large number of tarsal segments, allowing a smooth curve at the limb's 

termination. While individual tarsomeres could not be resolved, this suggests a large number of 

pseudosegments, a possible adaptation towards life in vegetation which facilitates grip on plant stems 

through the formation of coils at the end of the legs (Curtis and Machado 2007). This prehensile ability is 

most notable in long legged phalangioids which can wrap their tarsi two to three times around stems or 

twigs (Kästner 1968). Highly-elongate limbs in many members of the Eupnoi are also indicative of life 

above ground-level (Curtis and Machado 2007; Sharma and Giribet 2009); I thus infer a vegetation-

dwelling or possibly arboreal ecology for Macrogyion.  
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6 Scorpiones 

"Only two things are infinite, the universe and human stupidity, and I'm not sure about the former."  
Albert Einstein 

6.1 Introduction  

 

Scorpions are a diverse order of arachnids with over 1,340 described extant species, of an estimated 

4,000 in total (Coddington et al. 2004, see also Fet et al. 2000 for an extensive overview). Fossil 

representatives are found in Silurian marine deposits (Pocock 1901; Kjellesvig-Waering 1966), making 

them the oldest unequivocally known arachnids (Dunlop 2010a). The group's fossil record comprises 

114 species, derived from 127 published names (Dunlop, Penney, and Jekel 2010), and after these first 

examples, the scorpions increase in apparent diversity, to a peak in the Carboniferous (Dunlop et al. 

2008). There are then a limited number of fossil taxa known from the Mesozoic and Cenozoic Eras.  

 

While the Carboniferous Coal Measures represent apparent peak diversity of these fossil lineages, the 

extent to which this observation reflects genuine diversity is unclear (Dunlop, Brauckmann, and Steur 

2008). Bias arising from the taxonomic practices of certain workers, e.g. Kjellesvig-Waering (1986) may 

contribute to this peak; some taxa appear to be of questionable validity, raised for incomplete specimens 

and / or taphonomically altered material (also, identifying moults in fossil material is difficult; McCoy and 

Brandt 2009). Sampling bias resulting from the myriad Coal Measure Lagerstätten, which are often 

scorpion-rich (Legg 2009), may also exist. As a result of these factors – coupled with a mosaic of 

morphological characters which defy any obvious “natural” grouping of Palaeozoic taxa – the phylogeny 

and systematics of fossil scorpions is chaotic. 

 

The most comprehensive review of the last three decades, Kjellesvig-Waering's (1986) posthumous 

monograph, has been criticised for its "cumbersome and top-heavy" classification (Dunlop 2010a), "in 

which numerous species were raised to monotypic genera and families based on reciprocal differences 

rather than explicit or convincing apomorphies" (Dunlop, Brauckmann, and Steur 2008). Such criticisms 

have led most workers to adopt the unpublished classification of Stockwell (1989; see also Lourenço and 

Gall 2004), rather than that of Kjellesvig-Waering (1986) – for example, Selden (1993b) and Jeram 

(1994a; 1994b; 1998).  

 

The Palaeozoic taxa are, however, key to our understanding of arachnid phylogeny and the ecology of 

the arachnid stem group, in particular, whether this was aquatic. A scorpion terrestrialisation event 

separate to that of the other arachnids has traditionally been posited (Purcell 1909; Selden and Jeram 

1989; Dunlop and Webster 1999), with the earliest scorpions being aquatic. Scholtz and Kamenz (2006) 

challenged the traditional account, however, using the micro-anatomy of book lungs to infer homology of 

the breathing apparatus across the arachnids and thus a single terrestrialisation event. This is a debate 

of considerable significance, and any efforts to better understand Palaeozoic scorpion phylogeny and 
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palaeoecology would thus be valuable. Further, a level of rationalisation would greatly help clarify the 

systematics of this early assemblage of important chelicerates.  

 

In this chapter, XMT is used in to reinvestigate two specimens of a single fossil scorpion species, and 

coupled with restudy of the hand specimens, revise the taxonomy of a number of Carboniferous species. 

The increased detail provided by XMT has allowed better insight into the palaeoecology of the species 

scanned. This chapter comprises a literature review, followed by a systematic palaeontology including 

the results (figures and descriptions of scanned taxa) and then a discussion outlining the likely 

palaeoecology of the species based upon its functional morphology.  

 

Note: This chapter is based upon collaborative work with David Legg (PhD student, Imperial College). 

DL wrote the first draft of the descriptions, the taxonomic revisions, and expanded the palaeoecological 

implications, in addition to hand specimen work. RG conducted the scans and created the XMT 

reconstructions, added morphometrics to and expanded the descriptions, wrote the literature review, 

methods, and the first draft of the functional morphology and palaeoecological implications.  

6.2 Literature review  

6.2.1 Overview of previous work 

 

Corda (1835) was the first worker to describe a Palaeozoic scorpion, naming the species – from the 

Upper Carboniferous of Bohemia – Cyclophthalmus senior. Following this, sporadic descriptions were 

published, including further work by Corda (1839), new Carboniferous (Peach 1883) and Silurian (Hunter 

1886) examples from Scotland, another Bohemian species (Kušta 1885) and one of the best known 

Silurian examples, Proscorpius osborni (Whitfield 1885a; 1885b). Meek and Worthen (1868) also made 

significant contributions, while some problematic taxa described during this early period, have since 

(tentatively and dubiously) been identified as scorpions, e.g. Præarcturus gigas (Woodward 1871b). 

Most of these workers placed the newly described species in novel, monotypic groups or did not assign 

the scorpions to higher taxon.  

 

The first attempt at a taxonomy for fossil scorpions was the publication of Thorell and Lindström (1885), 

who created two suborders on the basis of tarsal morphology (Apoxypodes and Dionychopodes), a 

classification which was largely accepted in subsequent works (Frič 1904, Petrunkevitch 1913). 

Kraepelin (1905), Pocock (1911) and Petrunkevitch (1949) offered their own schemes (see Systematics 

and Phylogeny), none universally accepted, another reason for the lack of a coherent phylogeny in 

modern work. During this period, Petrunkevitch (1913; 1949; 1953) and Wills (1910; 1959; 1960) 

conducted further extensive work raising new species, usually from museum material.  

 

This cumbersome taxonomic situation was worsened by the publication of the posthumous monograph 

of Kjellesvig-Waering (1986); while the work contains nearly all fossil scorpions known at the time – 

including 34 new species, and 32 new genera, 34 new families, and 13 new superfamilies – it has been 
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heavily criticised and rarely used, except for want of a better alternative (see comments in Fet et al. 

2000; Lourenço and Gall 2004). 

 

The first attempt to use cladistics was that of Stockwell (1989), however this scheme was largely aimed 

at elucidating the relationships between living clades, and fossils were often considered incertae sedis. 

Nevertheless this gained some currency and in recent works has been one of the more widely used 

schemes. The most recent effort was that of Jeram (1998) which expanded upon this scheme, and 

synonymised a number of Kjellesvig-Waering's families. A low number of taxa, the focus on Silurian and 

Devonian fossils, and choice of outgroup in the form of the Devonian scorpion, Palaeoscorpius 

devonicus Lehmann, 1944 in this analysis have limited its applicability, especially to the more common 

Carboniferous forms.  

6.2.2 Morphology 

 

The anatomical terminology throughout largely follows that of Stahnke (1970), other than the walking leg 

nomenclature, which follows Couzijn (1976). Anterior, median and posterior regions of the prosomal 

carapace are referred to as the propeltidium, mesopeltidium and metapeltidium, respectively, in an 

attempt to standardise terminology between different arachnid orders (e.g. Shultz 2007).  

 

Scorpions are chelicerates with a body clearly divided into three regions (Figure 6.1), the prosoma, 

mesosoma and metasoma (Brusca and Brusca 2003). The prosomal segments are fused, and dorsally 

covered by a shield-like carapace, with median and lateral eyes. The prosoma comprises seven visible 

postoral somites (3-9). The first bears three-segmented chelicerae, modified for feeding and grooming. 

Somite 4 bears pedipalps, which comprise six segments, have a chelate termination, and are modified 

for prey immobilization, defence, and sensory perception. These consist of, from proximally to distally, a 

coxa, trochanter, femur, patella, manus (=tibia in some literature), and the tarsus, or free finger, these 

last two forming the chela (Figure 6.1A). Often these segments possess raised, linear structures known 

as keels or carinae (Stahnke 1970).  

 

Further, the presence of sensory projections is common; most notably trichobothria. These are long, thin 

setae that can sense very slight air vibrations. Each is attached to the cuticle in a cup-shaped areola 

(=trichobothrial pit / bothrium) that is not completely filled by the base of the seta. These are found only 

on the femur, patella, and tibia of the pedipalps, and their distribution and arrangement is variable 

amongst scorpion families, although generally conservative within them, and as such they are widely 

used as a taxonomic character (Soleglad and Fet 2001; but see criticisms in Prendini and Wheeler 

2005). 

 

Also in this region are the four pairs of legs (representing appendages of somites 5-8), which, from 

proximal to distal, comprise a coxa, trochanter, femur, patella, tibia, basitarsus and finally the telotarsus 

bearing an apotele with lateral claws (ungues) and dactyl (median claw). 
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Figure 6.1 – The morphology of an extant scorpion, this example being Buthus martensi. A. Dorsal view. B. Ventral view. C. Schematic showing 

labels of different body regions, and segment number in red. After Brusca and Brusca (2003). 

 

When reading historical literature a wide variety of nomenclature has been applied to scorpion leg 

segments, as shown in the table below, from Polis (1990): 
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Projections (coxapophyses) from the anterior two coxae close the preoral cavity ventrally, forming the 

stomotheca – or preoral feeding apparatus. Between coxae 3 and 4 is a sternum which can be very 

varied in shape (Soleglad and Fet 2003, Figure 6.1B), and as a result has traditionally been considered 

important taxonomically and assumed to be pentagonal plesiomorphically (Dunlop, Tetlie, and Prendini 

2008). The opisthosoma is elongate, segmented, and divided into a broad anterior mesosoma and a 

narrow tail-like metasoma (Figure 6.1C) of seven (10-16) and five segments (17-21), respectively (Polis 

1990). The seventh mesosomal segment narrows posteriorly to its junction with the first metasomal 

element. Each somite possesses a dorsal tergite, and ventral sternite on mesosomal segments 3 to 7 

(somites 12-16). This is because the first mesosomal segment bears paired genital opercula covering 

the gonopore, and the second bears the pectines; comb-like sensory structures unique to scorpions. The 

sternites all have openings to the book lungs (Farley 2005); spiracles, or – more biblically – stigmata, 

which can be slit like, elliptical, oval, or circular. The exception to this is the final mesosomal segment, 

which bears no external structures. The metasoma terminates with a spinous telson (spine = aculeus, 

bulbous portion = vesicle) with a poison gland, allowing stinging (Yigit, Bayram, and Danisman 2007) – 

the principle means of prey immobilisation in these terrestrial predators (Williams 1987). Extensive work 

has been conducted concerning the neurotoxins involved (Rodríguez and Schwartz 2010). The telson is 

not considered a true segment. Even the true metasomal segments are simple body rings, i.e. there is 

no clear division into dorsal and ventral plates. They become longer distally, and typically bear keels, 

setae, and bristles, often of taxonomic importance. Fossil scorpions can differ from the described 

morphology – which is based on extant taxa – in a number of ways. Silurian examples possess six or 

seven sternites, rather than the five of modern forms (Figure 6.2; Dunlop, Tetlie and Prendini 2008). 

They have median eyes near the anterior margin of the carapace and compound lateral eyes, lack 

marginal ornament on the abdominal plates, spiracles, and stomotheca (rather possessing mobilized or 

even gnathobasic coxae), and early Palaeozoic forms tend to have larger chelicerae (Jeram 1998). 

 

 
Figure 6.2 -An example of a Palaeozoic scorpion, Proscorpius osborni from the Late Silurian of New York. A. Dorsal view, note the large 

chelicerae and lateral compound eyes typical of early scorpions. B Ventral view, plesiomorphic characters including a lack of spiracles and no 
coxapophyses. From Dunlop, Tetlie and Prendini (2008). 
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6.2.3 Systematics and phylogeny 

 

As noted previously, a number of schemes for scorpion systematics / phylogeny have been posited over 

the last century. Even that of extant scorpions is unsettled, being described in a recent publication as 

'taxonomic anarchy' (Prendini and Wheeler 2005). An brief outline of the taxonomic history behind this 

anarchy is given below, followed by an attempt to clarify the current situation. Finally the sister-group to 

the Scorpiones as a whole is considered.  

 

Thorell and Lindström (1885) split the scorpions into two orders, Apoxypodes with a tarsus terminating in 

a single spine, and Dionychopodes, with two. Kraepelin (1905) modified this, deriving the extant family 

Buthidae from Carboniferous Apoxypodes, rejecting Dionychopodes and placing all other taxa in 

Anthracoscorpii, rendering extant (orthostern) scorpions paraphyletic. This was largely ignored, and 

Pocock's (1911) scheme was based on the morphology of abdominal plates; the Lobosterni possessing 

bilobed sternites, and the Orthosterni for those resembling modern forms. This was changed by 

Petrunkevitch (1949) to two suborders Protoscorpiones and Euscorpiones similar to the scheme of 

Thorell and Lindström (1885), but rather than tarsal morphology, he based taxa on the number of pre-

abdominal segments.  

 

 
Figure 6.3 – A possible phylogeny for fossil scorpions from Dunlop, Kamenz, and Scholtz (2007), comprising work from both Stockwell (1989) 

and Jeram (1994a; 1994b). While this will undoubtedly change it shows the current best approximation of fossil scorpion systematics. 

The scheme proposed by Kjellesvig-Waering (1986) was based largely on the nature of the 

opisthosomal (abdominal) plates, and divided the scorpions into two suborders: Branchiscorpionina (all 

aquatic) and Neoscorpionina Thorell and Lindström (1885) which were unequivocally terrestrial. The 

branchioscorpions were split into a plethora of infraorders, superfamilies and (frequently monotypic) 

families, giving the unwieldy classification no cladistic resolution. Stockwell (1989) – currently the most 

widely accepted scheme for fossil scorpion phylogeny – split the order into three major fossil lineages: 
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pro- and / or palaeoscorpions, mesoscorpions and neoscorpions, the latter split into the Carboniferous 

Palaeosterni, sister group to the most derived Orthosterni, including the crown group. 

 

In this scheme, pro / palaeoscorpions (Silurian – Carboniferous) comprise the most basal assemblage, 

their plesiomorphic characters including coxae arranged around the sternum and compound lateral eyes. 

Mesoscorpions (Devonian -Triassic) possess a stomotheca and include the first unequivocal evidence 

terrestrial respiration in the form of book lungs (Jeram 1990), but plesiomorphically possess compound 

lateral eyes, reduced in Neoscorpions (Carboniferous – Recent) to discrete lenses. Orthosterns possess 

spiracles situated within the sternite rather than marginally as in earlier taxa, and can be dated back to 

the Carboniferous of Mazon Creek (Vogel and Durden 1966). Additionally, in crown group scorpions the 

median eyes tend to be placed towards the middle or back of the carapace, and the pre-telson segment 

is notably longer than the other metasomal segments. While this is the closest to an accepted 

phylogeny, the Stockwell (1989) taxa are largely defined by plesiomorphies, and could thus eventually 

prove paraphyletic.  

 

It is clear from this account that at no point has a generally agreed stable classification of the Palaeozoic 

scorpions existed. Rather subsequent workers have created fundamental revisions of previous schemes 

often emphasizing the significance of particular characters over others, e.g. the shape of the abdominal 

plates, coxosternal characters, or tarsus. They were thus largely dependent on the author's decision as 

to the most important characters. Further taxonomic work is required to remedy the disorder of fossil 

scorpion phylogeny and systematics. The biggest issue is a lack of formal revision of Kjellesvig-

Waering’s (1986) taxonomy, leaving this as the only nomenclaturally correct option, and despite some 

recent work (e.g. Jeram 1994a; 1994b; 1998) further studies are required to resolve relationships of 

fossil taxa in detail.  

 

A similar uncertainty exists regarding the affinities of the Scorpiones, largely due to conflicts between 

palaeontological and neontological paradigms. Palaeontologists have traditionally treated scorpions as 

sister group to all other arachnids (Pocock 1893; Lankester 1905; Dunlop and Selden 1998; Weygoldt 

1998), key synapomorphies (shared with other arachnids) being adaptations for terrestriality, such as 

book lungs housed in an internal chamber for respiration in air, loss of compound eyes (although note 

this character is present in primitive scorpions) and a preoral chamber for extraintestinal digestion (Polis 

1990). The alternative traditionally palaeontological view has placed the scorpions as a sister-taxon to 

the eurypterids (Laurie 1893; Braddy et al. 1999; Dunlop and Webster 1999; Dunlop and Braddy 2001). 

It is true that some eurypterid families – e.g. Mixopteridae and Carcinosomatidae – bear a striking 

resemblance to scorpions, including apparent homologies in segmentation and appendages, a prosoma 

bearing carapace, a 'metasoma' of five segments, in some eurypterids even bearing a sting-like telson, 

and compound lateral eyes. However, Eurypterids do not possess pectines, chelate pedipalps, or poison 

glands in the telson, and this relationship would render the Arachnida paraphyletic. It is not supported by 

cladistic analysis (Giribet et al. 2002; Shultz 1990, 2007), or the observation that the most scorpion-like 

eurypterids are placed at a derived position within Eurypterida (Tetlie 2007). In contrast, neontologists 
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tend to view scorpions as more derived arachnids. One widely published hypothesis is that of the 

Dromopoda clade (Scorpiones + Opiliones + Pseudoscorpiones + Solifugae, Shultz 1990; Wheeler and 

Hayashi 1998; see also more extensive discussion in chapter 5). A more recent suggestion, supported 

by numerous cladistic analyses, places the scorpions as sister group to Opiliones (Edgecombe et al. 

2000; Shultz 2007), in the clade Stomothecata, defined by the presence of a stomotheca and elements 

of mouthpart musculature. This is largely unsupported by fossil data, which shows Palaeozoic scorpions 

lacked this coxosternal arrangement, and suggest it is a homoplastic feature in the scorpions and 

harvestmen, perhaps associated with terrestrial adaptations for feeding (Dunlop, Tetlie, and Prendini 

2008). It is clear that an understanding of the scorpion fossil record can help us better constrain these 

relationships. 

6.3 Method and materials  

 

The majority of Carboniferous scorpion species were scanned, and two specimens of Compsoscorpius 

buthiformis from the NHM (NHM I. 5862 and I. 7883) were selected for further work as the best 

preserved examples. Both are from Coseley, probably from the 10 Foot Ironstone measures, and are 

voids within siderite nodules with partial kaolinite infill. I. 7883 contains small amounts of pyrite infill on 

the limbs. I. 5862 was scanned at 190kV and 160µA with no filter and an exposure of 0.25 seconds, I. 

7883 at 215kV and 180µA with a 1.5mm copper filter and 0.25 second exposure. Both used a tungsten 

reflection target and 3142 projections. The 2000x2000 detector provided voxel sizes of 20 µm (I. 7883) 

and 14 µm (I. 5862). Reconstructed tomogram stacks were used to create interactive three-dimensional 

models as previously described, however for I. 7883 a complex threshold was used to pick out both the 

light pyrite and the dark void. Images were raytraced in Blender; some portions of the morphology were 

incompletely preserved but could be inferred and were thus rendered as translucent. Additionally, 

numerous specimens from the Coseley and Sparth Bottoms Lagerstätten were examined by DL and 

camera lucida drawings produced, using a Nikon binocular microscope with a drawing tube attached.  

6.4 Systematic palaeontology  

 

Due to the problems with the higher systematics of fossil scorpions outlined in the literature review, 

pending revision of Kjellesvig-Waering (1986), Compsoscorpius Petrunkevitch 1949 has not been 

assigned to any particular higher taxon. Jeram (1994b) assigned it to the infraorder Orthosterni Pocock, 

1911, and specifically the family Palaeopisthacanthidae Kjellesvig-Waering, 1986. Jeram (1994b, text-

fig. 1) resolved this family as paraphyletic and thus Palaeopisthacanthidae is not used here.  

 

Order Scorpiones Koch 1850 

Incertae familiae 

Genus Compsoscorpius Petrunkevitch, 1949 

   

1949 Lichnoscorpius Petrunkevitch, p. 148. syn. nov. 

1949 Compsoscorpius Petrunkevitch, p. 149.  
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1953 Buthiscorpius Petrunkevitch, p. 32. syn. nov. 

1986 Allobuthus Kjellesvig-Waering, p. 65. syn. nov. 

1986 Allobuthiscorpius Kjellesvig-Waering, p. 105. syn. nov. 

1986 Coseleyscorpio Kjellesvig-Waering, p. 113. syn. nov. 

1986 Leioscorpio Kjellesvig-Waering, p. 209. syn. nov. 

1986 Pseudobuthiscorpius Kjellesvig-Waering, p. 219. syn. nov. 

 

Type species. Compsoscorpius elegans Petrunkevitch, 1949, by original designation; treated here as a 

junior synonym of C. buthiformis (Pocock 1911) which is the only species now recognised in the genus. 

 

Diagnosis. Carapace with rounded anterior margin; medial eye node located intramarginally; sternum 

subpentagonal with deep postero-medial sulcus; first pair of coxapophyses subtriangular, second pair of 

coxapophyses slender and rod shaped; walking legs with superior and inferior keel; genital opercula 

lacrimiform; mesosomal tergites tuberculate with anterior transverse process, lateral margins of 

mesosomal tergites I-V rounded; sixth mesosomal tergite with posterolateral carinae; metasoma 

segments with prominent dorsal carinae, ending in spine-like projections; fifth metasomal segment more 

than twice as long as fourth. 

 

Compsoscorpius buthiformis (Pocock, 1911) comb. nov. 

 

1911 Anthracoscorpio buthiformis Pocock, p. 24-28, fig. 6-8, Pl. 1, fig. 2, 2a, Pl. 2, fig. 1. 

1913 Eoscorpius buthiformis (Pocock); Petrunkevitch, p. 35. 

1949 Typhlopisthacanthus anglicus Petrunkevitch, p. 145, fig. 143, 182.  

1949 Lichnoscorpius minutus Petrunkevitch, p. 148-149, fig. 144, 145, 181. syn. nov. 

1949 Compsoscorpius elegans Petrunkevitch, p. 149-150, fig. 152-154, 183-185. syn. nov. 

1949 Compsoscorpius elongatus Petrunkevitch, pp. 150-151, fig. 147-150, 186-188. syn. nov. 

1949 Eoscorpius buthiformis (Pocock); Petrunkevitch, p. 153. 

1953 Anthracoscorpio miniutus (Petrunkevitch) Petrunkevitch, p. 30-31. syn. nov. 

1953 Buthiscorpius buthiformis (Pocock); Petrunkevitch, p. 32, figs. 34, 45. syn. nov. 

1953 Compsoscorpius elegans Petrunkevitch; Petrunkevitch, p. 32-33.  

1953 Compsoscorpius elongatus Petrunkevitch; Petrunkevitch, p. 33.  

1953 Typhlopisthacanthus anglicus Petrunkevitch; Petrunkevitch, p. 34.  

1955 Buthiscorpius buthiformis (Pocock); Petrunkevitch, p. P74, fig. 43(3). 

1955 Compsoscorpius elegans Petrunkevitch; Petrunkevitch, p. 75, fig. 44(1). 

1960 Buthiscorpius buthiformis (Pocock), Wills, p. 277-290, pl. 46-48, text-fig. 1-9. 

1960 Buthiscorpius major Wills, p. 300-305, pl. 51, fig. 1-3, p. 52, text-fig. 14-16. syn. nov. 

1962 Compsoscorpius elegans Petrunkevitch; Dubinin, p. 431, fig. 1235, 1253. 

1962 Anthracoscorpio miniatus (Petrunkevitch); Dubinin, p. 431, fig. 1249. 

1985 Buthiscorpius major (Wills); Selden, p. 6. 

1985 Lichnoscorpius miniatus Petrunkevitch; Selden, p. 6. 
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1986 Buthiscorpius buthiformis (Pocock); Kjellesvig-Waering, p. 102-103, text-fig. 40, 110F 

1986 Allobuthiscorpius major (Wills); Kjellesvig-Waering, p. 105-106. syn. nov. 

1986 Lichnoscorpius miniatus Petrunkevitch; Kjellesvig-Waering, p. 110-112, text-fig. 45. 

1986 Allobuthus macrostethus Kjellesvig-Waering, p. 112-113, text-fig. 110C, 113B4. syn. nov. 

1986 Coseleyscorpio lanceolatus Kjellesvig-Waering, p. 113. syn. nov. 

1986 Leioscorpio pseudobuthiformis Kjellesvig-Waering, p. 209-210, text-fig. 92. syn. nov. 

1986 Pseudobuthiscorpius labiosus Kjellesvig-Waering, p. 219-220, text-fig. 97, 112J. syn. nov. 

1986 Compsoscorpius elegans Petrunkevitch; Kjellesvig-Waering, p. 236-239, text-figs. 105-107. 

1993b Allobuthiscorpius major (Wills); Selden, p. 303.  

1994b Compsoscorpius elegans Petrunkevitch; Jeram, p. 530-536, text-figs. 3, 4A-C, E-G, 5A-J; Pls. 1; 

2, figs. 1-7, 10-13; 3, figs. 1-10; 6, figs. 4,7; 7, figs. 1-5. 

2000 Compsoscorpius elegans Petrunkevitch; Fet, p. 424. 

2000 Allobuthiscorpius major (Wills); Fet, p. 559. 

2000 Allobuthus macrostethus Kjellesvig-Waering, Fet, p. 560.  

2000 Coseleyscorpio lanceolatus Kjellesvig-Waering, Fet, p. 561.  

2000 Lichnoscorpius miniatus Petrunkevitch; Fet, p. 562.  

2000 Buthiscorpius buthiformis (Pocock); Fet, p. 562. 

2000 Leioscorpio pseudobuthiformis Kjellesvig-Waering; Fet, p. 586. 

2000 Pseudobuthiscorpius labiosus Kjellesvig-Waering; Fet, p. 589.  

 

Holotype. NHM In. 18596, by original designation. 

 

Type locality and horizon. Carboniferous (Langsettian), Carbonicola communis beds, Middle British Coal 

Measures, Sparth Bottoms, Rochdale, Lancashire, England, UK. 

 

Additional material. NHM I. 7883 (holotype of Compsoscorpius elegans), I. 5862 (holotype of 

Compsoscorpius elongatus), In. 31261 (holotype of Typhlopisthacanthus anglicus), I. 1555 (holotype of 

Pseudobuthiscorpius labiosus), In. 22832 (holotype of Leioscorpio pseudobuthiformis), In. 31262 

(holotype of Coseleyscorpio lanceolatus), In. 31266 (holotype of Lichnoscorpius minutus); BU 720 

(holotype of Allobuthus macrostethus); and BGS Za 2926 (holotype of Allobuthiscorpius major). All 

specimens are from the Upper Carboniferous, Upper Coal Measures (Modiolaris similis – pulcha zone), 

near Coseley, Staffordshire, England, UK; except BGS Za 2926 which is from the Kilburn Coal, Trowell 

Colliery, Nottinghamshire, England, UK. 

 

Figure 6.4 (next page) – Digital visualisations of Compsoscorpius buthiformis. NMH I 7883: A. Detailed view of carapace and chelicerae. B. 
Entire specimen in dorsal view. C. Lateral view of left pedipalp. NHM I 5862: D. Detail of pedipalp chela. E. Detailed view of a walking leg, 
approximated regions rendered transparent. F. Detailed view of the metasoma. G. Lateral view of prosoma. H. Ventral view of prosoma. I. 

Dorsal view. J. Right lateral view. K. Ventral view. L. Left lateral view. Scale bars: A,G,H – 2 mm, B – 5 mm, C – 3 mm, D,E,H – 1 mm, I,J,K,L – 
8 mm. bt = basitarsus; ch = chelicerae; cp = coxapophysis; cs = carinal spine; cx = coxa; dc = dorsal carinae; fm = femur; fr = free finger; fx = 

fixed finger; le = lateral eye; me = medial eye node; ms = mesosoma; mt = metasoma; pf = pedipalp femur; pm = pedipalp manus; pp = pedipalp 
patella; pr = pedipalp rami; pt = patella; ti = tibia; tr = trochanter; tv = telson vesicle; L1,3 = walking leg 1,3; 1-12 = segment number from first 

mesosomal segment. 
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Diagnosis. As for genus. 

 

Stratigraphical range and distribution. Upper Carboniferous (Langsettian to Duckmantian) of the English 

Midlands, UK. 

 

Description. Scanned specimen of Compsoscorpius buthiformis, NHM I. 7883, nearly complete (Figure 

6.4A-B). Carapace with rounded anterior margin, 6.9mm long and 8.0mm wide. Medial eye node located 

intramarginally, 1.7mm from the anterior margin of the carapace. Demarcations between propeltidium 

and mesopeltidium; and mesopeltidium and metapeltidium present. Posterior margin of mesopeltidium 

contacts posterior margin of the carapace. Mesopeltidium divided by a medial sulcus. Carapace covered 

by numerous small pits, c. 10 µm in diameter. Chelicerae present (Figure 6.4A). Coxa of left chelicerae 

poorly preserved. Chelicera free finger falcate. Both pedipalps preserved (Figure 6.4B,C); coxa, 

trochanter, femur, patella and chela present. Proximal end of pedipalp coxa not preserved. Pedipalp 

trochanter 2.4mm long. Pedipalp femur 6.1mm long and covered by small pits, as is the patella. Patella 

with prominent keel, 5.3mm long and 1.7mm tall at its highest point. Pedipalp manus subtrapezoidal 

(Figure 6.4C), 12.4mm long, including fixed finger, and 3.0mm wide, covered by numerous small pits. 

Chelal rami 8.8mm long and slightly curved; tips are falcate. Dentition could not be observed. Walking 

legs poorly preserved; right walking leg I (?) and III (?) present; and left walking leg I (?) (Figure 6.4B). 

Proximal end of right walking leg I missing. Walking legs are laterally flattened. Walking leg femur 4.9mm 

long, patella 3.5mm long, tibia 2.6mm long, basitarsus 1.6mm long, and telotarsus 2.3mm long (Figure 

6.4E). Mesosoma incompletely preserved (Figure 6.4B); tergite I missing. Mesosomal tergites increase 

in length posteriorly; mesosomal tergite III is 2.8mm long, tergite VII is 5.3mm long. Lateral margins of 

mesosomal tergites are rounded; anterior transverse ridges present. Postero-lateral carinae are present 

on the sixth and seventh tergite, and covered by coarse tubercles. Two metasomal somites present 

(Figure 6.4B). Dorsal carinae present on metasomal somites. Carinae on metasomal somites end in 

prominent spines at the posterior margin of the somite. 

 

Scanned specimen of C. buthiformis, NHM I. 5862, nearly complete (Figure 6.4I-L). Carapace with 

rounded anterior margin (Figure 6.4I), 4.3mm long and 4.1mm wide. Medial eye node located 

intramarginally, 1.7mm from anterior margin of the carapace. Lateral eyes located on the anterolateral 

margin; individual ocelli could not be observed. Demarcations between propeltidium and mesopeltidium; 

and mesopeltidium and metapeltidium present. Mesopeltidium divided by a medial sulcus. Coxae of 

chelicerae present but poorly preserved. Pedipalps incompletely preserved: coxa, trochanter, femur and 

patella missing. Pedipalp chelae present (Figure 6.4D); manus subtrapezoidal, rami slightly curved with 

falcate tips. Pedipalp chela, including fixed finger, 7.3mm long, free finger 3.8mm long. Elongate 

structure on the left anterior may be a walking leg or part of the pedipalp. Left and right walking legs III 

and IV present. Trochanter 1.3mm long, femur 3.8mm long, patella 2.5mm long, tibia 1.8mm long, 

basitarsus 1.7mm long and telotarsus 0.8mm long, although possibly incomplete; podomeres vary little in 

length between walking legs. Superior and inferior keels present on podomeres, particularly on the 

walking leg patella. First pair of walking leg coxae preserved, 1.3mm wide. Rod-like coxapophyses 



142 
 

present (Figure 6.4G,H). Seven mesosomal tergites present; total mesosomal length 12.1mm. Each 

mesosomal tergite possesses an anterior transverse ridge and rounded lateral margins. The sixth tergite 

is the widest at 4.8mm. Postero-lateral carinae are present on the sixth and seventh tergites, which are 

covered by coarse tubercles. All metasomal somites present. Metasomal somites increase in length 

posteriorly; somite I is 2.2mm long, somite IV is 2.7mm long, somite V is, 4.6mm, nearly twice as long as 

the preceding segment. Dorsal and dorsal lateral carinae present. The dorsal carinae on metasomal 

somites I-IV end in prominent spine (Figure 6.4F). The carinae on somite V are reduced. Telson vesicle 

present but poorly preserved; aculeus absent. 

 

Remarks. The XMT results presented here allow detailed comparison with other Coal Measures 

scorpions known from a number of localities in the English Midlands. Many of these localities possess 

scorpion specimens / species comparable to the scanned fossils NHM I. 7883 and NHM I. 5862, 

considered here to be conspecific. Unfortunately previous work on these other species has been littered 

with taxonomic decisions that, in hindsight, may have been poorly justified and perhaps somewhat ill-

judged; the taxonomic discussion that follows is hence somewhat tortuous, and – for ease – is 

summarised in Figure 6.5. 

 
Figure 6.5 – The taxonomic history of Compsoscorpius buthiformis comb. nov. Each line represents a specimen here referred to C. buthiformis. 

Figure courtesy of David Legg.  

 

Compsoscorpius buthiformis (Pocock 1911) was originally described by Pocock (1911) as 

Anthracoscorpio buthiformis; the genus Anthracoscorpio Kušta, 1885 having been previously raised for 

scorpions from the Coal Measures of Bohemia in the Czech Republic. Although Pocock did not formally 

diagnose his species, he noted a unique mesosomal ornamentation and slender pedipalp morphology. 

Pocock assigned a number of specimens to A. buthiformis including: NHM In. 18596 (the Sparth 

Bottoms holotype), I. 7883, I. 1555, and In. 22832. Note that Pocock (1911) also transferred another 

Sparth Bottoms scorpion to the genus as Anthracoscorpio sparthensis (Baldwin and Sutcliffe 1904) and 

described a further species from Scotland in this genus as Anthracoscorpio dunlopi Pocock, 1911. A. 

sparthensis (now Eoscorpius sparthensis, sensu Kjellesvig-Waering 1986), differs from A. buthiformis in 

the possession of an anteriorly located medial eye node and mesosomal tergites with straight lateral 

margins. A. dunlopi differs from A. buthiformis by the elongation of its carapace and the posterior 

deflection of the demarcations between the mesopeltidium and metapeltidium. A. sparthensis and A. 

dunlopi also lack granulation of the mesosomal tergites. For these reasons both species can be 

excluded from Compsoscorpius as we define it here. Resolution of their exact position is, however, 
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beyond the scope of the present study and we retain them tentatively within Eoscorpius Meek and 

Worthen 1868 and Anthracoscorpio, respectively. 

 

Petrunkevitch (1913) interpreted Anthracoscorpio as a junior synonym of Eoscorpius transferring the 

three British species accordingly. Later, having studied the British fossils directly, Petrunkevitch (1949) 

assigned NHM I. 7883 (formerly an A. buthiformis) to a new genus, Compsoscorpius. Together with 

NHM I. 5862, they were designated the holotypes of C. elegans and C. elongatus respectively. 

According to Petrunkevitch (1949) these species could be distinguished by a parabolic rather than a 

semicircular carapace. In fact C. elegans and C. elongatus share a number of features that suggest they 

are conspecific, including granulation of the cuticle and prominent carinae on mesosomal tergites VI and 

VII. The XMT scans also reveal that the carapace has been distorted in NHM I. 5862 (Figure 6.4G,H,I-L), 

possibly during ecdysis, and therefore this is not an adequate diagnostic criterion. Both Compsoscorpius 

elegans and C. elongatus are therefore here considered junior synonyms of A. buthiformis. 

 

In the same monograph Petrunkevitch reinstated Anthracoscorpio for Kušta’s Czech species and 

recognised another new British genus and species from Coseley, Lichnoscorpius minutus Petrunkevitch, 

1949. This was distinguished from the, now supposedly blind, Anthracoscorpio by the presence of eyes. 

The type species of Anthracoscorpio, A. juvenis Kušta, 1885, preserves very few diagnostic characters 

for meaningful comparison with Compsoscorpius, and may represent a juvenile specimen of a previously 

described Bohemian scorpion. Lichnoscorpius, on the other hand, possesses a number of features 

indicative of close affinities to Compsoscorpius. The mesosomal tergites of both Lichnoscorpius and 

Compsoscorpius are essentially identical; they possess a granular cuticle, an anterior transverse ridge 

and rounded lateral margins. Other features are hard to determine in L. minutus, for instance carinae on 

the mesosomal tergites could not be observed, and for this reason this species can only be tentatively 

assigned to Compsoscorpius. 

 

Petrunkevitch (1953) eventually reassigned A. buthiformis to a new genus, Buthiscorpius Petrunkevitch, 

1953, diagnosed on a rounded carapace formed from two lateral lobes. In this sense it was distinct from 

the supposedly semicircular carapace of Anthracoscorpio and the subtriangular, but anteriorly rounded 

carapace described for Compsoscorpius. As previously mentioned the carapace of NHM I. 5862 

(formerly C. elongatus) has been distorted, making carapace shape a poor criterion to distinguish 

between genera. 

 

Wills (1959; 1960) undertook a detailed study of siderite hosted scorpions, including those from Coseley 

and Sparth Bottoms. This included a redescription of material assigned to Buthiscorpius buthiformis, 

descriptions of new material referable to this species and description of a new taxon, Buthiscorpius 

major Wills, 1960; herein considered another junior synonym of B. buthiformis. Two new specimens, 

NHM In. 31262 and BU 720, were assigned to B. buthiformis. These specimens are significant in that 

they reveal important features of the ventral anatomy, e.g. abdominal plate morphology. The coxosternal 

regions of these specimens are identical to that of NHM I. 1555 (part of Pocock’s original buthiformis 
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material; see above) and thus support their referral to B. buthiformis. Wills also described a new species: 

B. major. This was distinguished from B. buthiformis on the basis of its large size, nearly twice that of the 

latter. We consider size to be a poor character for taxonomy, particularly as the ontogeny of B. 

buthiformis remains poorly understood. No additional characters separating these taxa could be 

discerned; B. major is therefore considered a junior synonym of B. buthiformis. 

 

In his posthumous monograph, Kjellesvig-Waering (1986) reviewed nearly all fossil scorpion taxa known 

at that time, including those from Coseley and Sparth Bottoms. He recognised seven species from 

Coseley, including four new ones, and four from Sparth Bottoms, including one new one. Many 

specimens previously assigned to B. buthiformis were designated as holotypes of new taxa, including: 

NHM In. 22832, Leioscorpio pseudobuthiformis Kjellesvig-Waering, 1986; NHM I. 1555, 

Pseudobuthiscorpius labiosus Kjellesvig-Waering, 1986; NHM In. 31262, Coseleyscorpio lanceolatus 

Kjellesvig-Waering, 1986; and BU 720, Allobuthus macrostethus Kjellesvig-Waering, 1986. Wills’ 

Buthiscorpius major (see above) became the type species of a new genus Allobuthiscorpius. The 

reasons for removing Leioscorpio pseudobuthiformis from B. buthiformis were not clearly outlined by 

Kjellesvig-Waering (1986), although he did note differences from Pseudobuthiformis labiosus, another 

species previously referred to B. buthiformis. In particular, he considered the first pair of coxapophyses 

of P. labiosus semi-lunate and thus distinct from the rod-like coxapophyses of L. pseudobuthiformis.  

 

 
Figure 6.6 – Coxosternal region of Compsoscorpius buthiformis. Scale bar 1mm.  

A. Photograph of the coxosternal region of NHM I 1555.  
B. Camera lucida drawing showing interpretation of this region, note coxapophyses. 

Figure courtesy of David Legg. 

Restudy indicates that the coxapophyses of P. labiosus are actually rod-shaped (Figure 6.6), like those 

of L. pseudobuthiformis. No differences between L. pseudobuthiformis, P. labiosus and B. buthiformis 

that could not be accounted for by the preservational or (minor) intraspecific variation present; indeed the 

walking legs of L. pseudobuthiformis are indistinguishable from those revealed by the XMT scans (Figure 

6.4E) in that both possess carinae and similar podomere proportions. For these reasons L. 

pseudobuthiformis and P. labiosus are considered junior synonyms of B. buthiformis. Both C. 

lanceolatus Kjellesvig-Waering, 1986; and A. macrostethus Kjellesvig-Waering, 1986, possess a 
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coxosternal region indistinguishable from P. pseudobuthiformis. Since the latter taxon is here treated as 

a junior synonym of B. buthiformis (see above), C. lanceolatus and A. macrostethus are also considered 

junior synonyms of B. buthiformis. As well as the previously named taxa, Kjellesvig-Waering (1986) 

described a new species from Sparth Bottoms, Aspiscorpio eageri Kjellesvig-Waering, 1986. This 

species was placed in a new family, Allobuthiscorpiidae Kjellesvig-Waering, 1986, along with 

Allobuthiscorpius major, based on the configuration of the coxapophyses and the supposed absence of 

lateral compound eyes. The presence of an anteriorly placed medial eye node in A. eageri indicates 

these taxa are not closely related. A. eageri is thus not a B. buthiformis synonym. 

 

The most recent restudy of Compsoscorpius was undertaken by Jeram (1994b), who studied cuticle 

fragments from coal and shale macerates. All English cuticle of a ‘palaeopisthacanthid-type’ was 

assigned to Compsoscorpius as, “the most parsimonious course of action” (Jeram 1994b:518). However 

Jeram (1994b) recorded a number of features, such as trichobothrial sockets, whose presence we have 

not been able to determine in the holotype of C. buthiformis. Other features, such as a secondary 

structure on the pedipalp chela, are apparently absent in C. buthiformis. While the possibility remains 

that these cuticle fragments are referable to a – perhaps unknown – species of Compsoscorpius, in the 

absence of further material we treat this assignment as tentative at best. 

 

In summary, since Compsoscorpius elegans, the type species of Compsoscorpius, is (a) considered a 

junior synonym of A. buthiformis (see above) and since this taxon is (b) not referable to Anthracoscorpio 

and (c) Compsoscorpius, is a senior synonym of Buthiscorpius, the valid combination for this fairly 

abundant British Coal Measures scorpion taxon becomes Compsoscorpius buthiformis comb. nov. The 

various subsequently described taxa from Wills (1960) and Kjellesvig-Waering (1986) can also be 

assigned to this species as outlined above. Note that Lichnoscorpius Petrunkevitch, 1949, is also a 

senior synonym of Buthiscorpius, however since the type material of this genus can only be tentatively 

assigned to this species, the genus name Compsoscorpius is preferred here. 

 

6.5 Discussion  

 

This taxonomic revision reduces the number of recognised species from Coseley to just three: C. 

buthiformis, Cyclophthalmus robustus and Eoscorpius distinctus; and Sparth Bottoms to four species: 

Mazonia wardinleyi, Heloscorpio sutcliffei, Aspiscorpio eageri, and Eoscorpius sparthensis. It is likely this 

remains an overestimation (Legg 2009), and our picture of Palaeozoic scorpion biodiversity is an 

exaggeration because of the taxonomic practices of numerous workers. It is significant that in extant 

scorpions arachnologists find higher diversity in desert areas (4 – 13 in any given region) than in the 

tropics (<5 species per area; Polis 1990). Carboniferous Lagerstätten usually sample such tropical 

regions; the Euamerican coalfields in which we find most scorpions were in tropical latitudes, and the 

palaeoenvironments reflect this (see Chapter 2). Several other Carboniferous deposits (e.g. Mazon 

Creek) have a diverse scorpion fauna in the current literature; on the basis of the revisions herein we 
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suggest that the possibility that this diversity might be an artefact should be entertained, and that a re-

investigation of this supposedly diverse fossil record is overdue. 

 

As outlined in the literature review, the ecology of Palaeozoic scorpions is widely debated; numerous 

workers have posited an aquatic mode of life for early taxa (Purcell 1909, Selden and Jeram 1989, 

Dunlop and Webster 1999, but see Scholtz and Kamenz 2006). The increased morphological detail that 

XMT has provided – coupled with careful restudy of the hand specimens – has allowed more accurate 

reconstruction of the mode of life of this important Carboniferous species. Numerous lines of evidence 

suggests that – in common with extant scorpions – C. buthiformis was a terrestrial predator. The 

evidence for this is presented below; both the functional morphology and palaeoecological implications 

of numerous characters are discussed. 

6.5.1 Cuticular ornamentation 

 

Cuticular granulation is seen in the scans of C. buthiformis (e.g. Figure 6.4A). This is feature also 

observed in fossil scorpions referred to the Palaeopisthacanthidae, e.g. Palaeopisthacanthus 

Petrunkevitch, 1913 and several taxa described by Jeram (1994b), who labelled this a 

‘palaeopisthacanthid-type’ ornamentation. In extant scorpions, e.g. Urodacus, such ornamentation is 

typically associated with an increase in aridity (Koch 1981), impeding air flow over the cuticle and 

reducing evaporation and water loss. Its presence in Compsoscorpius might imply a similar function, or 

at least a terrestrial mode-of-life. However both Coseley and Sparth Bottoms likely represent typically 

‘swampy’ Carboniferous Coal Measures palaeoenvironments (Baldwin and Sutcliffe 1904; Braznell 2005) 

where xeric adaptations would not seem necessary; cuticular granulation may thus have had an entirely 

different (and unknown) function.  

6.5.2 Eyes 

 

Crown group scorpions posses a medial eye-node near, or even behind, the centre of the carapace. 

Rather than being visual aids, the primary function of these median eyes is to regulate a scorpion's 

circadian rhythm (Fleissner 1977; Williams 1987) . The median eyes of stem-group scorpions are found 

in an anterior position on the carapace (Jeram 1998), perhaps because visual sensilla originally 

contributed towards the detection of prey (Selden and Jeram 1989). C. buthiformis represents an 

intermediate condition between these two extremes – the medial eyes are situated intramarginally, 

indicative of an evolutionary trend towards posterior displacement. This could suggest less reliance on a 

visual acuity in prey capture; possibly even a shift towards a nocturnal mode of life. Extant scorpions are 

predominantly active at night, and detect prey largely through the use of trichobothria (see below) and 

other setae. Optical restudy of NHM I 5862 has also demonstrated that the lateral eyes of C. buthiformis 

are not divided into major and minor ocelli as they are in extant scorpions (this is contrary to the reports 

of Petrunkevitch, 1953 and Kjellesvig-Waering, 1986). Instead there is an area of thinned cuticle, or 

effaced region (Figure 6.7), interpreted here as an ocular membrane covering numerous ocelli – i.e. a 

compound eye. Compound eyes are seen in other Palaeozoic scorpions (e.g. Dunlop, Tetlie and 
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Prendini 2008), although individual ocelli can rarely be distinguished. Their presence here is 

plesiomorphic. While it is reported that camera type eyes with a large number of receptor cells are 

superior to the compound eyes we see here (Nilsson and Kelber 2007), this is not thought to be the case 

with lateral scorpion eyes. Rather research indicates "the dioptric apparatus and retinula-cell 

arrangement of the lateral eyes evidently favor high absolute light-sensitivity while permitting only poor 

spatial resolution" (Fleissner 1977b). Thus it is possible their presence here could result from vision in 

this species still retaining some importance in prey capture rather than having the sole utility as a 

circadian rhythm regulator.  

 

 
Figure 6.7 – The prosoma of Compsoscorpius buthiformis. Scale bar 1 mm.  

A. The carapace of NHM I 5862. 
B. Camera lucida drawing high lighting the arrangement of the eyes. 

Figure courtesy of David Legg. 

6.5.3 Trichobothria 

 

Trichobothria are sensory setae described previously in the morphology section; see also Reissland and 

Görner (1985). They are not directly known from fossils, however the associated pits (bothria) have been 

reported from a handful of Palaeozoic scorpions (Kjellesvig-Waering 1986; Jeram 1994b), namely 

Palaeopisthacanthus, Cryptoscorpius, Corniops, and Compsoscorpius. In the latter three cases however, 

the bothria are described from cuticular macerates and have not been observed in the type material; the 

assignment of these cuticular fragments to these specific genera, including Compsoscorpius, thus 

remains equivocal. The resolution of the XMT scans in this study is too low to permit the identification of 

bothria. However, a examination of NHM I. 7883 has revealed structures on the dorsal surface of the 

pedipalp femur that are likely to be bothria (Figure 6.8).  

 

 
Figure 6.8 – Bothria in Compsoscorpius buthiformis. Scale bar 0.5mm. A. Femur of drawing of the femur of NHM I 7883. 

B. Camera lucida drawing, showing bothrial arrangement. Figure courtesy of David Legg. 
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These do not correspond to the diagnostic trichobothrial configuration of any known extant forms, 

however their presence is important for speculation regarding the palaeoecology of this species. The 

trichobothria serve to detect minor changes in air currents. This aids prey location, and is central to for 

anemotaxic orientation (Krapf 1986; Meßlinger 1987), making the presence of trichobothria unequivocal 

evidence for a terrestrial habit (Selden and Jeram 1989). There are no other likely explanations for the 

presence of these pits, and thus it seems highly probably that they are bothria and accordingly strong 

evidence for terrestriality.  

6.5.4 Walking legs and coxapophyses  

 

XMT has also revealed the walking legs of C. buthiformis (Figure 6.4); they resemble those of extant 

scorpions and are laterally flattened. Flattening is not a taphonomic effect, as it is seen in all podomeres, 

on all legs, in all orientations; post-depositional compaction would occur in a single direction 

perpendicular to principle stress. The flattening of limbs is considered an adaptation for terrestrial 

locomotion (Størmer 1976), allowing the scorpion to support its own weight outside of a fluid medium 

(Dalingwater 1985). In contrast many Palaeozoic scorpions have limbs that are rounded in cross section 

(Kjellesvig-Waering 1986). The degree of lateral compaction seen in C. buthiformis is comparable to that 

observed in extant lithophilic scorpions, e.g. Hadogenes troglodytes, allowing them to manoeuvre in tight 

spaces (Eastwood 1978).  

 

While this comparison is applied with caution (flattened podomeres have also been reported in 

eurypterids; Tollerton 1989) further evidence for terrestrialisation is found in an elongate telotarsus, 

indicative of a plantigrade stance (Størmer 1963) and implicitly of terrestrial locomotion (Selden and 

Edwards 1990,cf. Dunlop, Tetlie and Prendini 2008). 

 

This work has also revealed elongate rod-like coxapophyses (Figure 6.6). The resultant stomotheca 

facilitates extra-oral digestion in extant scorpions and other arachnids (Cohen 1995), a highly inefficient 

mode of feeding in a fluid medium. The coxapophyses are also therefore indicative of a terrestrial mode 

of life. 

6.5.5 Spiracles 

 

As previously outlined, the mode of respiration in Palaeozoic scorpions is a contentious issue, and a 

central piece of evidence as to the process of terrestrialisation (and number of occurrences) in the 

Arachnida (Scholtz and Kamenz 2006). The homology of xiphosuran book-gills and the arachnid 

breathing apparatus has long been recognised (e.g. Van Beneden 1871), and thus the pertinent question 

is whether the earliest scorpions possessed book-gills or book-lungs, and thus whether they were 

aquatic, terrestrial or amphibious (Jeram 2001). To function in air book-gills must be covered by a thin 

layer of fluid (Reisinger, Tutter, and Welsch 1991), and require aeration by extension and flexion of the 

abdominal plate muscles (Knudsen 1973). Extant scorpions aerate their book-lungs by opening and 

closing their spiracles; thus these structures are excellent evidence for terrestriality. They are known in 
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fossils (e.g. Palaeopisthacanthus schucherti, Vogel and Durden 1966), however their likely marginal 

position in early taxa prohibits easy identification. In NHM In. 18596, however, there are structures that 

can be interpreted as intramarginal spiracles (Figure 6.9).  

 
Figure 6.9 – Possible spiracles in Compsoscorpius buthiformis. Scale bar 1mm.  

A. Posterior mesosomal somites of NHM In 18596. 
B. Camera lucida drawing with possible spiracles highlighted. 

Figure courtesy of David Legg. 

While only the dorsal side of the organism is readily apparent in the fossil, it has been crushed, resulting 

in the superimposition of the third abdominal plate into the sixth mesosomal tergite. This impression 

comprises two small circular features, 1 mm in diameter, bilaterally symmetrical in position, size and 

shape. This makes a biological origin the most parsimonious explanation of the impressions, and their 

size and position are compatible with spiracles found in extant taxa. The presence of these putative 

spiracles provides further evidence for a terrestrial mode of life.  

6.5.6 Metasoma 

 

The metasoma of C. buthiformis is comparable in form to those of the crown group; the somites increase 

in length distally, and the final somite is nearly twice as long (4.6 mm) and that preceding it (2.7 mm). 

Such elongation is most pronounced in crown group scorpions that use their sting more. The ratio 

between the fourth and fifth somites in a species which stings frequently (Tityus cambridgei) is 1:1.67, 

compared to around 1:1.1 in less aggressive species (Heatwole 1967). This ratio in C. buthiformis is 

1:1.70. This would suggest that C. buthiformis had frequent stinging behaviour, a supposition supported 

by the relatively gracile pedipalp chelae, with chelal fingers much longer than the manus. This is seen in 

modern taxa with a more powerful sting (Van Der Meijden, Herrel, and Summers 2010). The metasomal 

somites of C. buthiformis are dorso-ventrally compressed (Figure 6.4F,L) – a trait found in extant species 

that exploit cracks and crevices amongst rocks or forest debris (Polis 1990). 

6.5.7 Living environment 

 

Modern scorpions inhabit a wide range of habitats, from arid to humid (Williams 1987). Polis (1990) 

proposed four scorpion ecomorphotypes; lithophilic, psammophilic, fossorial and “errant”. Each of these 

possesses a suite of adaptations suited to their habitat. C. buthiformis does not fit easily into the first 

three of these groups, but shares a number of common features with each group. This is seen in many 

extant “errant” scorpions and would suggest – if these ecomorphotypes are applicable to Palaeozoic, 

coal swamp taxa – that they fulfilled the role of an errant scorpion. These tend to live opportunistically, in 

varied habitats, often taking advantage of rapid environmental change (McReynolds 2008). Leaf-litter 

dwelling species tend to be "errant" ecomorphotypes; for example Troglotayosicus humiculus Botero-
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Trujillo and Francke, 2009. This species shares a long, flattened metasoma and laterally compressed 

legs with C. buthiformis. With the posited palaeoenvironments of these British middle Coal Measures 

Lagerstätten, which appear to sample lush Coal Forests (Falcon-Lang, DiMichele, et al. 2009), a leaf 

litter habitat for C. buthiformis seems a distinct possibility.  
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7 Blattoptera 

"In a child's power to master the multiplication table, there is more sanctity than in all your shouted 
'amens' and 'holy holies' and 'hosannas'. An idea is a greater monument than a cathedral. And the 

advance of man's knowledge is a greater miracle than all the sticks turned to snakes or the parting of the 
waters."  

Jerome Lawrence and Robert E. Lee, 1960, Inherit The Wind 

7.1 Introduction  

 

The Palaeozoic fossil record of insects is limited to a small number of incomplete specimens prior to the 

Upper Carboniferous (Grimaldi 2010b). As with other early terrestrial arthropods, some of the best early 

examples of the group are found in Scotland's Devonian Rhynie Chert. From this Lagerstätte comes a 

fossil long regarded as the earliest example of the hexapods, the springtail Rhyniella praecursor 

(Entognatha; Collembola), originally described by Hirst and Maulik (1926). This is coupled with the more 

recent discovery of a similarly aged incertae sedis hexapod, Leverhulmia mariae (Anderson and Trewin 

2003) in the Windyfield Chert (Fayers and Trewin 2005) and re-description of a fragmentary Rhynie 

fossil, Rhyniognatha hirsti by Engel and Grimaldi (2004). Based on triangular, dicondylic mandibles the 

authors argue that the latter is a true insect, and may in fact be relatively derived within the basal 

Ectognatha, a member of the Metapterygota (i.e. a winged insect, more derived than the 

Ephemeroptera). The exciting recent discovery of a stem hexapod from the Early Devonian Hunsrück 

Slate reported by Haas, Waloszek, and Hartenberger (2003) was soon critiqued (Willmann 2005), and 

ultimately recognised as synonymous with the non-hexapodan Wingertshellicus backesi Briggs and 

Bartels (Kühl and Rust 2009). Thus, prior to relatively common occurrences in Carboniferous coal 

swamps, the insect fossil record is not as informative as one might expect, and the origins of this major 

group – the greatest contributor to metazoan biodiversity – remain obscure.  

 

Numerous crown-group clades (e.g. Odonatoptera, Palaeodictyoptera) were present by the time Coal 

Measures Lagerstätten were deposited. One of the principle components of this insect fauna were the 

‘roachoid’ Blattoptera, a diverse paraphyletic assemblage of stem-group Dictyoptera (cockroaches, 

termites and mantises). These are found in such abundance that the Carboniferous has – in some 

circles – earned the moniker 'age of the cockroach' (Copeland 2003). As with many Carboniferous 

fossils, this early picture of insect diversity is based upon siderite-hosted fossils. While these fossils often 

comprise only wings – the most taphonomically robust element of these insects (Duncan, Titchener, and 

Briggs 2003) – a considerable number come in the form of articulated body fossils. With insects, nodules 

typically split along the organism's dorsal surface – thus structures enclosed within part or counterpart 

(e.g. limbs) are normally visually inaccessible. As a result taxonomic and phylogenetic work on 

Carboniferous insects relies heavily upon wing venation, which – used in isolation– is not an ideal 

characteristic (see Literature review – taxonomy and phylogeny). As a result, perhaps unsurprisingly, the 

phylogeny of these taxa is poorly resolved. Details of appendages, and a greater knowledge of the 

insects' morphology, should provide new characters for taxonomy and phylogeny, and also greatly 

improve our knowledge of the palaeoecology of Carboniferous insects. Very few appendages have 
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hitherto been described, however (Béthoux 2009). XMT-based ‘virtual palaeontology’ can extract 

appendage data from siderite nodule fossils (Garwood, Dunlop, and Sutton 2009), and here I apply this 

method to a blattopteran fossil. This chapter comprises an overview of previous work on the Blattoptera, 

methods, systematic palaeontology including new results, and finally an in-depth discussion on the mode 

of this insect. Much of the chapter is based upon the work reported in Garwood and Sutton (2010). 

7.2 Literature review  

7.2.1 Overview of previous work  

 

The Blattoptera are a paraphyletic assemblage of stem-group Dictyoptera. A large number of taxa have 

been described, with much of the work being carried out at the turn of the 20th century. Notable 

contributors include Scudder (1879; 1893; 1895), Pruvost (1912; 1919; 1930), Meunier (1921), 

Handlirsch (1908; 1920), and, later, Becker-Migdisova (1961). Since these efforts few new taxa have 

been described, although a number of papers have used roachoid taxa for Carboniferous biostratigraphy 

(Durden 1969; Jarzembowski 1987; Jarzembowski and Schneider 2007) . The early descriptions, 

coupled with occasional revisions, resulted in a bewilderingly chaotic taxonomy based on often arcane 

descriptions. Despite the efforts of Schneider (1983, 1984) who synonymised many of the genera, older 

systems are still in use. Based on Schneider’s work, Vršansky, Rasnitsyn, and Vishniakova (2002) 

formalised three of the blattopteran families, leaving six in total (see Systematics and Phylogeny). The 

most recent work has attempted to use wing venation to try and identify the closest relative amongst this 

assemblage to the extant Dictyoptera (Béthoux, Klass, and Schneider 2009).  

7.2.2 Morphology  

 

Despite a blattopteran abundance during the Palaeozoic, relatively little is known of their morphology, 

other than the normally well-preserved wings. In particular their ventral features are poorly understood as 

the siderite nodules that host most roachoid fossils tend to split along the dorsal surface. They 

possessed a large disc-like pronotum (Grimaldi and Engel 2005; Figure 7.1), which is thought to have 

largely hidden the head (Jarzembowski 1994).  

 

Members of the Blattoptera are usually reconstructed with a long anterior pair of antennae (Figure 7.1), 

but this appears to be based upon comparison with crown group cockroaches; published evidence for 

antennae is missing. The same appears to be the case for aspects of the limb and body morphology – 

"large, flattened, splayed coxae for running" and a flattened body are reported (Grimaldi and Engel 2005) 

– however only distal elements of limbs are known (in the Commentry deposits of France; Laurentiaux-

Vieira and Laurentiaux 1980). What is clear, however, is that the taxa possessed tegminous forewings, 

often with a strongly curved CuP vein or claval furrow. Further, similarities between wing venation 

patterns and seed fern (pteridosperm) leaves or pinnules, first noted by (Scudder 1895) have been 

suggested as an example of mimicry in the fossil record (Durden 1984). However, this has been 

disputed, and the richly branching venation pattern explained as morphological convergence – a 

necessary structure to support elongate, laminar organs (Jarzembowski 1987). The membranous hind 
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wings are marginally less common in the fossil record, being less resistant to decay (Duncan, Titchener, 

and Briggs 2003). They were broader, their extra width created by a greater expansion of the inner 

border (Sellards 1906). 

 

The major difference between these stem forms and their extant counterparts, is the presence of long 

external ovipositors in female examples (Carpenter and Burnham 1985). These are not found in living 

species, which rather lay oothecae (Deitz, Nalepa, and Klass 2003; Béthoux and Wieland 2009). The 

presence of an ovipositor suggests that the Blattoptera inserted their eggs in specific, perhaps 

concealed, places such as soil and crevices within rotting wood (Schneider 1977). 

 

Figure 7.1 – An example of a blattopteran fossil with elements of the anatomy labelled.  
Species Manoblatta bertrandi (Archimylacrididae), mid-Carboniferous. From Grimaldi and Engel (2005) 

redrawn after Laurentiaux-Vieira and Laurentiaux (1980). Forewings 4.5 cm in length.  
Ventral aspect not depicted due to lack of knowledge of anatomy. 

Cerci, while not recovered in the fossil record, are likely to be present, as their appearance in primitive 

winged insects – e.g. Palaeoptera, and Polyneoptera – makes it likely they are plesiomorphic to the 

Dictyoptera. They are also present in crown group cockroaches, and their loss then reappearance is less 

parsimonious. No information has hitherto been available pertaining to other elements of blattopteran 

anatomy, such as character of the limbs, mandibles, and head.  

7.2.3 Systematics and phylogeny 

 

The Blattoptera are not only paraphyletic, but are widely considered a 'waste bucket' taxon, and the 

phylogenetic evidence for relationships in the group are very poor (Béthoux, Klass, and Schneider 2009). 
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This is, in part because current work is entirely based upon wing venation. This can prove problematic 

taxonomically at species level due to intraspecific variation in both fossil (Brauckmann 1991b, Béthoux 

2008a) and living (Jarzembowski 2008) insects. Such problems are compounded by frequent of 

asymmetry in a number of groups (e.g. cockroaches) resulting in venation variation on a single individual 

(Bell et al. 2007, especially in Carboniferous lineages; Vršansky 2000). Venation is ineffective not only 

for low level taxonomy; despite its common usage, it is debatably not sufficient for family level taxonomy 

(Carpenter and Burnham 1985) or phylogeny due to frequent convergence (Kristensen 1998), and the 

common occurrence of vein translocation (Béthoux and Wieland 2009).  

 

Further, different paradigms can provide contradictory phylogenetic implications; to quote Béthoux 

(2008b) on the homologization and two primary models of wing venation in the Orthoptera and stem-

Orthoptera – "it is demonstrated that homology hypotheses developed under the two different paradigms 

have significantly different implications in terms of phylogeny, hence evolutive history at the level of 

Pterygota." Finally, wing venation is limited by a lack of studies for extant insects, from the basic 

illustration of the venation pattern in some groups, to more complex issues such as the levels of 

individual and intraspecific variability in different taxa (Béthoux and Wieland 2009). It is true, however, 

that a number of Palaeozoic fossils are known only from the wings, and thus venation remains an 

important criterion when studying the Blattoptera.  

 

The most recent work on blattopteran phylogeny and taxonomy was that of Vršansky, Rasnitsyn, and 

Vishniakova (2002), which formalised three of the blattopteran families, leaving six in total (Figure 7.2), 

and was later adopted by Grimaldi and Engel (2005). The Archimylacrididae possess an SC (sub-costa) 

reverted to a dense, regular comb of subvertical, weakly branched veinlets, while the Subioblattidae 

possess a forewing which is “small, pigmented, aerodynamically advanced" (Vršansky, Rasnitsyn, and 

Vishniakova 2002). Those of the Necymylacridae are thin and elongate, with a densely branched R 

(radius).  

 

The Poroblattinidae posses a forewing with reduced, regularly branched R, short Sc, and Cu (cubitus) 

with numerous terminal branches. Finally, the Mylacrididae have a wide costal space and have lost M5 

(medial), and the Spiloblattinidae are defined by a particularly distinct claval furrow, running sub basally 

far anterior to wing mid-width (Vršansky, Rasnitsyn, and Vishniakova 2002).  

 

However, as discussed in phylogeny, the use of wing venation alone is sub-optimal, particularly loosely 

defined features such as ‘aerodynamically advanced’. These families became extinct in the early 

Mesozoic, and the family Phylloblattidae, which originated at this time, is considered the sister group to 

all living Dictyoptera. 
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regular comb of subvertical, weakly branched veinlets (After Jarzembowski and Schneider 2007 and 

Vršansky, Rasnitsyn, and Vishniakova 2002).  

 

 
Figure 7.3 – Scanned fossil, the holotype of Archimylacris eggintoni (Bolton 1921; NHM In 31273). Scale bar 1cm. Copyright NHM, 

photographer Phil Crabb. fw = forewing; he = head; hw = hindwing; L3 = hindleg; pn = pronotum. 

Remarks. The work of Schneider (1983) synonymised ten genera with the type genus Archimylacris 

Scudder, 1868. Some of these have been variably regarded as belonging to different families, and 

included Parelthoblatta Handlirsch, 1904; Aphthoroblattina Handlirsch, 1906; Actinoblatta Pruvost 1912 

and Manoblatta Pruvost 1919. This reduced the number of species in the family from ~25 to 17, greatly 

rationalising the taxonomy. Members of the family are known from all Laurussian basins of Westphalian 

age – often as solitary wings, but numerous examples from Coseley, UK are known to be articulated, 

including representatives of Archimylacris johnsoni (NHM In 31274), Archimylacris eggintoni (NHM In 

31273) and Archimylacris incisu (NHM I. 15900). A paraphyletic relationship with Phylloblattidae is 

considered possible (Jarzembowski and Schneider 2007) but will require a more extensive revision of 

the archimylacrid taxa; transitional forms are currently unknown, and early phylloblattids are coeval with 

the later Archimylacridae. 

 

Genus Archimylacris Scudder, 1886 

1868 Archimylacris Scudder p. 388 

1904 Parelthoblatta Handlirsch [syn. by Schneider (1983)] 

1906 Palaeoblatta Handlirsch [syn. by Schneider (1983)] 

1906 Polyetoblatta Handlirsch [syn. by Schneider (1983)] 
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1906 Aphthoroblattina Handlirsch [syn. by Schneider (1983)] 

1908 Kinklidoptera Handlirsch [syn. by Schneider (1983)] 

1912 Actinoblatta Pruvost [syn. by Schneider (1983)] 

1919 Manblatta Pruvost [syn. by Schneider (1983)] 

1934 Mülleroblatta Guthörl [syn. by Schneider (1983)] 

1959 Aptoromylacris Laurentiaux [syn. by Schneider (1983)] 

 

Type species. Archimylacris arcadica Scudder, 1868 

 

Included species. A. bertrandi (Pruvost, 1919), A. bucheti (Pruvost, 1912), A. calopteryx (Handlirsch, 

1906), A. eggintoni (Bolton, 1920), A. johnsoni (Woodward 1878), A. lericheiu Pruvost, 1919, A. 

lubnensis (Kušta 1883), A. n. sp. 1 Schneider, 1983, A. n. sp. 2 Jarzembowski and Schneider 2007, A. 

oberstebrinki (Schmidt 1962), A. parallelum (Scudder 1879), A. schmidti (Boersma 1969), A. simoni 

Pruvost, 1919, A. straeleni (Pruvost 1930), A. venusta (Lesquereux 1860). 

 

Diagnosis. As family.  

 

Archimylacris eggintoni Bolton 1920 

1920 Archimylacris eggintoni (Bolton), pp.100-103, text fig 32, pl. VI fig. 6. 

1987 Archimylacris eggintoni (Bolton); Jarzembowski p.509, fig 2.  

2010 Archimylacris eggintoni (Bolton); Garwood and Sutton pp.1-4 figs 1-2.  

 

Holotype. NHM In 31273 (Figure 7.3). 

 

Type locality and horizon. Between the Brooch and Thick coals at the Clay croft open-cast works, 

Coseley near Dudley, Staffordshire, UK. Late Carboniferous, Duckmantian (= Westphalian B in more 

traditional terminology). 

 

Additional material. None.  

 

Distribution. Sole specimen from British Middle Coal Measures. 

 

Emended diagnosis. Archimylacris with three-branching radial sector, and median with three forks, the 

anteriormost branching again prior to the wing apex. Small rounded head protruding from beneath 

pronotum. Limbs gracile and flattened, hindlimbs longer than mid and forelimbs. Pronotum with semi-

circular anterior boundary and straight lateral edges.  

 

Description. Wings of A. eggintoni fully resolved (Figure 7.4C,D, animation – Appendix III). While the 

object of this study is to provide additional characters to wing venation for the basis of taxonomy, for 

completeness the venation is described in brief. Broad tegminous forewings as reported by Bolton  
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Figure 7.4 – Computer reconstructions of Archimylacris eggintoni. A. Dorsal view of anterior. B. Ventral view of anterior, with mandibles. C. Ventral view, showing all limbs and body. D. Dorsal view showing forewings, 
with a small area of hind wing, pronotum, and head. E. Mandibles in detail, looking posteriorly, labelling after Zhuzhikov 2007, fig. 4. F. Right foreleg in lateral view. G. Right ventral foreleg . H. Right midleg in lateral 

view. I. Right ventral midleg. Scale bars: A,B):1mm; C,D:5mm; E-I:0.5mm. All images from higher resolution model with exception of (c) and (d). aa = anterior acetabulum; an = antennae; ca = coxa; d. ap = apical tooth; 
d. m1- d. m3 marginal teeth; eu = euplantulae; fe = femur; fl = flagellum; fw = forewing; he = head; hw = hindwing; in = incisor; L1 = foreleg; L2 = midleg; L3 = hindleg; lc = lateral claw; ma = mandibles; ML = left 

mandible; mr = right mandible; ms = molar surface; pc = posterior condyle; pe = pedicel; pn = pronotum; sc = scape; t1-5 = tarsomeres 1-5; ta = tarsus; ti = tibia. From Garwood and Sutton (2010). 
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Figure 7.5 – The venation of Archimylacris eggintoni. A. A diagram showing the interpretation of the venation herein, from both computer models and study of hand specimen. Forewing venation coloured according to 
veins, hindwing region in grey. B. Computer rendered images of the limbs with varied false-lighting to demonstrate the venation. SC, subcosta; RA, radius anterior; RP, radius posterior; M, medial; CuA, cubital anterior; 

CuP, cubital posterior; Aa, anal veins.
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(1920). Convex outer margin, two and a half times as long as wide. Costal area (leading edge) narrow 

strap-shaped, subcosta two-thirds of wing length (Figure 7.5). Radius (third longitudinal vein) near wing 

apex, comprising four (Ra) and two (Rp) branches. Median (fourth vein) small, with few branches, all 

directed inwardly. Cubitus (fifth vein) gives off seven branches extending towards posterior wing margin. 

Strongly curved CuP. Anal area small, hind wings thin with strong veins. Forewings absent in one area 

revealing underlying hindwing (Figure 7.5A).  

 

Head poorly resolved, only the lateral margins clear in scan. Attachment of antennae and mandibles 

(anterior to the pronotum) used to estimate its extent. Anterior appendage attachment suggests – in 

contrast to traditional reconstructions – head not retrognathous but actually protruded, an interpretation 

supported by localised discolouration in this region of the hand specimen (Figure 7.3). Antennae with two 

basal segments (Figure 7.4A,B) – scape and pedicel – and flagellum of at least ten annuli. Mandibles 

ventral and posterior to their attachment (Figure 7.4D,E). Presence of anterior acetabulum and posterior 

condyle necessitates dicondylic mandibles (i.e. as found in all pterygotes, with two pivotal points and 

motion roughly confined to a single plane). Ventral serrated ridge with four denticles (Figure 7.4E), 

proximal (more dorsal) element of mandibles a robust grinding (molar) surface. 

 

Limbs almost entirely resolved. Shortest are forelegs (femur: 4.1mm, tibia: 4.6mm, tarsus: 2.7mm); both 

missing proximal coxae. Midlegs complete except distal tarsus on the left limb, truncated by the nodule 

edge. The right comprises coxa: 3.0mm, femur: 6.7mm, tibia: 5.3mm, and tarsus: 3.7mm. Left hindleg 

limited to coxa (3.2mm; probably a taphonomic feature indicative of post-mortem decay / disarticulation). 

All elements of right preserved; significantly longer than anterior appendages due to elongate tibia 

(femur: 5.5mm, tibia: 8.2mm, tarsus: 4.3mm) and posteriorly directed.  

 

Several common characters unite limbs; coxae appear flattened (as in extant cockroaches), best shown 

in the left midleg (Figure 7.4A), which also displays trochanter. Femur typically longest article, with 

marginally shorter tibia distally. Both tibia and femur dorso-ventrally flattened, with longitudinal ridges. 

Tarsus annulated with five tarsomeres (Figure 7.4F-I). Three short pseudosegments between longer 

distal and basal tarsomeres. All bear ventral euplantulae (=pulvilli; adhesive pads) increasing in size 

distally (Figure 7.4H). Small terminal pretarsus and associated lateral claws (ungues; Figure 7.4G). 

Gracile, elongate limbs at low angle to body, creating a flattened habitus.  

 

Small portion of abdomen preserved; flattened and onisciform, preserving no ovipositor or cerci. No 

anterior abdominal elements resolved – likely due to crushed body as anterior termination of the 

preserved portion demonstrates.  

 

Remarks. The sole representative of the species is well preserved, with little preservational distortion or 

flattening. The midleg tibia demonstrate this; one lies almost within the plane of the wings (probably 

aligned with bedding), while the other is near perpendicular to this. If significant compression had 

occurred a disparity in length between the two would be expected, yet both measure 4.6mm.  
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7.5 Discussion  

 

The novel characters revealed by this study suggest that XMT could provide numerous additional criteria 

upon which to base a more complete phylogeny of the Blattoptera. A revision of this populous 

assemblage – even one sufficient to place A. eggintoni correctly – would require analysis of many taxa, 

and is beyond the scope of this chapter. Despite this it is clear that – other than an external ovipositor – 

the anatomy of the Blattoptera is essentially the same as that of crown-group cockroaches. This 

observation can be reconciled with the grade's phylogenetic position at the base of the Dictyoptera. 

Termites are generally regarded to be crown-group 'Blattaria' (Figure 7.2), and thus possessed a crown 

cockroach ancestor. On the basis of recent work, it seems likely that the origin of the Mantodea is likely 

to lie in the Carboniferous (Béthoux and Wieland 2009). However, the first truly recognisable fossils are 

not found until the Cretaceous, and even here usually lack a number of specialisations seen in crown 

taxa (Grimaldi & Engel 2005). Thus, a long period with a roach-like habitus in the stem of the Mantodea 

is likely, and the roachoid nature of the Carboniferous stem-Dictyoptera is entirely in keeping with these 

observations.  

 

The novel characters, in combination with the extensive literature on the biomechanics / functional 

morphology of crown group cockroaches allow a fairly accurate picture of the species’ mode of life 

through comparison to extant taxa. The remaining discussion is split into sections for each aspect of the 

morphology. 

7.5.1 Antennae 

 

The antennae – which preserve a scape, pedicel, and flagellum – are filiform. They are likely incomplete; 

long annuli suggest a flagellum which could comprise significantly fewer pseudosegments than found in 

crown-group cockroaches, which can possess in excess of 150 (Chapman 1998). One of the antennae is 

preserved parallel to the long axis of the organism, while the other is at 70 degrees to this. This flexibility 

suggests that A. eggintoni was capable – in a manner analogous to crown group cockroaches – of using 

its antennae to sweep a broad sensory arc as it moved. This behaviour would impart well-developed 

sensory abilities. Eyes were not resolved, however.  

7.5.2 Mandibles 

 

The mandibles of A. eggintoni are closely comparable to those of crown group cockroaches, which are 

often assumed to be dietary generalists (Dow 1987), displaying great versatility in their food source. For 

example, pest species can consume many materials they did not encounter during their evolution, far 

removed from their natural diet, such as soap, glue, and wire insulation (Bell et al. 2007). Non-pests can 

show some dietary specialisation, however, allowing speculation about the diet of this fossil specimen.  

 

There is an asymmetry preserved, with the left mandible larger than the right (Figure 7.4E) – a trait often 

seen in extant cockroaches (Zhuzhikov 2007), where the left overlapping the right allows the teeth to 
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interdigitate. A. eggintoni has four sizeable denticles in the incisor region, an arrangement also seen in 

Blaberus atropos (Figure 4D – Zhuzhikov 2007), but one simpler than that of pest species such as 

Periplaneta americana, which possesses numerous additional denticles (Figure 4C – Zhuzhikov 2007). 

B. atropos often inhabits decaying litter, epiphytes, hollows of trees and the interior of rotting logs (Bell et 

al. 2007). This parallel – coupled with the Coal Measures environments in which Blattoptera are almost 

universally found – suggests that A. eggintoni was saprophagous / detritivorous.  

7.5.3 Head 

 

It is normally assumed that the head in these taxa were tucked under the pronotum. Here it is clear from 

the model that – although not well preserved – the head protrudes from under the pronotum. This 

suggests a greater variety (prognate to retrognate) than has previously been assumed for the 

Blattoptera.  

7.5.4 Limbs 

 

The well-resolved limbs (Figure 7.4) display adaptations indicative of rapid movement in extant 

cockroaches (i.e. a cursorial habit). Notably, flattened, thin podomeres (Full and Tu 1990), long femorae 

and tibiae in all limbs (Gullan and Cranston 2005), elongated, gracile legs, and a low angle between the 

limbs and the body (Kram, Wong, and Full 1997) have been shown in biomechanical studies of extant 

cockroaches to aid rapid movement. Further, the proportionally longer hind limbs of A. eggintoni are also 

present pest species such as P. americana. This elongation allows a bipedal running stance, overcoming 

limitations imposed upon stride length by shorter anterior limbs (Full and Tu 1990). Motion studies 

(Frazier et al. 1999) have also shown that the five tarsomere arrangement is highly advantageous when 

rapidly traversing of irregular terrain. All these factors make crown group cockroaches amongst the 

fastest runners per unit weight in the animal kingdom (Bell et al. 2007), and their presence in A. 

eggintoni suggests that this species too was capable of very rapid movement. 

 

In addition to cursorial specialisations, the limbs suggest a climbing element to the mode of life in this 

species. Pretarsal claws are used in crown-group cockroaches only for climbing rough surfaces (Bell et 

al. 2007), suggesting that this was a capability A. eggintoni possessed, allowing it to venture beyond the 

relative safety of the leaf litter. This supposition is supported by the presence of euplantulae (Figure 

7.4H), used in modern forms for climbing smooth vertical plants surfaces (Bell et al. 2007). These are 

typically lost in pure leaf litter dwelling cockroaches, but retained by those which perch, forage, or 

oviposit in leaves and on plants (e.g. Deans and Roth 2003). This it seems likely A. eggintoni had similar 

behaviour.  

7.5.5 Body 

 

The posterior portion of the abdomen is preserved, in the form of a flattened body (Figure 7.4C). This, in 

conjunction with low-angle limbs, gives the impression of a flat insect that could fit easily into crevices, 

indicative of a cryptic habit similar to that of crown roaches. Cerci (paired tail appendages) are known in 



163 
 

all crown-group cockroaches, and as discussed previously were likely present in the Blattoptera. Their 

absence here would indicate loss through decay. Duncan, Titchener, and Briggs (2003) present a series 

of cockroach decay experiments in which the disarticulation of cerci precedes that of the limbs, which 

themselves precede the loss of the ovipositor. The left hindleg in this fossil is missing, suggesting that 

partial limb decay has occurred prior to the burial of the fossil, and thus that the decay has progressed 

beyond the loss of the cerci. The remaining limbs appear well preserved, however, thus an ovipositor 

would be expected. Its absence is then unlikely to be taphonomic. A more plausible explanation for its 

absence is that the specimen is a male.  

 

The anatomical – and by inference functional and ecological – similarity of A. eggintoni to crown group 

cockroaches (e.g. Bell et al. 2007, Fig. 1.4, 2.7A, 2.8, 3.7) is apparent; this emphasizes the cockroach-

like nature of the dictyopteran stem-group, highlighting in contrast the derived and specialized nature of 

the mantids. Further, it demonstrates a high level of specialisation early in the history of this – at first 

appearance relatively plesiomorphic – insect group.  
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8 Insect Nymphs 

I remember walking, one side of town to the other / Alone one night in January... or maybe February / It's 
like in an old movie from some other land / It lasted for hours / Only streetlights and the grating of gravel 
in pedestrian subways / I remember some trees which stood black and naked, Weather-beaten hollows 

of snow / With sparse lumps of ice, been scraped off by the wind alone / And on the stairs before I left 
one of the girls had surprisingly given me a kiss / Stung in the cold long after. 

Ulver, 2000, The Scars of Cold Kisses  

8.1 Introduction  

 

During the Carboniferous most insects were hemimetabolous (Gaunt and Miles 2002). Rather than 

undergoing complete metamorphosis as the holometabolous insects do, hemimetabolous insects have a 

series of nymphal stages similar in appearance to – but smaller than – adults (Brusca and Brusca 2003). 

Being small and having a poorly sclerotized cuticle, such juveniles possess poor fossilisation potential 

(Wootton 1972). Fossil juvenile insects are, despite this, vital in understanding not only the 

developmental history of insects (i.e. the origin of the holometabolous insects, the most diverse animal 

clade – Nel et al. 2007), but also other important questions. For example, evidence from the few nymphs 

known is a central to Kukalová-Peck's (1983; 1987) theory regarding the origin of insect wings (Trueman 

1990). The presence of aquatic nymphs in lineages considered the most basal amongst the pterygotes, 

has caused some workers to suggest this is the plesiomorphic state for the winged insects (reviewed by 

Wootton 1988). While this is no longer accepted (Sinitshenkova 2003), any insight into their 

palaeobiology – currently still very poorly known – can still inform such debates. While a number of 

immature insects are known from the Carboniferous, identifying the adults to which they correspond has 

proven consistently problematic (see Literature review). 

 

This situation makes work on juvenile Carboniferous insects challenging, but valuable. Of the insects 

recovered from the Montceau Lagerstätten, almost half are juveniles. In this chapter I report two new 

insect nymphs from Montceau. Both are preserved in three dimensions, and the application of XMT has 

allowed their morphology to be recovered in unprecedented detail. The vast majority of insect material 

from Montceau-Les-Mines is unavailable for study to visiting researchers, making comparison to adult 

forms or other juveniles from the deposit impossible.  

 

This chapter provides an overview of the last fifty years' work on juvenile Palaeozoic insects, followed by 

methods. The systematic palaeontology contains descriptions from the XMT reconstructions – both are 

described as new species. This raises the possibility that future work may find the taxa to be junior 

synonyms of known adult forms. I consider the convenience of having names for such well preserved 

specimens worth this risk, a decision supported by the difficulty inherent in identifying associations 

between adult and juvenile forms. This section is followed by a discussion of the nymphs' possible 

affinities and mode of life, and compares aspects of their morphology to previous work. While the 

conclusions drawn are, by necessity, tentative, the description of two probable Carboniferous neopterous 

insect nymphs is in itself noteworthy being the first full description of immature representatives of the 
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clade from rocks of this age. Further, the morphological detail revealed makes these the best-known 

Carboniferous nymphs, with details of not only the limbs, but also cephalic appendages.  

8.2 Literature review  

 

The conclusions drawn from fossil insect nymphs is by necessity tentative, yet provides vital evidence for 

ideas regarding the origin of wings, holometaboly and the Pterygota. Relatively little known of the 

juvenile stages of Palaeozoic insects; identifying their adult forms appears something of a black art, and 

the problem is compounded by a scarcity of relevant studies. This literature review provides an overview 

of all relevant work from the past half a century with before a concluding paragraph regarding the insect 

fauna at Montceau.  

8.2.1 Palaeodictyopteroidea 

 

Carpenter (1948) assessed the current knowledge of immature Carboniferous insects to be meagre, with 

more inferences regarding their ontogeny than could be gained from published study of the fossils 

themselves. Those described remained enigmatic due to the difficulty associating them with adults. This 

could, he reported, be done to a familial or ordinal level for members of existing orders, as the living 

immature and imaginal forms provide a basis for comparison, but was difficult for extinct orders. He 

illustrated such problems with a study of the only five 'palaeodictyopteran' nymphs known to that date, all 

of which were removed from consideration as members of the form genus Palaeodictyopteron because 

on all available evidence their ordinal position remained obscure. He concluded "Consequently, we have 

no actual record of the nymphs of these insects and no knowledge whatever of their wing development. 

[...] For the present, therefore, we remain in complete ignorance of their immature stages." 

 

A brief report by Rolfe (1967) recognised the genus Rochdalia (Figure 8.1) – previously considered a 

branchiopod – to be an insect nymph. He reported that the fossil from the Sparth Bottoms deposit 

possessed wing pads with apparent concave venation, terminal annulated cerci, and an abdomen of ten 

segments, the last being a triangular process between the cerci. The author also remarked on the 

difficulty in ordinal attribution of insect nymphs, with the exception of cockroaches, whose nymphs are 

similar to modern ones (see also Carpenter 1954).  

 

Nevertheless Rolfe used a broad pronotum, and large abdomen to suggest palaeodictyopteran affinities, 

and small wing pads with poorly developed venation to infer an early instar. He further noted similarities 

between the described taxa and another recently discovered nymph of the time, described in the 

explanatory sheet of a geological map of the Barnsley area (Mitchell et al. 1947). All possessed similar 

venation on their wing pads, a dorsal median ecdysal ridge, lobation, grooving and pitting of the tergites, 

and fine tuberculation of the entire dorsal integument. Rolfe also reported the opinion of Dr R. Wootton to 

the effect that these taxa were all Palaeodictyoptera of the family Breyeriidae. Carpenter and Richardson 

Jr. (1968) expressed doubt at this assignment however, in turn describing for the first time some newly 

discovered insect nymphs from Mazon Creek, and assigning them to the Megasecoptera. Wootton 
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regular rows along the posterior tergal margins, protruding up and backwards. Her conclusion stated: 

"since the projections are obviously a unique and isolated character, their function in two extinct 

Palaeozoic orders is obscure." Kukalová-Peck (1974) reported palaeodictyopteran nymphal wing pad 

with partially separate basal plates in her study of the pteralia of Palaeozoic insect orders. Her work of 

1975 on Permian megasecopteran nymphs demonstrated that these too possessed a characteristic 

bend in the proximal third of the wing length, defining the oblique-lateral position of the wing pads. Their 

larger size led Kukalová-Peck to suggest they were late instars.  

 

Kukalová-Peck and Peck (1976) reported Palaeodictyoptera of the family Calvertiellidae from New 

Mexico and Czechoslovakia. On the basis of their articulation to the notum by pteralia, the author 

suggested the wings were functional, and the characteristic 'nymphal bend' wing bend acted to prevent 

the developing wings from impeding forward movement. She contended: "[that] the ancestors of modern 

pterygotes had not solid but articulated and functional wing pads is completely contradictory to the 

validity of the paranotal theory, which derives the wings from the solid lateral notal expansions of the 

apterygotes". Rather – on the basis of this fossil nymphal evidence – she suggested an epicoxal exite 

wing-origin model, necessitating the secondarily immobilization of extant juvenile wing pads. This is a 

recurring theme in her lengthy works on wing origins (Kukalová-Peck 1978; 1983); evidence from 

nymphal wings is one of the central arguments for the epicoxal exite wing-origin model. Wootton (1981) 

explored the origin of holometaboly through incomplete developmental series known from Palaeozoic 

Palaeodictyoptera, Megasecoptera, and Ephemeroptera. Even following a decade's work by Kukalová-

Peck on Palaeozoic juveniles, he tellingly referred to both main theories regarding the origin of 

holometaboly as "excursions into a jungle of inadequately defined terms and incompletely understood 

processes". Further he contended that – contra Kukalová-Peck (1978) – fossil evidence for articulation of 

nymphal wings is not widespread. Kukalová-Peck (1983) responded by pointing out the large number of 

detached nymphal wings in some deposits, arguing that such wings are separated from the body by 

breaking off at a region of weakness in the articulation. She further suggested that "primitive articulation 

and mobility of nymphal wings and the 'pleural appendage' theory of wing origin are two sides of the 

same coin." The nymph's "trilobite" shape, the author noted, could allow such forms to adhere closely to, 

or live under, surfaces such as bark.  

 

Shear and Kukalová-Peck (1990) provided the most recent, and comprehensive review of not only 

Palaeozoic insect nymphs, but also the palaeoecology of late Palaeozoic arthropod communities. They 

summarised work on the Upper Palaeozoic Palaeoptera (Diaphanopterodea, Palaeodictyoptera, 

Megasecoptera, and Permothemistida). Of note is their view on ontogeny: the authors reported the 

wings on such nymphs developed gradually through many nymphal stages and several subimagines. 

Small, distinctly veined, articulated, movable, posteriorly recurved nymphal wings became longer and 

straighter with each successive moult. They posited terrestrial nymphs, which fed the same way as the 

adults, probably on identical food items on the basis of the conservatism usually found in herbivorous 

insects. Shear and Kukalová-Peck (1990) also highlighted the antipredatory adaptations in these 

Palaeodictyoptera juveniles; they were flattened, well-armoured, and trilobate in shape allowing nymphs 
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to hide under leaves and flat against surfaces without casting shadows. Their shape would prevent easy 

lifting or piercing. Some megasecopteran and diaphanopterodean nymphs reportedly possessed dense 

dorsal outgrowths and all older individuals possessed articulated wings (Figure 8.2), allowing them to fly 

(a supposition supported by the biomechanics work of Wootton and Ellington 1991).  

 

 
Figure 8.2 – Selected developmental stages of megasecopteran genus Mischoptera. A and B – Young instars with articulated wings arched 
backwards. C. A slightly older nymph, with straighter wings; the wings straighten with successive moults, and preadults such as this could 

probably fly. D. An adult Mischoptera. From Shear and Kukalová-Peck (1990). 

8.2.2 Ephemeroptera 

 

Most work on juvenile Palaeozoic insects has focussed on the Palaeodictyopteroidea, however, some 

examples of the Ephemeroptera (mayflies) have been reported. Kukalová (1968) reported a Permian 

mayfly nymph, which was notable for a mid-length "bend" in the wing pad, orientating the axis latero-

posteriorly. These were soon moved to the Protereismatoidea (stem Ephemeroptera) by Demoulin 

(1970), a suggestion rebutted ten years later by Hubbard and Kukalová-Peck (1980). These authors 
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references therein). Willmann (1998) concluded "if it were insisted that the specimen was indeed an 

immature endopterygote, a whole list of well-founded views on insect evolution would no longer be 

tenable." These would necessitate repeated convergent evolution of the thorax and abdomen, and 

multiple loss of segmented abdominal walking legs in the insects.  

 
Figure 8.6 – A. A Palaeozoic stem group plecopteroid (stonefly) nymph. Note moveable wings and gills. B. Two Carboniferous roachoid nymphs 

– note immobilized wings. From Shear and Kukalová-Peck (1990). 

8.2.4 Montceau-Les-Mines insects  

 

Burnham (1994) notes that a surprisingly large proportion of the fossils from Montceau-Les-Mines are 

immature specimens; of the 110 insects found, 49 are immature. This unexpectedly high concentration 

of juveniles could result from a differing mode of life between these and the adult forms, making 

fossilisation of the nymphs more likely, or could result from the insects' lifecycle. Adults are known from 

the Archaeognatha, Palaeodictyoptera, Megasecoptera, Blattodea, Ephemeroptera, Proto-orthoptera 

and Miomoptera. Like Palaeozoic nymphs as a whole, it is clear that little is known about the juvenile 

taxa of Montceau; identified nymphs belong to the Ephemeroptera, Palaeodictyoptera, Megasecoptera, 

Blattodea, and two unidentified groups. These latter two were reportedly assigned to two orders, and 

cited as 'in prep' (Burnham 1994).  

 

This publication has yet to surface, but the author does present some details (Burnham 1994); members 

of the first group resemble Megasecoptera nymphs, with narrow, elongate abdomens reminiscent of 

dragon flies. The wing buds, thickened and leathery in nature, run parallel to the body, but curve away 

from it, and the nymphs are around 30mm in length. The second major group resembled 

ephemeropteran nymphs – with broader abdomens and membranous wings with clear venation. They 
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further possessed a series of paired lateral winglets on each abdominal segment, and were smaller than 

the 'megasecopteroid' nymphs. Both groups are thought to have been aquatic.  

 

In conclusion, little work has been published on Palaeozoic insect nymphs in the last two decades, and it 

is clear there are still many questions to be answered. A better understanding could potentially help 

unravel the origin of some of the major insect groups, and of major innovations such as wings. 

 

 
Figure 8.7 – Type specimen of Anebohoplites phrixos (MNHN 05630), only cross section of fossil visible, infilled by  

white mineral. Scale bar 10mm.  

 

8.3 Method and materials  

 

Two fossil from Montceau Les Mines, MNHN 86502 and MNHN 05630 were chosen to scan. Both are 

small siderite nodules – MNHN 86502 has split into four parts. One split between the dorsal and ventral 

surfaces of the fossil reveals a coronal section, while a transverse crack splits the nymph across the 

metathorax. The fossil appears as a three-dimensional void coated with a darker material, possibly 

phosphate. MNHN 05630 is void with kaolinite infill; the siderite nodule has split into three parts, the third 

missing, but not containing any fossil. Little more than a cross section of the fossil is visible. Both were 

scanned at the NHM, MNHN 86502 with a current / voltage of 185µA / 225kV and MNHN 05630 at 

190µA / 225kV. Both scans employed an unfiltered tungsten reflection target, and 3142 projections. Both 

were resolved at 23µm. MNHN 86502 had partial pyrite infill requiring a dual threshold.  
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8.4 Systematic palaeontology  

 

Class Insecta Linnæus, 1758 

Incerti ordinis 

Anebohoplites phrixos gen. et sp. nov. 

 

Etymology. Genus from Greek anebos, young, or beardless and hoplites an armed soldier. Phrixos 

Greek for bristling. Both allusion to the defensive spines present in this juvenile insect.  

 

Holotype. Specimen MNHN-SOT 05630 (Collection Sotty 2, deposited in the Muséum d’histoire 

naturelle d’Autun) belonging to the Muséum national d’Histoire naturelle, Paris. (MNHN 05630,Figure 

8.7). 

 

Locality, horizon and age. Montceau-les-Mines Lagerstätte (Massif Central, France), Assise de 

Montceau, Late Stephanian. 

 

Diagnosis. Heavily spined insect nymph, pronotum bearing six spines on lateral margin, opisthognathous 

head with prominent eyes bears six spines on anterior margin, and abdominal segments with 3-4 spines 

on lateral margins and trilobate ventral surface. Terminal cerci also spine-like.  

 

Description. Small (21.8 mm) insect nymph, heavily ornamented with dense spines on lateral margins for 

full length of body (Figure 8.8A). Strongly opisthognathous head tucked under pronotum (Figure 8.8B), 

dorsal surface protrudes and bears six anterior spines. Ventral anterior of head slopes postero-ventrally 

and bears an array of smaller spines demarking a square (demarked by a red dotted line in Figure 8.8D). 

Immediately posterior to this the forward-facing antennae; segmentation of antennae not clear beyond 

larger basal segment, likely filiform. Right antenna truncated after 0.8 mm, left after 1.59 mm. Ventral 

and posterior to antennal attachment is prominent eye (Figure 8.8D), details poorly preserved, but 

appear tubercular, protruding ~0.5mm from the lateral body wall. Mouthparts not well preserved, 

posteriorly directed and triangular in form from below, terminating between the first pair of legs. 

Pronotum (4.2 mm in length) narrower than mesonotum and metanotum, with a fan of four lateral spines, 

one bifurcating. Prothorax bears the first pair of legs (Figure 8.8D), comprising short, almost spherical 

coxa (0.5 mm), a small trochanter, then long femur (1.69 mm). Leg bends at femur-tibia joint; this bends 

interpreted as a 'death posture' (i.e. not a natural in vivo condition). Tibia relatively short (1.1 mm), and 

limb terminates with annulated tarsus (1.1 mm). Annuli not clear, but curvature in this region indicative of 

pseudosegmentation. Limbs are short and robust. Pair of smaller 'appendages' immediately anterior to 

first limbs is present (see discussion). Despite apparent origin immediately anterior to the first pair of 

limbs, there is little evidence for attachment in this position. Like antennae, show little evidence of 

segmentation, but curvature suggests that segmentation or annulation was present. 
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Figure 8.8 – The insect nymph Anebohoplites phrixos gen. et sp. nov. MNHN 05630 from the Montceau-Les-Mines Lagerstätte, France. A. 
Dorsal view, showing wingpads. B. Lateral aspect, of note are the orientation of the head and limbs. C. Ventral abdomen demonstrating trilobate 

underside. D. Anterior view, showing head, antennae and possible maxillary palps, in addition to leg segmentation. an = antenna; ca = central 
axis; ce = cerci; e = eye; fe- femur; L1-3 = legs 1-3; lz = lateral zone; mp = maxillary palps (?); ms = mesonotum; mt = metanotum; pn = 

pronotum; ta = tarsus; ti-tibia; wp = wing pad. All scale bars 5mm. 



175 
 

Mesonotum (2.2 mm in length) bears two spines (Figure 8.8A), anterior to a narrow wing pad, with wide 

attachment to the body and lateral spine at apex. Wing pad is posteriorly directed but with no obvious 

point of curvature, and while (laterally) wide is shorter than typical for insect nymphs (c.f. Arrosoris 

tagax). Only preserved on one side. Mesothorax bears second pair of legs, coxa and trochanter less 

well-preserved than first pair, but otherwise well-resolved. Limbs more gracile than prothoracic pair, and 

terminate in a pretarsal claw. Body here relatively deep but narrow, and skewed to right side suggestive 

of post-mortem distortion.  

 

Metanotum (~3.7 mm) bears posteriormost wing pad, similar in size and shape to that of mesonotum, 

but with spine on wingpad at anterior (leading edge) of the pad rather than apex (Figure 8.8A). Terminal 

triple spike at posterior of segment, behind wing pad. Wing pad only preserved on right side. 

Metathoracic legs similar in shape to those of mesothorax, but slightly longer. Annulation in tarsus 

clearest here. In contrast to forelegs, mesothoracic and metathoracic appear to attach posteriorly 

directed.  

 

Thorax-abdomen boundary poorly preserved. Abdomen preserved dorsally recurved, with ten abdominal 

segments (Figure 8.8B). Each bears three prominent spines on the lateral border, larger segments have 

a small fourth on their anterior margin. Spines increasingly posteriorly directed towards the end of the 

abdomen, except the tenth which is only ventrally expressed with a pair of posteriorly directed spine-like 

cerci possessing no visible segmentation. Ventral surface of abdominal segments are trilobate (Figure 

8.8C), with a semi-circular central lobe and then wedge-shaped lateral zones. The central axis 

decreases in width posteriorly while the lateral zones do so to a lesser degree.  

 

Incerti ordinis  

Arrosoris tagax gen. et sp. nov. 

 

Etymology. From Latin arrosoris – one who gnaws, an allusion to the chewing mouthparts of this nymph, 

and tagax – prone to touch, a reference to the (presumably) tactile antennae of the species. 

 

Holotype. Specimen MNHN-SOT 86502 (Collection Sotty 2, deposited in the Muséum d’histoire 

naturelle d’Autun) belonging to the Muséum national d’Histoire naturelle, Paris. (MNHN 86502). 

 

Locality, horizon and age. Montceau-les-Mines Lagerstätte (Massif Central, France), Assise de 

Montceau, Late Stephanian. 

 

Diagnosis. Insect nymph with large pronotum, and elongate wing pads – pronotum, mesonotum and 

metanotum bear median ridge. Nine segmented abdomen with a pair of terminal cerci. Semi-circular 

head with hypognathous mouthparts, and highly segmented antennae.  
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Figure 8.9 –The type specimen of Arrosoris tagax (MNHN 86502). Scale bar 5mm.  

Description. A small insect nymph (21.1 mm long), semicircular head at anterior (Figure 8.11B). Two 

antennae attach at the anterior cephalic margin, and comprise a large number of small segments – the 

right is prematurely truncated, while it is possible the left is complete (8.5 mm), narrowing towards its 

apparent termination. Antennae had a minimum of 23 frustal / situliform segments in life. One is held 

parallel to the long axis of the body, the other perpendicular to this, with a bend mid way (Figure 

8.11A,B). Eyes not resolved. The ventral head preserves the mouthparts in their entirety (Figure 8.10B). 

The anterior cephalic margin appears to possess a frons, clypeus and then a triangular labrum (the latter 

dorso-ventrally 0.5 mm), immediately anterior to well-preserved, slender mandibles, one displaying both 

condyles. Posterior to these are the maxillae, with stipes, lacinia and galea present on both sides. As a 

result of the required arbitrary termination of limbs when separating them from the body during the 

computer reconstruction, the cardo could not be identified. The palps possessed a palpiger and a 

minimum of four segments, both are lengthy (2.3 mm), outstretched and skewed towards the right, but 

not very well resolved (Figure 8.11C,D). Posteriormost is the labium, with broad attachment at the base 

of a submentum. Mentum not distinguishable, but palpiger and lingula can be discerned between the 

labial palps. These comprise a minimum of two segments, and just anterior to the labium is an elongate 

structure with triangular cross section; this is likely the hypopharynx. 
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Posterior to the mouthparts is a broad (8.3 mm at widest point) pronotum 4.9 mm in length (Figure 

8.11B) with gently curved lateral margins and a median ridge. The left foreleg is one of the two complete 

limbs, and comprises a small coxa (0.9 mm) and trochanter, then longer femur (2.5 mm). The femur is 

somewhat flattened in cross section and possessed longitudinal ridges. Tibia a similar length (2.3 mm), 

and more circular in section proximally, but distally has a flattened dorsal surface. Five segmented tarsus 

comprises short four short tarsomeres and a long terminal pseudosegment, with strong curvature in the 

first three. Limb terminates with a pretarsal claw. The left limb truncates mid-femur. The mesonotum is 

somewhat shorter (3.4 mm) but otherwise similar in shape. Wing pads possess a broad attachment to 

the tergite, and have a gently curved lateral margin. The mesothorax bears the other complete limb 

(Figure 8.11A), identical in form to the previously described appendage but more posteriorly directed. Its 

opposite terminates mid-femur. Metanotum is the longest thoracic tergite (4.1 mm) with similarly large 

wing pads. These have a more subtle posterior curve than the mesothoracic pads. Poorly preserved 

metathoracic limbs truncate post-coxa.  

 

 
Figure 8.10 – Insect mouthparts. A. Those of a typical biting-chewing insect, from Brusca and Brusca (2003). B. The mouthparts of Arrosoris 
tagax. ca – cardo; cl – clypeus ;fr – frons; ga – galea; gl – glossa; hp? – possible hypopharynx; la- labrum; lb = labium; lc = lacinia; lg = lingul; 

ma = manible, me = mentum; pa = palp; pp = palpiger; sb = submentum; st = stipes. 

Abdomen well-resolved, although the lateral margins are difficult to differentiate from the crack along 

which the nodule was split, making them somewhat subjective in the model (Figure 8.11A,B). The nine 

abdominal segments shorten slightly posteriorly (first: 1.3mm in length, penultimate 1.1mm), terminal 

segment small and situated between the cerci. Cerci lack discernable segmentation; one directed 

laterally and probably complete, the other dorsally directed and prematurely truncated. Abdominal 

segments narrow posteriorly, each being associated with a lobe in the lateral margin of the abdomen. 

The ventral surface of some areas appears distorted, with ventral plates detached (e.g. right edge of 

abdominal segments 4 & 5) – coupled with the poorly preserved legs suggesting post-mortem decay. 

The body is fairly flat; the retained three-dimensionality of the limbs suggests that this is not a 

taphonomic effect.  
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Figure 8.11 – The insect nymph Arrosoris tagax gen. et sp. nov. MNHN 86502 from the Montceau-Les-Mines Lagerstätte, France. A. Ventral 
view, showing limbs, head appendages and cerci. B. Dorsal view, showing wing pads. C. Ventral head showing mouthparts. D. Lateral view with 

leg segmentation and mouthparts labelled, antennae removed. an = antenna; ce = cerci; co = coxa; e = eye; fe- femur; fb = femur break, 
reconstruction artefact resulting from the switch between pyrite infill and void; L1-3 = legs 1-3; la = labrum; lm = labium; lp = labial palp; ma = 
mandible; mp = maxillary palp; mr = median ridge; ms = mesonotum; mt = metanotum; mx = maxilla; pn = pronotum; ta = tarsus; ti-tibia; wp = 

wing pads. Scale: A,B = 5mm; C,D = 1mm.  



179 
 

8.5 Discussion  

 

It is clear that neither of these nymphs match the description of the two predominant 'types' found in 

Montceau, which both possessed a long abdomen and posteriorly directed wings (Burnham 1994); 

indeed neither resembles any palaeopteran juveniles previously described from the Carboniferous. 

These two nymphs have several characters in common. Both are small, with poorly developed wing 

pads, indicative of young instars (in hemimetabolous development the wings increase in size with each 

moult; Kukalová-Peck 1985). None of the pads posses an articulated attachment to the thorax, 

supporting Wootton's (1981) view that such an arrangement is not as universal as some authors have 

suggested (contra Kukalová-Peck and Peck 1976). Kukalová-Peck suggests that gills were almost 

universal in the pterygote nymphs, and that pterygote nymphs were plesiomorphically aquatic (Kukalová-

Peck 1987; Shear and Kukalová-Peck 1990). More recent opinion (e.g. Sinitshenkova 2003) holds that 

insects are secondarily aquatic, evolving from fully terrestrialised ancestors; the absence of gills or any 

specialisations indicative of aquatic life in the nymphs described here provides substantial support for 

this latter position. Further the wing pads are not the gill-like, functional structures Kukalová-Peck uses to 

support her exite-wing theory (Kukalová-Peck 1983, Kukalová-Peck 1987); they are instead small and 

poorly developed, neither showing any hint of venation. While the specimens are likely young, their 

incompatibility with the structures demanded by exite-wing theory appears telling. The absence of 

features supporting the exite-wing hypothesis could entirely stem from the fact that Carboniferous 

nymphs post-date the likely origin of wings tens of millions of years (Engel and Grimaldi 2004). However 

the same argument then equally applies to the nymphs of Kukalová-Peck, whose supposed 

symplesiomorphies could as easily be synapomorphies. Without earlier taxa or a larger dataset 

arguments based on the morphology of Carboniferous juveniles are fraught with difficulty.  

 

The observation that both appear to possess five tarsomeres and pretarsal claw does not contradict the 

assumption that this condition is plesiomorphic to the Pterygota (Grimaldi 2010b); neither, however, 

shows any evidence for Kukalova-Peck's posited seven segmented tarsi or abdominal winglets 

(Kukalová-Peck 1997) 

8.5.1 Anebohoplites phrixos 

 

This is an unusual and well-resolved insect nymph. It is heavily spined – this is likely a defensive 

adaptation. Without the ability to fly away from danger, and living in Carboniferous Coal Forests awash 

with potential predators, it is likely that insect nymphs were at great risk from predation (Atkinson 2005). 

This heavy spination would make the nymph less palatable, at a time when amphibian predators could 

not gingerly process food with differentiated teeth such as incisors (Baird 1965). The poor resolution of 

the mouthparts prevents speculation as to the diet of this species, but they do not appear to be 

haustellate, suggesting they employed a form of feeding other than sucking. 

 

While the difficulty of identifying the adult relatives of such nymphs have already been outlined in length, 

speculation is possible. Those Palaeoptera with haustellate mouthparts (Diaphanopterodea, 
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Paleodictyoptera, Megasecoptera, and Permothemistida) possessed forward pointing heads with 

sucking mouthparts already developed (Hubbard and Kukalová-Peck 1980); this morphology is not 

present in Anebohoplites phrixos. A lack of pronotal lobes further excludes assignment to the Geroptera. 

It is possible this is a nymph of the Protodonata, which are unknown from the Palaeozoic. This seems 

unlikely, however; modern close relatives of the Griffenflies – the Odonata – universally have aquatic 

nymphs, and this is suspected in Carboniferous Protodonata (Grimaldi and Engel 2005) although no 

evidence is forthcoming (Wootton 1988). Holodonata (Protodonata + Odonata) are universally 

predaceous – there appear to be no specialisation towards predation in this nymph – and one of the 

defining characters of Odonata is nymphs with three caudal gills, not present here. Anebohoplites 

phrixos also lacks the large compound eyes typical of the Holodonata. The most likely affinity for this 

nymph is with the basal Orthoptera; for example Gerarus danielsi of the family Geraridae found in the 

Carboniferous of Mazon Creek possessed a heavily spined thorax (Burnham 1983).  

 

The appendages immediately anterior to the forelegs walking limbs are problematic. They do not 

possess clear segmentation, but as segmentation is not preserved in either the antennae or cerci, this 

may be a taphonomic effect. One interpretation is that they represent exopods of a (biramous) 

prothoracic limb; this would be unexpected to say the least (Dworkin, Tanda, and Larsen 2001), 

especially if it was the case in just one pair of the three limbs. A more plausible interpretation is as 

maxillary palps, as their origin lies near the nymph's mouthparts. However because of the posteriorly-

directed nature of the head, the mouthparts and limb bases in this specimen are found in the same 

region – when these structures are followed in the slice images of the dataset their exact origin cannot 

be traced.  

8.5.2 Arrosoris tagax 

 

Arrosoris tagax is similar in appearance to modern cockroach nymphs, with a large pronotum, well 

developed cerci, long antennae and a flattened habitus, and also to published figures of Carboniferous 

roachoid nymphs (Shear and Kukalová-Peck 1990; Jarzembowski 1987). As such, it seems likely this is 

a nymph of the Blattoptera. Certainly, the biting mouthparts rule out palaeopteran affinities, the 

Palaeodictyopteroidea having sucking mouthparts, while holodonatan nymphs (/naiads) were likely to be 

aquatic predators. Extant Odonata possess highly specialised mouthparts in the form of a retracted 

labium in plesiomorphic taxa grading through to a prehensile labial mask in the most derived (Bybee et 

al. 2008) – features entirely absent from the mouthparts resolved here. Further the two cerci make 

holodonatan affinities unlikely.  

 

The flattened nature of the nymph likely allowed it to negotiate and live in the leaf litter. It would have 

provided defence, allowing it to flatten itself against surfaces without causing shadows (Shear and 

Kukalová-Peck 1990), made it more difficult to pick up, and facilitated a cryptic lifestyle, sheltering in 

narrow crevices (Bell et al. 2007).  
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The high resolution and detail in the mouthparts is of note – not only are these amongst the best 

resolved Carboniferous insect mouthparts, they are essentially modern in appearance. Resolved are the 

labrum, the mandibles for processing food, the hypopharynx to aid swallowing, and maxillae and labium. 

Both of the latter possess palps which (by contrast to modern forms) probably aided the manipulation 

and chemoreception of food (Chapman 1998). These are the same structures found in modern 

cockroaches and other generalist feeders. With little evidence of specialisation, the mouthparts of 

Arrosoris tagax point towards a generalist diet – much like modern forest roach nymphs they could have 

eaten decaying and rotting matter on the forest floor. Highly developed and mobile antennae, again like 

those of modern roaches, suggest well developed sensory apparatus. Modern roach nymphs forage at 

night (Bell et al. 2007) – it is possible the same applies to this species, hence the lack of well developed 

eyes, which are also not discernable in the scan or hand specimen.  
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This chapter begins with a literature review and method, then a systematic palaeontology based upon 

the new XMT scans, presenting new results and synonymising the two species found within the genus. 

This is the first published study of a series of well-preserved specimens from the Coseley Lagerstätte 

held in the NHM – specimens which were the basis of the descriptions of Rolfe (1969). The chapter 

finishes with a discussion of the impact of these findings, and suggestions regarding the palaeoecology 

of Camptophyllia. 

9.2 Literature review  

 
Gill (1924) was the first to describe Camptophyllia; he erected two species – C. eltringhami and C. fallax 

– based upon specimens from the Phoenix Brickworks quarry, Crawcrook, near Newcastle, UK. He 

reported a minimum of nine segments, the last modified to form a small tail. Each somite has three 

tergites, bordered by two lateral plates (‘a leaf like pleural expansion’) creating an onisciform organism, 

with a somewhat box-like cross-section. Gill noted similarities to the Isopoda and was ‘inclined to 

consider it as such provisionally’. The type (and only known example) of C. eltringhami was reported to 

have a tail segment with lateral plates as the rest of the body, and a terminal median dorsal keel drawn 

into a spine. Interpretation of the features was complicated, however, by the fact that the true dorsal 

surface was only preserved on the lateral plates of each segment; elsewhere lines representing both 

dorsal and ventral surface were reported to appear in the flattened fossil. Gill was uncertain as to 

whether the anterior represented a head, or merely the record of prematurely truncated, broken remains, 

with the visible ‘head’ region actually belonging to the ventral surface. C. fallax – known only from the 

flattened posterior five segments of a single specimen – differs in details of the tail segment, which in this 

species is ‘without pleural expansions’ and possesses a broad flange rather than keel and spine. 

 

Van Straelen (1931) listed the genus as Eumalacostraca (incertae sedis), providing no further comments 

(p.86). Brooks (1962) mentions the taxon once, saying “Van Straelen (1931, p. 86) was correct in 

removing them from serious consideration as a representative of any of the Malacostraca. They may be 

related to the Arthropleurida”. Thus the genus was not formally removed from a placement in the 

Malacostraca, and the suggestion of arthropleuridan affinities – universally accepted since – has never 

been critically appraised, and no evidence proffered. Rolfe (1969) based his account on undescribed 

specimens from Coseley in the NHM (Hansman 1972), and placed Camptophyllia amongst taxa 

doubtfully classifiable as Arthropleurida. He recorded ten segments, 'telson' excluded, a semicircular first 

somite, and posited a head hidden beneath the first segment.  

 

Hansman (1972) described an additional, poorly preserved specimen in the collections of the Sedgwick 

Museum, Cambridge, from Sparth Bottoms, Rochdale, Lancashire. He reported a possible fraction of the 

head and the first seven thoracic segments of the specimen, the rest being missing. Due to the 

fragmentary preservation the author does not assign this example to a species, and also reports 

personal communication from W. D. I. Rolfe suggesting the type of C. fallax could in fact be the 

opisthosoma of an arachnid. Anderson et al. (1999) reported a single Camptophyllia specimen collected 

from the roof shales of the Wigan Four Foot coal seam, Westhoughton, Lancashire with possible gut 
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contents preserved. Most recently Pollard, Selden, and Watts (2008) suggested that the trace fossils 

Diplichnites triassicus and Rusophycus versans from Carboniferous lacustrine siltstones in Lancashire 

could have been produced by Camptophyllia. The authors justified this – despite uncertainties of affinity 

and mode of life of the genus – on the basis of body size, a length / width ratio of 2:1, 7–10 pairs of 

homopodous limbs, and benthic habit. Further, opposed appendage tracks lie under the lateral regions 

of each body segment when a scaled reconstruction of Camptophyllia is placed on the tracks. This 

matches reconstructions of arthropleurid locomotion and burrowing behaviour found in Devonian fluvial 

deposits, reported by Smith et al. (2003) and Morrissey and Braddy (2004). 

9.3 Method and materials  

 
Six Camptophyllia specimens were scanned; the type specimen of C. eltringhami (NHM In 41503, 

Crawcook, near Ryton-On-Tyne, Durham, Westphalian B, ca. 311 Ma in age), and the majority of 

(previously undescribed) examples held in the NHM (I. 13951, I. 13952, In 22843, In 22844 – Coseley, 

Westphalian B) that were the basis of Rolfe's (1969) account (Hansman 1972). Additionally, a fossil from 

the private collection of Mr Sean Sale (CH3, Crock Hey, Westphalian A, ca. 314 Ma in age) was 

scanned. Four specimens were x-rayed to ascertain if any morphology was preserved within the nodule. 

In these cases it was clear all information was revealed by the split in the nodule, so no scanning was 

undertaken. These include the type of C. fallax (NHM In 41503, Crawcook, Durham) and another poorly 

preserved specimen from the Tyne Coalfields (NHM In 41505), an example from the private collection of 

Mr Stephen Livesley (CH304 a and b, Crock Hey), and a specimen from the Sedgwick Museum 

(E.16925, Sparth Bottoms, Lancashire, Westphalian A). The example held in the Manchester Museum 

(MM) from Westhoughton was not scanned.  

 

Initial reconstructions of all scanned specimens were created to assess the quality of preservation. Of 

these, the two best preserved examples were chosen to be manually cleaned and are presented here. 

The first, NHM I. 13952, is in a small siderite nodule, and was scanned with an unfiltered tungsten 

reflection target, a 225 kV voltage and 190 µA current. 3142, 0.18 second exposures were used to give a 

resolution of 12 µm. The same settings were used for NHM In 22843, giving a resolution of 13 µm. The 

rest of the scans had a resolution of between 15 and 16 µm. The specimens were additionally studied by 

optical microscopy. 

9.4 Systematic palaeontology  

 
Arthropoda incertae sedis 

Genus Camptophyllia Gill, 1924 

1924 Camptophyllia Gill, pp. 466-471 

 

Type and only species. Camptophyllia eltringhami Gill, 1924 

 

Localities and Ages. Upper Carboniferous Coal Measures, United Kingdom: Tyne Coalfield (Crawcrook, 

Durham, Westphalian B), Crock Hey (Wigan, Lancashire, Westphalian A), Coseley (Dudley, West 
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Midlands, Westphalian B), Westhoughton (Wigan, Lancashire, Westphalian A) and Sparth Bottoms 

(Rochdale, Lancashire, Westphalian A). 

 
Diagnosis. Onisciform arthropod with 10 somites, each dorsally split by two longitudinal axial furrows to 

create tri-lobed dorsal surface, and each with two lateral plates, posteriorly imbricating. First somite 

semicircular, and posterior with small terminal spine or tubercle. 

 

Camptophyllia eltringhami Gill 1924 

1924 Camptophyllia eltringhami n. sp. Gill, p.467, 1 fig. 

1924 Camptophyllia fallax n. sp. Gill, p. 469, 1 fig. syn. nov. 

1931 Camptophyllia eltringhami Gill; Van Straelen, p.71. 

1931 Camptophyllia fallax Gill; Van Straelen, p.71. 

1962 Camptophyllia eltringhami Gill; Brooks, p.269. 

1962 Camptophyllia fallax Gill; Brooks, p.269. 

1969 Camptophyllia Gill; Rolfe, p. R618, 1 fig. 

1972 Camptophyllia sp.; Hansman, p. 315, 1 fig. 

1984 Camptophyllia fallax; Selden and White, p. 43.  

1998 Camptophyllia; Dunlop and Selden, p. 224. 

1999 Camptophyllia eltringhami Gill; Anderson et al. p. 326, 1fig. 

2008 Camptophyllia sp. Gill; Pollard, Nudds and Selden, p. 399, 1 fig.  

2010 Camptophyllia sp. Gill; Sadlok and Machalski, p. 121.  
 

Holotype. NHM In 41504. 
 

Type locality and horizon. Crawcrook, near Ryton-On-Tyne, Durham. Middle Coal Measures, 

Westphalian B in age, similis-pulchra Zone.  

 

Additional material. NHM In41503 (= holotype of C. fallax), In41505 (Tyne Coalfield); NHM I13952, 

In22843, In22844, I13951, (Coseley); Sedgwick E.16925 (Sparth Bottoms); Private collection of Mr Sean 

Sale, CH3 (Crock Hey); Private collection of Mr Stephen Livesley , CH304a and b (Crock Hey); MM 

LL11153 (Westhoughton). 

 

Distribution. UK Coal Measures, Westphalian A-B.  
 

Diagnosis. As for genus.  
 

Description. Flat, onisciform arthropod, 15-45mm long, 8-20mm wide (NHM In 41504 a larger specimen, 

NHM I. 13952 the smallest; Figure 9.2). Both scans (Figure 9.3,Figure 9.4), and complete hand 

specimens (Figure 9.2) possess ten segments, the segmentation most clearly demonstrated in the 

Coseley specimens (Figure 9.2G-J) . The segments decrease in length posteriorly; from 1.75 mm 

(second) to 0.88mm (penultimate) in scanned specimen, NHM I. 13952. 
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Figure 9.2 – Fossil examples of the genus Camptophyllia. (a).NHM In41505, a specimen from the Tyne Coalfield. Visible fossil 44 mm in length. 

(b).NHM In41503, the holotype of Camptophyllia fallax Gill 1924, Tyne. Fossil 28 mm in length. (c).Counterpart to (a) showing only posterior 
segments. Fossil 30 mm in length. (d).NHM In 41504, the holotype of Camptophyllia eltringhami Gill 1924, Tyne. Fossil 39 mm in length. 

(e).CH3, a specimen from the private collection of Mr Stephen Livesley, Crock Hey. Fossil 42 mm in length. (f).CH304a,a specimen from the 
private collection of Mr Sean Sale, Crock Hey. Fossil 35 mm in length. (g).NHM I. 13951, a specimen from Coseley. Fossil 18 mm in length. 
(h).NHM I. 13952, a specimen from Coseley. Fossil 13 mm in length. (i).NHM In 22843, a specimen from Coseley. Fossil 20 mm in length. 

(j).NHM In 22844, a specimen from Coseley. Visible fossil 20 mm in length. 

The first segment is semi-circular in form (e.g. NHM I. 13952, Figure 9.4), with a rounded anterior and 

straight posterior margin. The first segment is longer than the others (NHM I. 13952: 2.22 mm), and is 

rarely flat; in scanned specimen NHM In 22843 it possesses lateral tubercles and a transverse ridge, 
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while NHM I. 13952 features lateral and median tubercles. Each somite is split ex-sagittally into the 

diagnostic wide median axis (at greatest 3/5 the total width of the organism, well demonstrated by NHM 

In 22843) and 2 lateral paratergal folds, whose form is clearest in CH304a in which the lateral aspect is 

preserved (Figure 9.2F). The median axis narrows posteriorly (most pronounced in NHM I. 13952), and 

possesses a posterior median keel resolved in the scanned specimen NHM I. 13952; the posterior five 

tergites possess a small median terminal spike (Figure 9.4; MS). This specimen demonstrates similar 

spokes / ornamentation at the boundary between the dorsal sclerite and lateral plates (Figure 9.4; LS). 

The lateral plates are posteriorly imbricated, as shown in the well preserved lateral aspect of CH304a 

from Crock Hey ( Figure 9.2F) in addition to the scanned specimens (Figure 9.3B, Figure 9.4B). The 

shape of these lateral plates is also best shown in the Crock Hey example – they are posteriorly drawn 

into a distal point, possess a slight posterior recurvature, and in this specimen the posterior borders 

possess serrations in some segments.  

  

 
Figure 9.3 – Computer reconstruction of Camptophyllia specimen NHM In 22843 from Coseley. A. Dorsal view. 

B. Lateral view. C. Ventral view. 1-10 = segment numbers; AR = artefact; LS = lateral spine;  
LT = lateral tubercle; TR = transverse (cephalic) ridge; TT = terminal tubercle. Fossil 20 mm in length.  



 

188 

 

 

 

 
Figure 9.4 – Computer reconstruction of Camptophyllia specimen NHM I. 13952 from Coseley. A. Dorsal view; note lateral curvature of specimen visible from this orientation. B. Lateral view showing dorsal curvature. 

Posterior margin of overlapping lateral plates marked by red dashed lines. C. Zoom of dorsal surface of segments 5-7 showing more complex tergal boundaries accommodating dorsal curvature. D. Ventral view. 1-10 = 
segment numbers; ABR = anterior boundary ridge; AR = artefact; DC = line showing zone of dorsal curvature (coiling); LM = lateral margin (ventral); LP = lateral plate; LS = lateral spine; LT = lateral tubercle; M = 

median depression; MM = median margin (ventral) = MS = median spike; MT = median tubercle; PBR = posterior boundary ridge; TR = transverse (cephalic) ridge; TS, terminal spike; TT, terminal tubercle. Fossil 12.9 
mm in length.
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The terminal segment bears a tubercle (e.g. NHM In 22843), which is – in some specimens – elongate 

and almost spinous in nature (notably scanned specimen NHM I. 13952, and type NHM In 41504). The  

posterior margin of the terminal segment is drawn into a spike, such as that in NHM In 41504 (slightly 

exaggerated in the reconstruction of Gill 1924). The fossils demonstrate an ability to both coil dorso-

ventrally and curve laterally. The former is seen in a number of the fossils. I. 13952 demonstrates a 

degree of dorso-ventral curvature in segments 4-7 (Figure 9.4B, DC). Where the organism is curved in 

this manner more complex boundaries between the different tergites are visible. Normally the boundary 

between segments is a single transverse depression, but when coiled two transverse ridges are seen – 

at the sclerite margins – with a small depression between these, presumably to accommodate the 

curvature (Figure 9.4C). This pattern is also seen in NHM In 22844 between segments 4 and 7, and 

NHM I. 13951 between segments 2 and 5. Lateral curvature is seen in I. 13952, causing the lateral 

plates on the right to overlap, and those on the left to be more widely spaced (Figure 9.4).  

 

In the scanned specimens no sternites or ventral structures were resolved. The ventral morphology of 

the sternites was recovered, however, best shown in NHM I. 13952. In this view the margin between the 

lateral elements of the tergites is more complex. Rather than perpendicular to the long axis of the 

arthropod (and hence parallel to segment boundaries in the median lobe), the boundaries between 

segments are angled at ~50 degrees to this. These create chevron shaped regions, but while they 

continue into the median axis in the form of a ridge, they do not meet in the centre (Figure 9.4D, LM and 

MM).  

 

Specimen NHM In 22843 appears to possess an element of sternal cuticle. This is not complete enough 

to discern any elements of the sternal morphology, but the thin loop of material found in the head region 

does give the impression of a box-like construction. Visible on a relatively small number of anterior slices 

(Figure 9.5), it suggests at the head the pleural margins are angled inwards, and a flat sternite bridges 

the gap between them. 

 

 

 
Figure 9.5 – XMT slice image through cephalic region of NHM In 22843, showing box-like arrangement of  

head. c = crack; cs = central sclerite; lp = lateral plate; s = sternite; t = tergite. Fossil 3.46 mm across.  
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Remarks. The holotype of Camptophyllia fallax Gill, 1924, is incomplete, preserving only six posterior 

segments with a limited number of fragments of cuticle attached. As a result of the poor preservation the 

only discernable difference between C. fallax and the type species is the lack of a terminal spine in the 

former. Indeed the preservation of this specimen is such that Hansman (1972) reported the suspicions of 

W. D. I. Rolfe that it might be the opisthosoma of an arachnid. Rolfe (1969), Hansman (1972) and 

Pollard, Selden, and Watts (2008) provide no distinguishing characters – on this basis, and the variability 

within other Camptophyllia specimens, such as those from Coseley, I regard C. fallax as a junior 

synonym of C. eltringhami by page priority.  

 

9.5 Discussion  

 

None of the scans conducted reveal the ventral morphology of Camptophyllia, although some ventral 

aspects of the tergites are resolved. Previous tomographic work on fossils from (Garwood, Dunlop, and 

Sutton 2009; Garwood and Sutton 2010) and Crock Hey (Garwood and Dunlop 2011) has revealed the 

preservation of appendages in arthropod taxa. Further, I have scanned in excess of forty Coseley 

arthropods, and more than ten Crock Hey fossils; of these significantly more than half preserved 

appendages. Having used either tomography or radiography to examine ten of the eleven known fossil 

specimens, it seems unlikely that the absence of appendages is purely the result of poor preservation. It 

also seems unlikely, however, that these could all be moults – of the posited sister groups to 

Camptophyllia, isopods show biphasic moulting (George 1972), and arthropleurids moulted with a suture 

at the posterior cephalic margin (Kraus 2005). Both would be apparent in any exuviae, whereas these 

fossils appear complete and articulated. It is clear nevertheless that the body and appendages of the 

scanned specimens are missing; the most parsimonious explanation for these observations is that the 

body and limbs were less heavily sclerotized than the protective dorsal and lateral plates, and hence 

their absence is taphonomic. 

 

Previous workers have suggested that the first somite is not cephalic, being rather the premature 

termination of the trunk (Gill 1924), or that the head is concealed beneath this first tergite (Rolfe 1969). 

This study demonstrates this anterior region has lateral and (admittedly limited) sternal sclerotized 

elements (Figure 9.5), a flat and rather box-like cross-section, and no preserved ‘head’ beneath the 

carapace. The possibility that this region represents the anterior of the column of a myriapod, and that 

the fossils are moults which have lost the head is discounted here, as there is no clear opening in the 

cuticle through which the head could have been withdrawn during ecdysis. Thus I interpret this first, 

semi-circular somite as the anteriormost (head) somite, lacking (preserved) cephalic appendages or 

obvious visual structures (although the lateral tubercles described above are note worthy – they could 

have housed small visual apparatus). 

 

The variations in the nature of the intra-tergal margins noted (Figure 9.4C) could be due to dorso-ventral 

flexure, as this complexity is only seen in the regions where the curvature is concentrated. In these areas 

the two ridges appear to be the termination of the tergites anterior and posterior to the depression, or 
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gap, in between the two. This could suggest the possibility that an articular membrane to allow flexibility 

was present, or a more complex tergal arrangement such as the half-ring found in trilobites to 

accommodate flexure.  

 

This work has also highlighted differences between the forms of Camptophyllia found in Coseley, upon 

which the descriptions of Rolfe (1969) are based (Hansman 1972), and all other examples. The Coseley 

specimens are universally smaller, about half the size of those from both Tyne, the single example 

known from Sparth Bottoms, and those of Crock Hey. They are otherwise identical, if this difference in 

size is ontogenetic it would be indicative of epimorphic growth. It could also result from endemism, and 

the age difference between these deposits, however. 

9.5.1 Affinities 

 

The affinities of Camptophyllia remain problematic, although I am confident the genus belongs within the 

Arthropoda. A trilobed body is widespread within the arthropods, and without appendage information 

there is little to validate or invalidate any possible placements. Gill’s (1924) suggestion of isopod affinities 

has little or no supporting evidence beyond general appearance; additionally the low number of 

segments seen in Camptophyllia and the presence of pleurites (uncommon amongst the Crustacea) 

argue against an isopod model. The low segment number, unusual head, and presence of lateral plates 

argue against an arthropleurid affinity. The only evidence this work can provide is the (tentative) 

presence of epimorphic growth, present in a number of myriapod groups (Shear and Edgecombe 2010; 

Vedel et al. 2010). This is a weak character however, not uncommon, and homoplastic within the 

Arthropoda (Edgecombe et al. 2000). Pending the discovery of further (more informative) fossils, any 

attempts to place the genus within the Arthropoda seem ill advised.  

9.5.2 Functional morphology 

 

The organism’s seemingly well-sclerotized dorsal and lateral plates are likely to be defensive in function. 

Further, the slight flexure seen in specimen NHM In22844 and Crock Hey example CH3 suggest the 

creature could roll up in life as a defensive strategy. The recurvature in the pleurites is presumably linked 

to this ability, providing lateral protection from interlocking plates when enrolled. Further, the presence of 

terminal spines on the posterior segments (those on the outside of a coiled Camptophyllia) are 

presumably also defensive.  

 

The lack of obvious eyes (or areas where the attachment of stalked eyes would be possible) is indicative 

of poor visual acuity in Camptophyllia, and thus an environment in which these were unnecessary. 

Pollard, Selden, and Watts (2008) reported traces which could have been caused by Camptophyllia, 

suggesting these were formed on siliciclastic substrate on a shallow lake floor, with possible input from 

fluvial crevasse-splay sedimentation. Further, the authors use reports of phosphatised gut contents from 

Anderson et al. (1999) coupled with the traces to suggest Camptophyllia could have been a deposit 

feeder. This is supported by the posited environments of Coseley (where most fossils originate in 
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lacustrine deposits, Braznell 2005), Crock Hey (a lacustrine delta complex, Braznell 2005), and Sparth 

Bottoms (Pocock 1911). As such, a murky sediment-rich environment can be envisaged, in which vision 

would not be useful. The flattened, onisciform appearance could also be interpreted as a ‘snow-shoe’ 

adaptation to prevent sinking into soft sediment on a lake floor, and to facilitate shallow burrowing 

(Pollard, Selden, and Watts 2008). 
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10  Conclusions 

"For as long as there have been humans we have searched for our place in the cosmos. Where are we? 
Who are we? We find that we live on an insignificant planet of a hum-drum star lost in a galaxy tucked 

away in some forgotten corner of a universe in which there are far more galaxies than people."  
Carl Sagan, 1990, Cosmos 

 

X-ray micro-tomography is a valuable tool for the study of siderite-hosted fossils, which are common in 

Carboniferous Lagerstätten. It can reveal their morphology in its entirety, allowing more accurate 

description, and hence a more informed picture, of a fossil's taxonomy, phylogeny and palaeoecology. 

Previously reported problems applying XMT to siderite – beam hardening and issues penetrating the 

dense mineral – can be overcome with a high voltage and current, long exposure time, and suitable 

filtration when scanning. I applied the technique to a number of Carboniferous arthropod groups.  

 

Four trigonotarbids were scanned. Members of the family Anthracomartidae were shown to possess 

coxal endites on the inside of their limbs, terminally chelate pedipalps, palaeognath chelicerae and a 

laterigrade stance, indicative of ambush predation. Further, nine genera and numerous species were 

synonymised, adding some clarity to a previously confusing taxonomy. Eophrynus prestvicii of the 

Eophrynidae also possessed palaeognath chelicerae, gracile limbs, and heavy ornamentation. The 

species showed no specialisations for ambush predation and was probably a cursorial predator. Both 

families show evidence of some degree of dorso-ventral flattening in life. 

 

Two new species of Opiliones were described. Ameticos scolos was heavily spined, and could have 

lived on or in the leaf litter of Carboniferous Coal Forests. It was cladistically resolved as a member of 

the suborder Dyspnoi. Macrogyion cronos was more slight in its build, with a poorly resolved body 

indicative of weak sclerotization. A highly annulated tarsus and long limbs are suggestive of an arboreal 

palaeoecology. The species was resolved as a member of the suborder Eupnoi. The presence of two 

crown-group Opiliones in the Carboniferous supports recent molecular estimates for early Palaeozoic 

cladogenesis in the order, and the similarity of these newly described taxa to extant forms suggests a 

high degree of evolutionary stasis in the group.  

 

XMT was also applied to Carboniferous scorpions, namely two specimens of the species 

Compsoscorpius buthiformis. This revealed gracile pedipalps and chelicerae, a carapace with 

intramarginal eyes, the dorsal mesosoma and an almost complete metasoma. The poorly built pedipalps 

suggest that prey was immobilised largely by means of a venomous sting, and a number of lines of 

evidence point towards terrestriality in the species. The increased morphological information and restudy 

of numerous specimens allowed nine genera to be synonymised, and provided a stark appraisal of the 

current state of fossil scorpion taxonomy. Any studies of Palaeozoic scorpion biodiversity on the basis of 

the current literature will overestimate its true extent, owing to the taxonomic practices of a handful of 

scorpion workers.  
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When applied to a roachoid fossil – Archimylacris eggintoni – XMT revealed the limbs, antennae, 

mandibles, and some elements of the head and abdomen, in addition to the pronotum and wings. All 

current work on the phylogeny and taxonomy of this paraphyletic assemblage is based upon their wing 

venation. This work demonstrates the power of XMT to provide further characters upon which roachoid 

phylogenies can be built. Further, the prevalence of motion studies performed on modern cockroaches 

provided a solid basis for speculation regarding the species' palaeoecology. The mandibles suggest that 

it was saprophagous, while its limbs are characteristic of both a fast runner and an adept climber. Its 

habitus suggests that, like modern roaches, A. eggintoni was somewhat cryptic.  

 

Two insect nymphs were also scanned, revealing almost complete juveniles at a high resolution. Both 

represent young instars, with small, poorly developed wingpads. Furthermore neither shows the 

articulation with the thorax thought to be typical of Palaeozoic insect nymphs. Both were terrestrial. 

Anebohoplites phrixos was a heavily spined species, and quite unlike any previously described 

Carboniferous juvenile. It could be a stem Orthopteran, and is unlikely to be a Palaeopteran nymph. 

Arrosoris tagax is typically roachoid in appearance, with mouthparts essentially identical to a modern 

biting / chewing insect; these were resolved in their entirety.  

 

Finally, in an attempt to reveal details of the ventral and limb morphology of the enigmatic arthropod 

Camptophyllia, most known fossils of the genus were scanned. This was, unfortunately, unsuccessful. 

Some additional morphological details were revealed, such as spination on the dorsal surface and a box-

like form, but pending the discover of further material the affinities of Camptophyllia remain unclear.  

 

XMT has revealed these fossils at a level of detail unimaginable to Victorian workers, from some of the 

very specimens that were studied by gentleman scientists in this golden era of palaeontological 

discovery. The Carboniferous Period provides the earliest widespread preservation of terrestrial 

ecosystems, and this work has applied tomographic techniques to only a small selection of the arthropod 

life of the era. While a proportion of Carboniferous fossils are undoubtedly ill-suited for analysis with 

computed tomography, many are ideal. The widespread application of XMT would aid our investigation 

of isolated groups and, through these individual studies, has the potential to revolutionise knowledge of 

these complex, fascinating ecosystems as a whole.  
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12  Appendix I 

The following Appendix contains the manual to SPIERSalign 2.0 – part of the SPIERS software suite 

written over the course of this PhD. The source code is included in Appendix III.  
 

SPIERSalign 2.0 
 
 
 
 

Serial Palaeontological 
Image Editing and 
Rendering System: 

Alignment and data-preparation utility  
 
 
 

Users Manual 
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12.1 Introduction  

SPIERSalign is a stand-alone program which enables the user to align (or register) a sequence of 

images (a tomographic dataset) prior to editing and/or reconstruction with SPIERSedit. Although correct 

alignment is always required for reconstruction, some 

tomographic datasets (e.g. CT scans) come pre-aligned, and 

hence this step is not always necessary. Nevertheless, 

SPIERSalign can be useful for cropping and converting the 

image format of such datasets. SPIERSalign is a manual 

alignment tool, which allows the user to move (shift), rotate and 

rescale each image individually. It also provides a facility to 

define a ‘crop box’ (a region of interest), which will produce a 

set of cropped images for use in SPIERSedit. Note that 

alignment is considerably easier and more accurate if there are 

fiduciary marks in the image whose position is invariant between sections. Such marks include edges cut 

near the specimen (left hand of example on right), or holes drilled through it (right hand of example on 

right).  

12.2 System requirements  

OS: MS Windows 98, ME, 2000, XP or Vista.  

 

Processor 500Mhz. A faster processor is generally preferable; SPIERSalign 2.0 was developed for use 

with 2+ GHz machines. 

 

Graphics system: SVGA (800x600) resolution or better. A higher resolution display is strongly 

recommended.  

 

Memory: 512Mb on Windows XP, 1Gb+ on Vista. Memory in SPIERSalign will primarily act as a file-

cache, which will enable images to load almost instantaneously after the first time they are viewed and 

subsequently. A large amount of RAM will enable more files to be cached in this way, which may speed 

aligning work.  

 

Hard disk space: Several gigabytes of free space is recommended. A working dataset can be large; for 

example, high resolution serial photograph datasets can reach 3 Gb in size, and  

modern CT datasets can be in excess of 15 Gb. 

12.3 Data Requirements  

SPIERSalign works with windows bitmap format files (ending with a .bmp extension), PNGs (.png) and 

jpegs (.jpg/.jpeg). Files can be either 24-bit RGB or 8-bit greyscale, and of any resolution. The dataset 

can also comprise images of different resolutions. There are no restrictions on filename, although an 

identifier followed by a three or four digit number (e.g. mydata0001.bmp) is recommended for clarity. 

Note that the program will order image files alphabetically, and hence that leading zeroes are required 

Block with fossil 

Image with fiduciary markings 
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on filenames (e.g. image0001.bmp rather than image1.bmp). All images must be placed in a single 

directory.  

12.4 What SPIERSalign produces  

After you first open a dataset with SPIERSalign it will create a file called settings.txt in the working 

directory. This file is intended for the program to use – while you can read it, you should not modify it. 

The file contains details of the files and the changes you have made to them, and is required until 

SPIERSalign has finished with the images. When the images have been cropped a new sub-directory 

will be created, into which the cropped images are placed. Their filenames remain unchanged. The 

settings text file and working (.xxx) images are retained until you compress the dataset. It is advisable to 

keep a backup copy of the dataset, and regularly backup the setting files.   
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12.5 Interface  

 

 

 

 

 

12.5.1 Aligning 
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12.5.2 Cropping 
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12.6 Basic aligning procedure  

A SPIERSalign session in which you wish to align a set of 100 unregistered images will normally involve 

the following stages: 

1. Open a series of images and select one (arbitrarily) to act as the datum – all other images will be 

rotated/shifted/scaled to line up with this one. Typically, the datum image is near the centre of the 

run; this example will assume that image 50 out of 100 has been selected. 

2. Set up lines and/or circles on image 50 to mark the fiduciary points. These markers don’t actually 

do anything, but provide visual reference points that can be used as a guide for alignment. 

3. Move to image 51, and perform rotate, shift and if necessary rescale operations until the image 

position fits the fiduciary markings. It is advisable also to flick repeatedly between image 50 and 

51 to check visually that alignment has been achieved. 

4. Repeat step 3 for image 52 (checking against image 51), and continue until the end of the run 

(image 100) has been reached. 

5. Return to the datum image (50), and repeat steps 3 and 4, this time going backwards through the 

sequence (aligning 49 to 50, 48 to 49 etc.) 

6. When happy with alignment (it is advisable to run through the entire sequence to ensure that all 

movement is as smooth as possible), show the crop area and set resize it, ensuring that the 

object of interest is contained within the box on every image. 

7. Finalise this process by selecting crop. SPIERSalign will process the images, producing sub-

directory with the aligned and cropped images ready for SPIERSedit.  

Note: If data quality permits, there is no reason why the first or last image cannot be chosen as the 
datum, and a single run through (forwards or backwards) performed. However datasets generated by the 
authors tend to have clearer fiduciary marks away from the ends of the run, and images from the middle 
tend to be closer to the average position (hence other images need less movement to be brought into 
line). This may or may not be true with datasets generated in other ways.  

12.7 Using SPIERSalign with CT data  

Data from CT scanners is pre-aligned, but use of SPIERSalign to prepare CT data is nonetheless 

encouraged, as it allows you to crop the dataset easily for SPIERSedit, creating smaller working images 

and hence faster image processing. With CT or other pre-aligned data, steps 1-5 above can be omitted.  

12.8 Starting SPIERSalign  

Start the program, and select File�Open. Navigate to the folder containing your dataset and press ok. 

Alternatively you can choose a recently opened dataset from the list shown in File�Open Recent. If it is 

a new dataset Align will ask if you want to check that image dimensions are the same; this is 

recommended for all but expert users. The program will then display the first image of the sequence.  

12.9 Saving, exiting, and restarting a SPIERSalign session  

To exit an (unfinished) SPIERSalign session simply close the program window. The settings file can be 

saved at any point by choosing File�Save or via the shortcut Ctrl + S. It is recommended the settings 

are saved every few images. To start again at a later date, open (as above) the same working directory. 

While working with a dataset backup settings files can be saved at any point using the File�Save 

Backup, or with the shortcut Ctrl + Shift + S. This will create a time-stamped settings file of the form 
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“settings backup – 16 Sep 2008 – 15.42.50.txt”. Such a backup can be loaded at any time and applied to 

the dataset – see Loading A Settings File.  

12.10 Navigating datasets  

To move forward or backwards through the dataset, press ‘.’ (forward) or ‘,’ (backward) – these are on 

the ‘<’ and ‘>’ keys on a UK keyboard. You can also drag the horizontal slider at the base of the window 

to move through the image set, or type the number image you want to skip to into the spin box on the 

bottom right. Ctrl + ‘=’ allows you to zoom in, and ctrl + ‘-‘ is zoom out. Ctrl + R displays the working 

image at 100%, and Ctrl + Shift + R fits it to the window.  

12.11 Info box  

When toggled the info docker (F9) appears. This shows the user what mode they are in – e.g. Normal 

Align, Automated Align, Semi-automated Align, Propagate, Lock, as well as the cursor's position in pixels 

from the top left corner, the file name of the current image, and the image's dimensions. It also allows the 

user to enter notes in a text box regarding the aligning process, which are saved between sessions.  

12.12 Setting markers  

Selecting Markers�Show Markers Toolbox opens up a docking toolbox – by default on the right of the 

screen – containing marker options. Using the restore down symbol in the top right this can be made into 

a floating window, and placed anywhere on the screen (or another), and it can be redocked on the left as 

well as the right. The add and remove marker buttons allow you to vary the number of markers you are 

using (there is a lower limit of five). The red, green and blue dials allow you to change the colour of the 

markers, which should be set to contrast with the images. The currently selected marker is always the 

inverse colour of the other markers. The marker size spin box allows you to change the size of the 

circular markers, while the line thickness changes the width of the line for both linear and circular 

markers. Markers can be selected by clicking close to them on the image. They can then be dragged into 

position. They can also be selected by clicking on the markers list in the markers dialogue, which shows 

the selected marker highlighted in grey. The toggle shape button transforms the marker from a circle to a 

line or back again. Lines can be moved by clicking and dragging near the middle of the line; clicking and 

dragging towards the end of the line allows you to position the endpoints as necessary to match your 

fiduciary markings. Closing the markers dialogue by unchecking the menu item will hide the toolbox, but 

will not affect marker settings. The colour, shape, position and thickness/size are all retained between 

sessions. 

12.13 Shifting, rotating, and scaling images  

Each individual image can be shifted left, right, up or down by using the arrow keys. By default a single 
key press will move the image by one pixel. Pressing control and the arrow key will move the image by 
half a pixel. Control, shift and an arrow key will move it ten.  
 

Each individual image can also be rotated about its centre either clockwise or anticlockwise. To rotate 

use either ‘9’ (1° clockwise) or ‘1’ (1° anticlockw ise). Using control and these keys will rotate by 0.1°, and 

control + shift will make the rotation ten degrees. Each individual image can be rescaled (made larger or 

smaller). Ideal datasets should not need scale correction, but in the experience of the authors small 
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scale errors of the order of 1% do occur in some forms of data. Normally the image should be rotated 

and shifted first, and only then rescaled if it is clear that this is necessary. To increase the size of the 

image use ‘]’ . To decrease it, use ‘[’. Again control will rescale by a smaller factor, and control + shift by 

a larger one. 

 

Pressing control + shift + z resets all rotate, scale and sub-pixel shift operations on the current image. 

Control + alt + z resets the scroll bars around any individual image (useful in datasets comprising 

numerous resolutions, however it should be noted if you do this with every image it could make aligning 

by comparing between slices very difficult). 

  

Note: The resampling process involved in rotating/scaling/sub-pixel shifting images will produce slight 
blurring. This is unavoidable, and is very unlikely to cause a problem. However, repeated rotating, 
scaling etc. of a single image can in theory cause a build-up of this blur effect. SPIERSalign normally 
avoids this problem; every time you rotate, scale or sub-pixel shift the program goes back to the original 
image and does a single operation combining all rotates/scales/shifts specified so far. However, once a 
cropped dataset has been created (see below) the changes are permanently applied to these images. 
For this reason, it is NOT good practice to realign images in a dataset which has already been cropped – 
this may result in some images being rotated/scaled/shifted twice, introducing more substantial blurring. 
If you feel that you may want to go back to the dataset and re-align it, compress it and then if necessary 
reload the settings file. Note that this does not apply to whole-pixel shifting (using the arrow keys), which 
does not introduce any blur and can be done as often as you like.  

12.14 Semi-automated align  

 

Semi-automated Align, or automated markers system is a fast way of aligning images. It allows the 

markers to be placed as described above. The system can then be enabled (Automated markers button 

on Markers docker – F1) and a grid appears over the markers and image. The grid and markers can 

then be manipulated – rotated and transformed – until the markers lie in the correct position relative to 

the fossil. When this is done AM: Align (alt-a) aligns the slice by returning the grid and markers to their 

original positions, and applying the same transformation to the underlying image. AM: Edit Grid allows 

the user to change the size, position and line thickness of the grid, in addition to the number of cells. This 

should provide a quick method for rough alignment.  

12.15 Automated align  

Auto align allows for the automated alignment of images based upon straight edges within the image. 

This algorithm will only work on datasets which possess from two non-parallel fiduciary edges throughout 

the zone to be aligned. It has its own docker (Auto Align, F3) showing the options for auto aligning – the 

toolbox should open in the left docking area when a dataset is loaded. Before alignment can occur, the 

user should click setup; this displays two boxes on the image, one horizontal and one vertical. These 

should be placed over the edges upon on which the alignment is to be performed by resizing, dragging 

and rotating the boxes. These 'edge zones' should cover as much of the fiduciary edges as possible, on 

every image to be aligned, but without overshooting the edge on any image. Neither box should be 

rotated more than sixty degrees from their original position. They can go over the edge of the image (i.e. 

the top, bottom left or right boundary of the file) but should not be placed entirely off the image. Once 

these zones are correctly position the user can exit by clicking setup again. They can then highlight the 
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slices to be aligned in the Auto Align selection box, and click Align. The selected slices will be aligned 

against the currently displayed image. Often the setup boxes will have to be quite large on the initial 

align to satisfy the conditions above, providing sub-optimal aligning. Auto Align can be run repeatedly, 

however, with a increasingly tighter setup boxes around the fiduciary edges. This will allow a more 

accurate alignment, and can align many datasets so they only need minor corrections after three such 

iterations.  

 

Note that the algorithm only works on straight edges. It does not take into account any scale errors in 

images. If any of the images are very poorly aligned, the 'Reset Image' button will return the image to its 

original position. 

12.16 Setting a crop-box  

To create a crop-box, select Markers�Show Crop Area. You will see a white rectangle overlaid on the 

image, and a message will appear on the status bar with the dimensions of the crop area. The white 

rectangle is the ‘crop-box’, which defines the region that you are interested in. Everything outside of this 

box will be removed from the finalised files that SPIERSalign creates in the ‘cut’ directory (i.e. the ones 

you will work on in SPIERSedit). You should ensure that all of your fossil is contained inside it on every 

slice. To check this, you can navigate backwards and forwards in the normal way whilst in crop mode. 

The crop box can be both resized and moved using the mouse, but for fine adjustments shortcut keys 

can be used.  

12.17 Cropping a dataset  

Once all images have been aligned and a crop box has been set, you should select Markers�Crop (ctrl 

+ shift + x) to perform the crop. SPIERSalign will ask for first the starting and then the finishing slices of 

the crop (allowing you to miss out portions at the beginning and end of the dataset which you are not 

interested in). SPIERSalign then asks you to specify the cropped images’ file format. This can be JPEG, 

PNG, BMP or TIFF. Use of PNGs is recommended in most circumstances; PNG files are relatively small 

files and are compressed with a lossless algorithm. Saving as a JPEG produces extremely small files but 

involves ’lossy’ compression which may subtly damage data; while artefacts are likely to be minimal, use 

of JPEGS is not recommended unless disk-space is an overriding concern. BMPs are saved in 

uncompressed format, and are typically over three times the size of PNGs; they may however load faster 

in SPIERSedit on systems with high-speed storage systems as they do not need to be decompressed, 

and may hence they may be the best choice in some circumstances. TIFFs cannot be imported into 

SPIERSedit, but may be required by other tomographic software. Once the format has been chosen the 

program will work through the file set, applying all changes, and then crop the images to the required 

size, placing them in a ‘cut’ folder in the working directory. This process may take a few minutes. The 

images can then be checked and loaded into SPIERSedit as a new dataset. If there are any problems 

with the images, crop can be performed again until you are happy with the dataset.  

12.18 Compressing a dataset  

Cropping will not remove the temporary .xxx images or the settings file, in case you wish to revise 

alignment and crop again, or perhaps crop a different region of interest. If you wish to remove these files 
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once you have finished with the dataset (the temporary images at least can take up a lot of disk space), 

select File�Compress Dataset. This will remove the temporary images (but not the settings file) and 

also convert the original images to PNG format. The PNG images will be exactly the same resolution and 

quality as the originals, but occupy less storage space. If you have a BMP dataset, compressing the files 

prior to aligning will save disk space and normally allow SPIERSalign to run faster.  

12.19 Loading a settings file  

A settings file can be backed up at any point using ctrl + shift + s (File�Load Settings File). The file can 

be loaded and applied to the dataset using File�Load Settings File. This overwrites the previous 

settings file (which should be backed-up beforehand), and applies the settings to the image list. This will 

only work with the original dataset – any changes to the file names, and any additions to or deletions 

from the dataset will give an error message. 

12.20 Swap mode  

Occasionally you may find that two images are the wrong way round in the sequence, and need to be 

swapped over. Selecting Transform�Swap Image With Next will swap the current image with the next 

one. Note that it is possible to move images to any desired position in the sequence by successive swap 

operations. This operation is performed by renaming the two files concerned.  

12.21 Hiding images  

Occasionally you may find an image in the sequence that you wish to hide temporarily (for example you 

wish to visually compare images 10 and 12 by flicking between them, without 11 always appearing in the 

way). To hide an image, press ctrl + alt + ‘-‘ (all options can also be found in the Navigate menu) . The 

image will remain on screen, but if you now move backwards and forwards using ‘.’ and ‘,’ you will find 

that the hidden image is skipped. If, however, you hold control and shift down when moving, hidden 

images are not skipped, and hidden images can be accessed using both the spin box and horizontal file 

slider. To unhide an image, simply view it and press ctrl + alt + ‘=’. Note that hidden images are still 

processed during cropping and propagation. To unhide all images (advisable before cropping) press ctrl 

+ shift + ‘=’. If you are viewing a hidden image a notice is displayed on the status bar.  

12.22 Propagation  

SPIERSalign provides a facility to record changes made to one image, and then apply those changes to 

all subsequent or previous images in the sequence. This feature is useful, for instance, where one image 

has been omitted during alignment and all of the changes made to this need to be applied to the 

subsequent (aligned) images. To use this mode choose the propagation mode (Navigation�Propagation 

Mode) while viewing the image from which you want to apply the changes. This will ask you whether you 

want to propagate forwards (to the end of the dataset) or backwards (to the beginning). This limits the 

scroll bar and spin box to the propagation image and one either before it (forwards propagation) or after 

it (backwards propagation), which is locked to changes. All changes to the propagation image are saved, 

and once the images are aligned, clicking Navigate�Apply Propagation will then apply the changes to 

the required images. You can also use this mode on the first image to adjust the orientation and size of 

the entire dataset. 
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12.23 File locking  

SPIERSalign also provides a ‘file locking’ feature (Navigate�Lock Forward or Navigate�Lock 

Backward). When activated, this mode restricts you to flicking between just two images, and only 

enables you to make changes to one of these. Both forward and backward file locking are supported; 

forward allowing alignment to be performed on the second image of the pair, and backward on the first. 

Choosing Navigate�Move Forward/Back (shortcut key: ‘/’ ) will then you to move the pair either forward 

or back in the dataset, depending on the mode. This mode is intended as an aid to alignment, enabling 

you to work through the dataset one slice at a time without accidentally moving the wrong image. Note 

that when viewing the locked image of the pair, the “Lock File” option in the Navigate menu will be 

checked. Unchecking this will allow you to temporarily override the locking if necessary. Note that locking 

does not persist between sessions. 

12.24 Contact  

Please contact russell.garwood03@imperial.ac.uk with bug reports or suggestions. 
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Keyboard reference  

 

Ctrl + O Open file 
Ctrl + S Save settings file 

Ctrl + Shift + 
S Save time-stamped backup of settings file 

. Next image 
, Previous image 

Ctrl + . Lock forward 
Ctrl + , Lock back 

/ Move forward/back (depending on lock mode) 
Ctrl + Alt + - Hide image 
Ctrl + Alt + = Unhide image 
Ctrl + Shift + 

= Unhide all 

Ctrl + Shift + . Advance to hidden (also use spinbox and slider) 
Ctrl + Shift + , Retreat to hidden (also use spinbox and slider) 
 
Transformations:  
Ctrl + shortcut key always smaller than default transformation 
Ctrl + shift + shortcut key always greater than default 
 
0 Rotate clockwise 
1 Rotate anticlockwise 
] Enlarge 
[ Shrink 
Up Arrow Move image up 
Down Arrow Move image down 
Left Arrow Move image left 
Right Arrow Move image right 
Ctrl + Shift + Z Reset image 
Ctrl + Alt + Z Reset graphics window (i.e. scroll bars etc.) 
 
Crop Area Mouse preferable for all but very small adjustments 
Markers Mouse always preferable. 
Ctrl + = Zoom in 
Ctrl + - Zoom out 
Ctrl + R Zoom 100% 
Ctrl + Shift + R Fit image to window 
 

Note: On some keyboards some of these shortcuts may not work – for example on German laptop 
keyboards = and 0 are on the same key, disabling the zoom in and some rotate functions. If this is the 
case please contact me and I can change the shortcuts for your version of the program.  
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13  Appendix II 

This appendix contains details of the cladistic methods used by Gonzalo Giribet for the cladistics of the 

Opiliones (Chapter 5).  

13.1 Justification of character codings   

 

The number of characters refers to the morphological matrices published by Giribet et al. (2002, Giribet 

and Dunlop 2005). The eye characters have been recoded for the two stylocellids, according to the 

newest interpretation of eye homology in Cyphophthalmi (Alberti, Lipke, and Giribet 2008), which 

consider them median eyes, and not lateral eyes as assumed in earlier studies (Giribet et al. 2002). Due 

to their size, eyes cannot be unambiguously assigned to the two fossils, and therefore these characters 

remained as missing data (ch. 1—6). The ocularium (ch. 7) is clearly observed in both fossils, and in 

Ameticos scolos it seems to be of the type of an anterior spine-like projection, as found for example in 

Acuclavella (Shear 1986). The shape of the ocularium (ch. 8) has been recoded to reflect possible 

homology among the forwardly projecting ocular tubercles (whether bifurcating or not) of A. scolos and 

those of several other Dyspnoi, including the fossil Halitherses grimaldii (Giribet and Dunlop 2005). 

Whether the ocularium is smooth or has the typical Eupnoi double row of denticles (ch. 9—10) cannot be 

observed in either fossil. 

 

Cuticular structures (surface ornamentation or pigmentation) as well as other surface structures 

(setation, tracheal spiracles and their position, or even presence of repugnatorial gland openings) are not 

observable due to preservation, and therefore are coded as missing data, as are internal anatomy 

characters, especially those referring to musculature or sperm ultrastructure. The latter two sets of 

characters from Giribet et al.(2002) have been inactivated in the current analyses. 

 

The palpal tarsal claw (ch. 69), an important character for internal Opiliones phylogeny, has been 

interpreted as present in Macrogyion cronos, and reduced or absent in Ameticos scolos. Other palpal 

characters are difficult to interpret in A. scolos. In Phalangida leg II is the longest (ch. 70). In the case of 

our fossil species, in A. scolos the legs are not completely preserved, but femur II is the longest and we 

use the length of femora as a proxy for leg length. Data for M. cronos are unclear, and therefore we have 

left it as missing data. 

 

Character 79 has been modified to reflect the diversity in Cyphophthalmi, where some groups have the 

coxa II fused to coxae III-IV while others have it free. In the old data matrix these two states were 

combined into one. Sandokanidae (formerly Oncopodidae; Gnomulus and Sandokan [Oncopus in the old 

matrix]) have been recoded, as they do not have all coxae free, and instead they have the same state as 

all other Laniatores. Outgroups have also been recoded accordingly. The presence of an operculum 

closing the gonostome (ch. 160) is established based on the piece of cuticle inferred between coxae IV, 

but whether the genital operculum is jointed or not (ch. 161) could not be established. 

 



251 

Several characters have been corrected or refined for different terminals. Parasiro has been corrected 

for spermatopositor sense organ (ch. 174), which is missing in this genus of Cyphophthalmi (Giribet and 

Boyer 2002), and internal genitalic characters for many Laniatores have been coded as missing data 

(see discussion in Giribet and Kury 2007). 

 

We have also restricted this analysis to Opiliones and a few potential outgroups, including Xiphosura, 

Scorpiones, Pseudoscorpiones and Solifugae, and therefore many of the characters used by Giribet et 

al. (2002) have become uninformative at this level, but we preferred to keep the original matrix for the 

sake of simplicity for cross-referencing. 

13.2 Methods  

 

The morphological data set was analyzed using TNT (Goloboff, Farris, and Nixon 2008) using equal 

weights as well as implied weighting (Goloboff 1993) under different concavity values (k = 1, 3, 10, 100). 

Support values were calculated using symmetric resampling (Goloboff et al. 2003), a measure similar to 

bootstrapping or jackknifing which is less affected by the distortion of frequencies when the characters 

have different prior weights. The morphological data set was combined with the molecular data set of 

Giribet et al. (2002) and analyzed under direct optimization (Wheeler 1996; Wheeler et al. 2006) with 

POY v. 4 (Varón, Vinh, and Wheeler 2010) under three parameter sets, including equal weights and two 

sets with differential indel opening and extension costs (indel opening = 3, indel extension = 1), one with 

equal weights for all nucleotide transformations (3221) and another with differential weights for 

transversions and transitions (3211). A search strategy consisting of a timed search (2 hours with TBR 

branch swapping and tree fusing) was used to save an initial set of trees, which were later used as input 

trees for an analysis with auto_sequence_partition (Giribet et al. 2010). Nodal support was assessed via 

parsimony jackknifing (Farris et al. 1996), also using auto_sequence_partition and a probability of 

deletion of 0.36. The number of molecular characters used was 49 fragments (the 4 input 28S rRNA 

fragments yielded 8 fragments after auto_sequence_partition; the 10 input 18S rRNA fragments yielded 

41 fragments). 

13.3 Results  

 

Parsimony analysis of the unweighted morphological analysis in TNT using a driven search strategy with 

SPR, TBR and tree fusing and asking to retrieve minimum tree length 1,000 times yielded 217 trees of 

225 steps. The strict consensus of these trees finds monophyly of Opiliones, Cyphophthalmi, 

Phalangida, Opilionidae, Hesperonemastoma + Sabaconidae, Laniatores as well as some structure 

within Cyphophthalmi and Laniatores. The fossil taxa are resolved as part of Phalangida, but their exact 

position is unresolved. Exclusion experiments with the two new fossils are interesting. When no fossils 

are analysed (or only with Halitherses included), all four suborders are recovered with a topology 

compatible with those from the previous studies. The addition of Macrogyion cronos causes collapse of 

Eupnoi, while the addition of Ameticos scolos causes collapse of Dyspnoi. In no case M. cronos appears 

within Dyspnoi or Laniatores nor A. scolos nests within Eupnoi or Laniatores. Symmetric resampling 
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(p=33) fails to find a supported position for the fossils (2% for the inclusion of M. cronos within Eupnoi; 

15% for the placement of A. scolos in Dyspnoi; 42% for Phalangida including the fossils). It is clear that 

the amount of missing data in key characters for resolving internal Opiliones phylogeny has a negative 

effect in this data set. 

 

Analysis of the same data set under implied weights (Goloboff 1993) using a k = 3 yielded 50 trees with 

a best score of 13.01429, but this tree is identical to that of the unweighted analysis. This tree is stable to 

variations in concavity values (k = 1, 85 trees, 21.9833 steps; k = 10, 96 trees, 5.57160 steps), but 

higher k values have an effect in resolving Dyspnoi, including M. cronos and Halitherses (k = 100, 26 

trees, 0.68163 steps), however, symmetric resampling was low for the membership of M. cronos to 

Eupnoi and of A. scolos to Dyspnoi. 

 

The morphological data set was combined with the molecular data set of Giribet et al. (2002) to test 

whether the monophyly of Eupnoi and Dyspnoi, strongly supported by the molecular data, had an effect 

on the stabilization of the fossil taxa. Analyses under equal weights [2,031 steps], 3211 [2,935 weighted 

steps], 3221 [3,946 weighted steps]) unambiguously assign M. cronos to Eupnoi and A. scolos to 

Dyspnoi.  

13.4 Discussion  

 

The presence of an ocular tubercle and lack of ozophores clearly identifies the two fossils as members of 

Phalangida, but preservation does not allow for the identification of the eyes. Although Macrogyion 

cronos clearly belongs to the clade Phalangioidea in the suborder Eupnoi, two synapomorphies that 

delimit the clade, the presence of two rows of denticles in the ocularium and the accessory tracheal 

spiracles on the tibiae of the pedipalps and legs (Shultz and Pinto-da-Rocha 2007) are not observable in 

the fossil specimen. Dyspnoi are characterized by the presence of diaphanous cheliceral teeth, the lack 

of a palpal tarsal claw, and for having a palpal tarsus shorter than the tibia. Preservation of the chelicers 

does not allow for distinction of the teeth, and likewise, although the lack of a palpal claw is inferred from 

the reconstruction, podomere delimitation is uncertain. Therefore, the lack of the claw is the only 

character that could identify Ameticos scolos as a member of Dyspnoi. Other characters, however, such 

as the forwardly projecting ocularium or the dorsal spination, highly resemble those of the genus 

Acuclavella, although this one was not included in the matrix. Genitalic characters, which constitute the 

basis for most of the taxonomy within these clades, are not available for either fossil.  
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14  Appendix III 

Appendix III can be found on the compact disk included. This contains the SPIERS software suite, digital 

animations of all reconstructions presented in this thesis, installers for the SPIERS software suite, and 

SPIERS models of the different taxa. The SPIERSalign source code is also included, in addition to 

instructions and electronic copies of the thesis material.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This can additionally be accessed at the following URL: 

 
http://dl.dropbox.com/u/3588524/AppendixIII.zip 
 
In the case of problems accessing or viewing the files please contact russell.garwood03@imperial.ac.uk. 


